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ABSTRACT

Study the roles of human galectin-3 using the yeast Saccharomyces cerevisiae and 

colorectal cancer cells as eukaryotic models.

Galectins are lectins characterized by a conserved CRD with a high affinity for β-galactosides. 

When localized extracellularly, they mainly interact with glycans on the surface of the cells, 

promoting cell-cell adhesion, the onset of immune response, and the recognition and 

clearance of pathogens. When intracellular, they interact with other proteins, modulating 

cell proliferation, cell cycle progression and apoptosis. The focus of the present work was 

galectin-3, the only chimera type galectin, aiming at turning the yeast Saccharomyces 

cerevisiae into a suitable model to study the roles and mechanisms of action of gal-3. 

Specifically, the work intended to assess the ability of extracellular gal-3 to recognize and 

bind yeast cells, as well as the ability of intracellular gal-3 to interfere with yeast cell survival 

and proliferation, in particular when interacting with the oncoprotein KRAS. The work also 

aimed at uncover the role of gal-3/KRAS/p16INK4a axis regulation in colorectal cancer (CRC) 

cells. Thus, both S. cerevisiae and human cancer cell lines were used as eukaryotic models.

The effects caused by gal-3 on yeast biological processes were compared with those 

caused by other galectins with different structure and number of CRDs (the proto-type gal-

1 and gal-7, and the tandem repeat gal-4). S. cerevisiae and Candida albicans were used, 

as species with a very different biology, and because C. albicans was the only yeast in the 

literature tested in regard to gal-3. Each galectin caused a different pattern of effects, generally 

stronger on S. cerevisiae than on C. albicans. Gal-3 decreased viability and increased cell 

size, ROS level and DNA alterations, but did not induce membrane rupture, plasmatic nor 

mitochondrial, indicating that the stress it induces is not associated with cell death (necrotic 

or programmed). Gal-3 effects were mostly caused by its CRD (as shown using the truncated 

version of the galectin), and mediated by the Ras/cAMP/PKA pathway (demonstrated using 

the S. cerevisiae mutants). Gal-4 and gal-7 increased the levels of ROS and membrane rupture, 

without affecting viability. Gal-1 did not induce any significant alteration. A microarray-based 

analysis of the binding ability of galectins, in accordance with the results above, showed 

that all galectins except gal-1 bound to whole cells of S. cerevisiae and C. albicans, more 
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efficiently to S. cerevisiae, in particular the correspondent Δras2 mutant and cell wall and 

membrane sub-cellular fractions.

A S. cerevisiae-based high throughput platform (HTP) expressing human gal-3 and KRAS 

was built with the purpose of achieving the expression of both human cDNAs in the same 

strain. This is meant to enable in vivo study of the functional relations between the two 

proteins, and to serve as a HTP for pharmacological screening of drugs/molecules targeting 

either gal-3, KRAS or their interaction. Two different genetic backgrounds were used (W303-

1A and BY4741), wild type as well as Δras1 and Δras2 mutants. Gal-3 expression was fully 

achieved, altering growth rate and chronological life span. These phenotypes depended 

on the presence of Ras1 and/or Ras2. Human KRAS expression in wt yeast also caused 

phenotype variations, decreasing yeast resistance to various stress stimuli, most possibly 

due to the hyperactivation of the Ras/cAMP/PKA pathway. The double expression of gal-3 

and KRAS in the same S. cerevisiae strain was attempted using several cloning strategies, 

and will be pursued in the future. Bearing this goal in mind, as well as the potential use for 

which the platform was built, human CRC cell lines were used to better understand the gal-3/

KRAS interaction and their role in CRC progression. The pivotal interaction of gal-3 and KRAS 

were confirmed, and a third protein was shown to belong to this regulation axis, p16INK4a. 

The three proteins physically interacted and co-localized in CRC cells, and there seems to be 

a reciprocal regulatory mechanism that might control their expression levels, adjusting it to 

the growing needs of the cancer cell. 

In conclusion, this work breaks through several boundaries: (i) galectins bind to yeasts, 

(ii) the binding is specific, (iii) it causes also specific responses from the yeast cell, (iv) these 

are mediated by Ras pathway, and (v) once intracellular, gal-3 induces different responses 

still mediated by Ras pathway. Importantly, in opposition to the scarce literature available, 

the work showed S. cerevisiae to be more sensitive than C. albicans, stressing the strain-

dependent specificity of galectins recognition, at the same time discarding the suggestion 

that gal-3 might have the role of distinguishing between pathogenic and non- pathogenic 

yeasts in vivo. Moreover, p16INK4a was identified as a new member of KRAS/gal-3 regulation 

axis in CRC cells. All taken, the work launched the foundations for assuming and using S. 

cerevisiae as a model to study gal-3.
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RESUMO
Estudo da galectina-3 humana usando a levedura Saccharomyces cerevisiae e células de 

cancro colorretal como modelos eucarióticos. 

As galectinas são proteínas caraterizadas por possuírem um domínio de reconhecimento 

de carbohidratos (CRD) com elevada afinidade para β-galactosídeos. Quando no meio 

extracelular, as galectinas interagem com glucanos na superfície das células, promovendo 

reconhecimento e adesão, a resposta imunitária e a eliminação de patogéneos. 

Intracelularmente, as galectinas interagem com outras proteínas modulando a proliferação e 

o progresso do ciclo celular e a morte celular programada. O trabalho focou na galectina-3, o 

único membro da família das galectinas quiméricas. O objectivo do trabalho foi transformar 

a levedura Saccharomyces cerevisiae num modelo celular para estudar os papéis da gal-3. 

Para isso foi verificada a habilidade da gal-3, quando extracelular, de reconhecer à célula de 

levedura, quando intracelular, de interferir com a sobrevivência e capacidade proliferativa 

da levedura, muito em particular em relação à oncoproteína KRAS. O trabalho tinha também 

como objetivo perceber o papel da regulação do eixo of gal-3/KRAS/p16INK4a em células de 

cancro colorretal (CCR). Neste contexto foram usados a S. cerevisiae e células de cancro 

humano como modelos eucariotas.

 Os efeitos da presença extracelular de gal-3 foram comparados com os causados por 

outras galectinas com diferentes estrutura, as gal-1 e gal-7 do grupo de galectinas proto-tipo, 

e a gal-4 do grupo de galectinas repetição em tandem. Os efeitos destas galectinas foram 

comparados em estirpes de S. cerevisiae e Candida albicans, que foram escolhidas pela sua 

distinta biologia, e porque C. albicans era a única espécie de levedura referida na literatura 

sobre efeitos de galectinas em leveduras. Cada galectina provocou uma combinação de efeitos 

diferente, que foram genericamente mais fortes em S. cerevisiae do que em C. albicans. Em 

particular, gal-3 diminuiu a viabilidade da levedura e aumentou o tamanho das células, os 

níveis de ROS e as alterações no DNA, mas não induziu ruptura de membranas, plasmática 

ou mitocondrial, indicando que gal-3 induz stress sem acionar nenhum processo de morte 

celular, necrótica ou programada. A utilização de uma gal-3 truncada no terminal N mostrou 

que o CRD é suficiente para induzir os efeitos observados. A utilização de leveduras mutadas 

nos genes RAS mostrou que a gal-3 opera através da via Ras/cAMP/PKA. Em comparação, 
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gal-1 não induziu qualquer efeito significativo, enquanto as gal-4 e gal-7 provocaram 

respostas que sugerem uma resposta de stress genérica. Através de um ensaio de binding 

microarrays com células de levedura inteiras e fracções sub-celulares, verificou-se que todas 

as galectinas, excepto gal-1, se ligam à parede e membrana de S. cerevisiae e C. albicans, 

mais eficientemente de S. cerevisiae, e mais ainda ao mutante Δras2 desta levedura.

Foi construída uma plataforma de estirpes de levedura exprimindo os cDNA de gal-3 e KRAS 

humanos, com o objectivo de obter a expressão conjunta destas duas proteínas. A plataforma 

destina-se ao estudo das suas funções e interação, bem como a servir de ferramenta para 

ensaios em larga escala de moléculas e drogas farmacológicas dirigidas para a gal-3, o KRAS, 

ou para a sua interação. Foram usadas leveduras de dois fungos genéticos distintos (W303-

1A e BY4741), selvagens e mutantes defectivos nos genes RAS1 e RAS2. A expressão da gal-3 

em levedura alterou a taxa de crescimento e o envelhecimento cronológico na dependência 

da via Ras/cAMP/PKA. A expressão do KRAS em levedura também provocou alterações de 

comportamento na extirpe selvagem devidas possivelmente à sobre-ativação da mesma via. 

A obtenção de uma estirpe exprimindo simultaneamente gal-3 e KRAS foi tentada usando 

várias estratégias de clonagem, e será possivelmente alcançada no futuro. Tendo em conta 

os objectivos a que se destina a plataforma, foram usadas células de CCR. A interação da 

gal-3 e KRAS foi confirmada e demonstrou-se interação deste complexo com a p16INK4a. Estas 

três proteínas interagem fisicamente e colocalizam em células de CCR, parecendo haver 

um mecanismo de regulação reciproca que parece controlar os seus níveis de expressão, 

ajustando-os mediante as necessidades de crescimento da célula de cancro.

Em conclusão, o trabalho quebra barreiras mostrando: (i) que as galectinas se ligam às 

células de levedura, (ii) de forma específica, (iii) induzindo respostas também específicas, 

(iv) mediadas pela via Ras, (v) igualmente quando a gal-3 é expressa intracelularmente em S. 

cerevisiae. Em oposição à escassa literatura disponível, mostrou-se que S. cerevisiae é mais 

sensível que C. albicans, sublinhando a influência da estirpe na especificidade da resposta e 

ligação às galectinas, e afastando a sugestão de que gal-3 possa exercer in vivo uma função 

discriminatória entre leveduras patogénicas e não-patogénicas. Além disso, foi identificada 

a p16INK4a como um novo membro do eixo de regulação KRAS/gal-3 em CCR. Globalmente o 

trabalho lançou as fundações para a utilização da levedura S. cerevisiae como modelo para 

estudar gal-3.
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to untransformed yeast and yeast transformed with the empty plasmid.

Fig. 15 - Specific growth rates (µg) of S. cerevisiae BY4741 transformed with p416KRAS.

Fig. 16 - Schematic representation of the effects caused by RAS1 or RAS2 deletion on galec-
tin-3 expression in W303-1A in early and late logarithmic phase.

Fig. 17 - Schematic representation of the effects caused by galectin-3 expression on W303-1A 
growth rate.

Chapter 4 - Uncover the role of KRAS/galectin-3/p16INK4a axis regulation 
in colorectal cancer
Fig. 1 - Proteins level after siRNA experiments. The level of KRAS, gal-3 and p16INK4a was 
determined after silencing experiments (scramble siRNA, siRNA gal3 and/or siRNA KRAS) by 
western blot.

Fig. 2 - Number and viability of cells in cultures undergone siRNA for LGALS3 and/or KRAS. the 
number of cells was counted after silencing experiments using a Neubauer chamber (A) and 
the viability was assessed by trypan blue staining (B). 

Fig. 3 - Cell death analysis by Annexin V/PI. Viability of cells undergone siRNA for LGALS3 and/
or KRAS was detected by Annexin V/PI staining detected by flow cytometry and results were 
plotted comparing viable vs unviable cells (A) and necrotic vs apoptotic cells (B).

Fig. 4 - Cell cycle analysis. Distribution of cells throughout cell cycle phases was determined 
by PI detection by cytometry of cells undergone siRNA for LGALS3 and/or KRAS.

Fig. 5 - Co-immunoprecipitation. Total protein extracts were used to immunoprecipitate 
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immunofluorescence. 

Fig. 7 - Survival of cells treated with galectins inhibitors. Effects on galectins inhibitors on cell 
viability were detected by SRB analysis.

Fig. 8 - Proposed model of KRAS/galectin-3/p16INK4a axis regulation in CRC.
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It is well known that two classes of molecules provide the information in a living organism: 

the nucleotides, components of the DNA and RNA, and the amino acids in which they 

are translated. However, it has become evident that these two instruments of transmitting 

information are not sufficient to explain all the molecular events, even taking into account all 

the possible modifications to which they can be subjected. A third class of molecules is present 

in the cells, known mainly for its role in energy metabolism and for being a major component 

of cell walls: carbohydrates (von der Lieth et al., 1997). In the early ’70s, it appeared clear 

that carbohydrates could have a role also in the communication of information inside a cell. 

Winterbun and Phelps wrote that these molecules are actually “ideal for generating compact 

units with explicit informational properties” (Winterburn and Phelps, 1972). Carbohydrates 

have many properties that make them very good messengers. First, they have multiple 

possibilities of variability. The basic unit of the sugar code is a furanose or a pyranose ring. 

One ring is linked to the other, forming polysaccharides, offering different hydroxyl groups 

and therefore creating different glycosidic linkages. Moreover, every monomeric ring can 

be presented in two anomeric constellations, α or β (Rüdiger and Gabius, 2011a). With 

the growing in size of polysaccharides, branching is not only possible, but very likely, and 

the possibilities of different branching are multiple. Moreover, sugars can be modified by 

substitutions, such as phosphorylation and sulfation. All these factors contribute to make the 

coding ability of carbohydrates order of magnitude higher than the one of nucleic acids and 

proteins (Laine, 1996). Accordingly, the enzymatic machinery necessary for glycans synthesis 

and modification accounts for a much higher number of genes compared to nucleic acids 

and proteins biosynthesis (Gabius et al., 2011; Andre et al., 2015). For example, around 200 

genes are encoded in the genome for glycosyltransferases, the enzymes responsible for 

fucose or sialic acid addition and for specific chain elongation (Oriol et al., 1999; Harduin-

Lepers et al., 2001; Ma et al., 2006; Togayachi and Narimatsu, 2012). In addition, glycan 

structures are not genetically strictly coded, but they are influenced by environmental factors 

1. THE SUGAR CODE AND ITS TRANSLATOR: 
THE LECTIN SUPERFAMILY
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and by the availability of the enzymes necessary to assembly them. This makes them even 

more suitable to transmit information that can change depending on the time and the place 

(Pavelka, 1996; Abeijon et al., 1997; Varki, 1998). 

The wide array and specificity of information transmitted by sugars must have proper 

decoders in the cells, with equivalent degree of sophistication. There are different classes of 

proteins able to bind to sugars: the enzymes responsible for assembling and modifying their 

structures, specific types of antibodies reactive with carbohydrate epitopes (Schwarz and 

Dorner, 2003) and the lectin superfamily of proteins (Boyd, 1963; Gabius et al., 2002). 

Lectins are the proteins responsible for translating the message carried by carbohydrates. 

The first lectins identified were plant lectins, isolated because of their specificity for histo-

blood group determinants and their consequent ability to agglutinates erythrocytes of donors 

with different ABH(0) status (Renkonen, 1948; Kilpatrick and Green, 1992; Khan et al., 2002). 

Nowadays, every sugar binding protein that is not an enzyme or a sensor/transport protein 

is named lectin (Rüdiger and Gabius, 2011b). Lectins proteins are subdivided into different 

classes, based on the structural definition of the folding pattern and on the architecture of the 

carbohydrate-binding domain. Up to now around 12 different folds have been characterized 

for lectins, including the best-known C-type lectins, galectins, I-type lectins, P-type lectins 

and pentraxins (Gabius et al., 2011; Solis et al., 2015) (Table 1). Some of the folding modules, 

such as β-sandwich, can be shared by different groups of lectins, with a different location 

of contact site for the ligand in the common fold (Loris, 2002; Murphy et al., 2013; Solis 

et al., 2015). As seen, there is a large number of lectins and their variability can be seen 

both in the number of families and in the number of members in each family. Such a broad 

set of lectins reflects the large variability among the glycan structures and allows a proper 

recognition of each glycan by a specific carbohydrate-binding domain. There are six levels 

of recognition between a lectin (receptor) and its specific glycan ligand (counter-receptor) 

(Gabius et al., 2011). The first levels correspond to the specificity of recognition for mono- 

or disaccharides (level 1) and oligosaccharides (level 2). Subsequently, level 3 corresponds 

to the selection of the preferred oligosaccharide conformation among the several possible 

found in solution. Glycans are not highly flexible like peptides in solution, but they are fixed 
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in a limited number of conformers defined by their structural nature, in particular by the 

impossibility of free rotation around the glycosidic linkage imposed by the pyranose ring 

(Carver, 1991; von der Lieth et al., 1998; Imberty and Perez, 2000). Next, the lectin recognizes 

its glycan ligand by the spatial presentation of the glycan chain, determined, among other 

factors, by the orientation of the branches and by the formation of clusters of headgroups 

in bi- to penta-antennary glycans (level 4). With their ability to form multimers, many lectins 

can bind specifically to the ligands when organized in clusters of different glycans chains 

found close on the same glycoprotein or glycoprotein/glycolipid complex (level 5). Finally, 

lectins can discriminate among glycan presentation in microdomains, composed by different 

glycoconjugates placed in spatial vicinity on the cell surface (level 6) (Gabius et al., 2011; 

Andre et al., 2015). Therefore, lectins not only recognize a sequence of different letters 

(monosaccharides) that compose different words (oligosaccharides), but they also have 

the ability to interpret entire texts (glycans clusters and microdomains). In addition to their 

glycans binding ability, many lectins are associated with other functional domains, such as 

membrane spanning sections, regions for oligomerization, sites for recognition of non-sugar 

type of ligands and even with other types of CRDs (Barondes, 1988; Cooper, 2002; Gready 

and Zelensky, 2009). Lectins have been identified to have a physiological role in many cellular 

processes, such as post-binding signalling and promoting adhesion between cells. They are 

also involved in a number of diseases: they help pathogens to enter the host by promoting 

adhesion and they are expressed in malignancy, often with a prognostic value (Gabius, 2000; 

Gabius et al., 2004; Gabius and Kayser, 2014; Andre et al., 2015). For this reason, lectins are 

also used as tools to detect specific glycan patterns in various tissues, in order to determine 

the physiological glycome and the variations correlated with various diseases formation, such 

as tissue fibrosis and malignancies (Gabius and Kayser, 2014). When used as tools, lectins are 

often labelled with enzymes like alkaline phosphatase or horseradish peroxidase, which help 

their recognition in the tissues (Hardonk and Scholtens, 1980; Straus, 1981).
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Table 1: List of different types of CRD folding, associated to the 3D structure and the main lectins 
presenting that CRD structure (adapted from Solis et al., 2015)
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In conclusion, the sugar code is an underestimated, but yet very important part of the 

system of transmitting information in the cells and lectins, its major decoders, are a suitable 

object of further investigation.

1.1 THE GALECTIN FAMILY

The galectin family of lectins, or S-type lectins, is composed by several proteins 

characterized by a conserved peptide sequence element of about 130 amino acids 

in the carbohydrate-binding domain. Many of the galectins identified so far have been 

recognized by sequence similarity. These proteins emerged early in the metazoan evolution 

and are now found in different types of cells within an organism and in different organisms 

and species, including non-mammalian species such as birds, amphibians, fish, worms, 

sponges and fungi (Hughes, 1997; Cooper and Barondes, 1999).

The CRD (carbohydrate recognition domain) of galectins is formed by two antiparallel β 

sheets creating a sandwich like structure (Rini and Lobsanov, 1999) and is characterized by a 

high binding affinity for β-galactosides (Barondes et al., 1994), with the exception of gal-10, 

which demonstrated a higher affinity for mannose-related sugars compared to β-galactosides, 

and gal-11, which lacks sugar-binding activity (Rabinovich and Toscano, 2009). Even though 

the binding affinity for β-galactosides is high, often the interaction with the monosaccharide 

galactose is weak, compared with the interaction with the disaccharide lactose, which is up 

to 100-fold more effective (Leffler and Barondes, 1986), or even bigger with some longer 

oligosaccharides (Brewer, 2004).

Until now, 15 mammalian galectins have been discovered and they are subdivided 

into three groups based on their structure and CRDs number. Proto-type galectins are 

characterized by a unique CRD, with the ability to act as monomer or homodimer (gal-1, 

-2, -5, -7, -10, -11, -13, -14, -15); tandem-repeat type galectins are defined by the presence of 

two distinct CRDs, not necessarily with the same binding properties, connected by a linker 

polypeptide (gal-4, -6, -8, -9, -12); chimera type is composed by a CRD at the C-terminal and a 

non-carbohydrate-binding domain and the N-terminal (gal-3) (Fig. 1). Galectins do not have 
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a redundant function in the cells, since they bind glycans with different specific affinities and 

each galectin is expressed in a tissue-specific or developmentally regulated fashion (Colnot 

et al., 1996; Compagno et al., 2014) (Table 2). 

gal-1, gal-2, gal-5, gal-7, gal-10, 
gal-11, gal-13, gal-14, gal-15

gal-4, gal-6, gal-8, gal-9, gal-12 gal-3

proto-type tandem repat type chimera type 

Figure 1: Galectins subdivision in groups based on the structure and number of CRDs. Proto-type 

galectins have a single CRD and can be found in solution as monomers or dimers. Tandem repeat 

galectins have two CRDs joined by a linker peptide. Chimera type galectin has a single CRD and a long 

N-terminal domain, which is necessary for multimerization, specifically, pentamers formation.

Galectins are synthetized in the cytoplasm and segregated to prevent premature binding 

to their ligands. They can then be secreted outside the cell through the alternative secretory 

pathway or be retained inside the cell to perform different tasks (Yang et al., 2008). Some 

galectins, such as gal-1, -3, -4, are found both intra- and extracellularly, while some others 

have a preferential localization, like gal-7, which is mainly intracellular (Liu et al., 2002; Yang 

and Liu, 2003). Extracellular galectin functions depend on their ability to oligomerize and 

cross-link their ligands. All galectins, regardless their subtype, are able to cross-link. Tandem 

repeat types use their two CRDs, while proto-type galectins and the chimera type gal-3 form 

multivalent complexes (Boscher et al., 2011). When galectins cross-link to their ligands they 

form supramolecular complexes called lattices (Fig. 2) and they promote the redistribution 

or the segregation of the bound ligands at the cellular membrane, increasing the avidity 
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and half-life of galectin-glycans interactions (Yang et al., 2008; Rabinovich and Croci, 2012; 

Compagno et al., 2014). 

Figure 2: Structures of the main types of lattices formed by galectins-glycans interaction. Chimera 

type galectins can form pentamers that bind bivalent ligands; proto-type galectins, when in dimers, 

can bind trivalent ligands; tandem repeat type galectins can bind tetravalent ligands.

The glycome of a cell is subjected to continuous variations determined by endogenous 

and microenvironmental signals, which influence the expression and activity of enzymes 

involved in glycans processing, such as glycosyltransferases and glycosidases (Compagno et 

al., 2014). The entire set of galectins is particularly fit to translate and induce signals in the 

cells. Due to high specialization of each member, they can sense variations in the saccharides 

specificity and glycans availability (Hirabayashi et al., 2002; Rabinovich and Toscano, 2009; 

Vokhmyanina et al., 2012) and they transduce these differences into the activation of different 

signalling pathways. However, galectins are not only involved in extracellular processes, such 

as signalling, immune cell activation, adhesion, receptor of pathogen glycans and DAMPs 

(damage-associate molecular patterns) functions (Garner and Baum, 2008; Rabinovich and 

Toscano, 2009; Vasta et al., 2012; Compagno et al., 2014), but they also act on multiple 

intracellular processes, such as cell signalling, splicing regulation, modulation of apoptosis 

and cell cycle progression (Liu et al., 2002; Yang and Liu, 2003; Compagno et al., 2014; Vladoiu 

et al., 2014). Interestingly, most of the extracellular functions of galectins relate on their 

ability to bind to the glycans of glycoconjugates present in the extracellular matrix (ECM) or 

on plasma membrane, while their intracellular functions also depend on protein-protein and 

protein-nucleic acids interaction (Rabinovich and Croci, 2012).
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- High affinity for complex-type N-glycan (tri>bi>mono)
- Non-reducing terminal N-acetyllactosamine (LacNAc) units
(Hirabayashi et al., 2002; Brewer, 2004; Stowell et al., 2008; Cummings 
and Liu, 2009)

- Adult muscles (skeletal and smooth)
- Thymus
- Lymph nodes
- Prostate
- Spleen
- Liver
- Placenta
- Endothelial cells
- Skin
- Olfactory neuron
- Developing brain 
(Perillo et al., 1998)

gal-2
- Lower overall affinity compared to gal-1
- Non-reducing terminal LacNAc units
- High affinity for blood groups A and B antigens
(Hirabayashi et al., 2002; Stowell et al., 2008; Cummings and Liu, 2009)

- Epithelial cells of the stomach (rat) 
(Oka et al., 1999)
- Endothelial cells (human) (Saal et al., 
2005)

gal-5 
- Multiantennary N-glycans with terminal LacNAc units
- Enhanced binding to b1,3galactose extended LacNAc
- Blood group A and B antigens
(Wu et al., 2006)

- Rat erythrocytes (Gitt et al., 1995)
- Surrounding erythroblasts (Rabinovich 
and Vidal, 2011)
- Endosomal lumen of rat reticulocytes 
(Barres et al., 2010)

gal-7

- Relatively low affinity compared to gal-1
- Non-reducing terminal and internal LacNAc units
- Affinity increases with branching number (tri>bi>mono) and LacNAc   
repeating units (type >type 2)
(Hirabayashi et al., 2002; Brewer, 2004)

- Keratinocytes at all stages of 
epidermal differentiation (Magnaldo 
et al., 1995; 1998)

Table 2: Different galectins affinity for glycans and main tissue expression of galectins (adapted from Rabinovich and Toscano (2009) and integrated).



gal-10 - β-mannosides (Yang et al., 2008; Cummings and Liu, 2009)
- Eosinophils and basophils (Dvorak et 
al., 1991; 1992)

gal-13 - High affinity for LacNAc and mannose (Than et al., 2004) - Human placenta (Than et al., 2004)

gal-14
- Non-modified α1,2 fucosylated and 2,6 sialylated poly-LacNAc 
structures (type 2>type 1) (http://www.functionalglycomics.org; Young 
et al., 2009)

- Ovine eosinophils (Dunphy et al., 
2002; Young et al., 2009)
- Chicken intestine (Stierstorfer et al., 
2000)
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- High affinity for α1,3 galactose- and α1,2 fucose-linked LacNAc and 
3-O-sulfated LacNAc
- High affinity for blood group A and B saccharides 
(Blixt et al., 2004)
- Glycosphingolipids carrying 3-O-sufated galactose residues (Ideo et 
al., 2005)
- Cholesterol 3-sulfate with no β-galactoside moiety (Ideo et al., 2005, 
2007)

- Epithelium of the gastrointestinal tract 
(Ideo et al., 2005)

gal-8

- 3-O-sulfation and α2,3 sialylation increase affinity for LacNAc (N-terminal 
CRD)
- Preferential recognition of blood group B antigen 
- Preference for some glycosphingolipids including GM3 ad GD1a
(Hirabayashi et al., 2002; Ideo et al., 2003; Carlsson et al., 2007)

- Vascular endothelial cells
- Microvasculature of normal and 
tumoral prostatic and mammary tissue 
(human) (Delgado et al., 2011)
- Endometrium (increased during 
lutheal phase) (Nikzad et al., 2013)

gal-9
- Branched N-glycans and repeated LacNAc units
- Preference for some glycosphingolipids including GM3 and GM1 
(Hirabayashi et al., 2002)

- Liver and thymus of embryonic mice 
(Wada et al., 1997)
- Monocytes (Matsuura et al., 2009)
- Lipid rafts of osteoblast (Tanikawa et 
al., 2010)

gal-12 - Lactose 
(Hotta et al., 2001; Yang et al., 2001)

- Human adipocytes (Hotta et al., 
2001)
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gal-3

- Non reducing terminal and internal LacNAc, affinity increases with 
multiple LacNAc units
- Α2,6 sialylated poly-LacNAc units
- 3-O-sulfation enhances LacNAc recognition
- High affinity for blood group A and B saccharides
(Hirabayashi et al., 2002; Brewer, 2004; Stowell et al., 2008; Cummings 
and Liu, 2009)
- β-1,2-Linked oligomannosides (Fradin et al., 2000; Jouault et al., 2006; 
Kohatsu et al., 2006)

- Epithelial cells
- Cartilage
- Dendritic cells and inflammatory cells, 
especially macrophages
(Wang et al., 1995)
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1.1.1 Intracellular functions of  galectins

As mentioned above, galectins can be found both in the extracellular environment 

and intracellularly, but also inside the cells most of the galectins can locate in different 

subcellular spaces, such as nucleus, cytoplasm and plasma membrane (Rabinovich and 

Croci, 2012; Compagno et al., 2014). Galectins localization depends on several factors, 

such as the proliferative state of the cells and the post-translational modifications of the 

galectin (Compagno et al., 2014). Gal-3, for example, is found both in the nucleus and in the 

cytoplasm in proliferative cells, while it is only cytoplasmic in arrested fibroblasts (Hamann 

et al., 1991; Openo et al., 2000). Moreover, this protein exists in two different states with 

specific localization. Gal-3 can be phosphorylated and in this case is located both in cytoplasm 

and nucleus, while the unphosphorylated form is only found in the nucleus (Cowles et al., 

1990). In addition to these specific cases, most of the galectins found in different subcellular 

compartments can shuttle between them, having only a temporarily preferential localization. 

Examples of galectins performing this nucleus/cytoplasm shuttle are gal-1 and gal-3 

(Compagno et al., 2014). As their intracellular localization, also the roles of galectins inside 

the cells change, among different galectins, for the same galectin in different intracellular 

locations, when expressed in different cell types and depending on the ligand availability 

inside the cells and therefore on the cell status (Boscher et al., 2011; Compagno et al., 2014). 

Among the galectins found in the nucleus, the most characterized are certainly gal-3 

and gal-1. These two galectins have been found to distribute in the nucleus in a punctate 

fashion, in structures referred as speckles, which contain several components of the splicing 

machinery, such as the Sm core polypeptides of snRNPs and the serine- and arginine-rich 

family of splicing factors (Vyakarnam et al., 1997; Vyakarnam et al., 1998; Park et al., 2001). 

Moreover, they co-localize with another protein important for the splicing process, Gemin4 

(Park et al., 2001), confirming their involvement in the processing of mRNA. Supporting this 

notion, depletion of either galectin from nuclear extracts inhibits splicing activity (Laing and 

Wang, 1988; Dagher et al., 1995; Wang et al., 1995; Vyakarnam et al., 1997). Interestingly, 

gal-1 and gal-3 presence seems to be mutually exclusive in the spliceosome (Wang et al., 
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2006). Nuclear galectin-1 and gal-3 have also been found diffuse in the nucleosome and they 

can interact with different transcription factors, such as thyroid-specific transcription factor 

1 and OCA-B, in a carbohydrate-independent manner (Paron et al., 2003; Yu et al., 2006). 

Other galectins that localize in the nucleus are galectin-7 (Inagaki et al., 2008; Demers et al., 

2010), which influences the expression of TGF-β-(transforming growth factor β) responsive 

genes by promoting the nuclear export of the transcriptional co-activator Smad3 (Inagaki 

et al., 2008), galectin-9, which is related to the activation of inflammatory cytokines in 

monocytes, probably through its association with nuclear factor interleukin 6 and/or AP-1 

(activator protein 1) transcription factors (Matsuura et al., 2009), galectin-2 (Dvorankova 

et al., 2008), galectin-8 (Delgado et al., 2011), galectin-10 (Dvorak et al., 1992), galectin-11 

(Dunphy et al., 2000), galectin-12 (Hotta et al., 2001) and galectin-14 (Dunphy et al., 2002), 

whose roles in the nucleus are less defined. 

Cytoplasmic galectins have a major impact on fundamental cellular processes, such as 

cell growth and apoptosis. Some of the galectins roles have been extensively studied and 

characterized, while some others are still poorly known. The influence of galectins on cell 

growth and apoptosis is often opposite, depending on the cell type and condition and on 

the galectin type (Liu et al., 2002; Yang and Liu, 2003). Gal-3, the most extensively studied 

member of the galectin family, has mostly been characterized as anti-apoptotic and pro-

survival protein. This protein exerts its role through the interaction with both anti-apoptotic 

factors (Yang et al., 1996; Chen et al., 2006) and pro-apoptotic proteins (Missotten et al., 

1999; Vito et al., 1999), stabilizing mitochondria membrane (Yu et al., 2002) and promoting 

cell adhesion (Matarrese et al., 2000) (the role of gal-3 in cell growth and apoptosis will 

be discussed in detail in following sections). Galectin-1, on the other side, have been 

shown to have either positive or negative role on proliferation and cell death. Gal-1 blocks 

cell cycle at G2 phase (Blaser et al., 1998) or before entry G2 phase (Wells et al., 1999), 

it prevents quiescent cells to re-enter cell cycle (Blaser et al., 1998) and it inhibits the 

growth of neuroblastoma cells in a carbohydrate independent manner (Kopitz et al., 2001). 

It triggers apoptosis in activated human T-cell (Perillo et al., 1998), probably by binding to 

CD45, CD43 and CD7 (Walzel et al., 1999), and in certain types of thymocytes (Perillo et al., 
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1997). Moreover, gal-1 can induce the phosphorylation of Bcl-2 (B cell lymphoma 2) and the 

induction of pro-apoptotic Bad (Rabinovich et al., 2000; Brandt et al., 2008). However, low 

doses of gal-1 induce cell proliferation (Adams et al., 1996) and gal-1 levels correlate with 

states of malignancies of glioma, from low grade astrocytoma to glioblastoma (Yamaoka et 

al., 2000), suggesting a role in cell growth promotion. Galectin-7 role in cell death induction 

is more defined, since this protein triggers apoptosis in a caspase dependent manner and 

increasing the release of cytochrome c (cyt c) from the mitochondria (Bernerd et al., 1999; 

Kuwabara et al., 2002). Gal-7 induces apoptosis also interacting with Bcl-2 through its CRD. If 

this interaction is disrupted, for example by UV irradiation or chemotherapeutic agents, gal-

7 dissociated from Bcl-2 and recovers its pro-apoptotic effect (Villeneuve et al., 2011). Cells 

overexpressing gal-7 showed a significant increase in apoptosis rate and the increased gal-7 

expression correlates with the simultaneous overexpression of several genes involved in the 

apoptotic process (Kuwabara et al., 2002). Of particular interest is the enhanced activity of 

c-Jun N-terminal kinase, an important regulator of apoptosis, upon gal-7 mediated apoptosis 

induction. Also gal-12 seems to be correlated with apoptosis induction. This tandem repeat 

type galectin shows some peculiar characteristics among the galectin family, especially its 

highly divergent C-terminal CRD. Moreover, it presents several AU-rich elements in the 3’-

end of the untranslated region (Kozak, 1987). These elements are known to confer instability 

to mRNA and are not very diffused among eukaryotic mRNAs. However, their frequencies 

among genes involved in the control of cellular growth and differentiation, such as proto-

oncoproteins, transcription factors and cytokines, is considerable (Kozak, 1987, 1991, 1992; 

Geballe and Morris, 1994; Chen and Shyu, 1995; Morris, 1995; Xu et al., 1998; Morris and 

Geballe, 2000), suggesting an involvement of gal-12 in these processes. As support of a role 

of gal-12 in cell death and control of proliferation, an increased level of gal-12 mRNA in 

adipose tissue causes an increase in the number of apoptotic cells (Hotta et al., 2001) and 

gal-12 expression has been found upregulated in cells blocked at G1 phase or at the G1/S 

boundary of the cell cycle (Yang et al., 2001). 

The variety of the roles of galectins inside the cells has been examined and from this 

analysis it appears clear that a role of galectins in cancer formation and progression is 
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more than conceivable. Indeed galectins have been implicated in a variety of tumours. As 

observed above for physiological cellular conditions, also in pathogenic conditions the role 

of galectins depend on the galectin type, its subcellular localization, the cell type and its 

proliferative state (Danguy et al., 2002; Balan et al., 2010; Vladoiu et al., 2014) (Table 3). Not 

only different galectins can functions both as pro- and anti-apoptotic factors, but also the 

same galectin can have different roles depending on the type of cancer and its intracellular 

sub-localization, thus their targeting in cancer treatment must be extremely well studied 

and considered carefully (Vladoiu et al., 2014). In addition to the above-mentioned roles in 

apoptosis and cell growth, galectins influence cancer progression through other important 

cellular processes. For example, it has been discovered that extracellular galectins have a 

great impact on cell adhesion, migration and invasion. Alterations in the interaction between 

galectins and transmembrane receptors have often been found in malignancies and late stage 

of carcinomas (Vladoiu et al., 2014). Also in this case the effect of the same protein is often 

opposite. For example, gal-1, gal-7 and gal-8 are able to promote invasion and migration 

in hepatic and lung cancer (Hittelet et al., 2003; Spano et al., 2010; Chung et al., 2012; 

Hsu et al., 2013), breast cancer and T-cell lymphoma (Moisan et al., 2003; Demers et al., 

2005; Demers et al., 2007; Park et al., 2009; Demers et al., 2010), and glioma (Camby et al., 

2001), respectively, and to decrease the same processes in colorectal, gastric and urothelial 

(Matsui et al., 2007; Kim et al., 2013), and colon cancer cells (Nagy et al., 2002). Gal-9 has 

divergent roles in cell adhesion, promoting it in melanoma, oral and colon cancer cell, but 

reducing it in breast cancer (Kageshita et al., 2002; Irie et al., 2005; Kasamatsu et al., 2005; 

Yamauchi et al., 2006; Nobumoto et al., 2008; Zhang et al., 2009). However, some galectins 

have a more well defined role in promoting invasion, like gal-3 (Bresalier et al., 1998; Inufusa 

et al., 2001; Ellerhorst et al., 2002; O’Driscoll et al., 2002; Jiang et al., 2008; Braeuer et 

al., 2012; Radosavljevic et al., 2012; Song et al., 2012), or in enhancing cell adhesion and 

reducing migration, like gal-4 (Belo et al., 2013). Besides adhesion, migration and invasion, 

extracellular galectins act on cancer progression through other common mechanisms, 

such as angiogenesis and tumour immune escape. Galectin-1 and gal-3 promote immune 

evasion (O’Driscoll et al., 2002; He and Baum, 2006; Daroqui et al., 2007; Peng et al., 2008; 
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Radosavljevic et al., 2011; Tang et al., 2012), and new vessels formation (Clausse et al., 1999; 

Califice et al., 2004a; Le Mercier et al., 2008; Mourad-Zeidan et al., 2008; Ito et al., 2011), 

while gal-7 has an opposite effect on angiogenesis, inhibiting it (Ueda et al., 2004). 

In conclusion, galectins have a deep impact on cell proliferation and cell death and their 

role in these cellular processes is especially relevant during tumorigenesis. However, when 

studying the roles of galectins, special precautions must be taken, due to the high variety of 

their roles and their differentiation among different cell types in specific proliferative states, 

different cellular and sub-cellular localizations, available binding partners and their differ-

ential glycosylation and, of course, different galectins. Therefore, every system should be 

examined carefully and specific galectin functions in that system should not be generalized. 

1.1.2 Extracellular functions of  galectins

Galectins can influence cell growth and apoptosis also when localized extracellularly, 

interacting with glycans exposed on the external leaflet of the plasma membrane. 

In particular, several galectins can localize in lipid rafts, where they interact with gangliosides, 

glycosphingolipids and glycosylated transmembrane receptors (Fajka-Boja et al., 2008; 

Tanikawa et al., 2008; Hsu et al., 2009; Kopitz et al., 2012). The formation of clusters of 

galectins bound to their receptors enhances the avidity of the binding, stabilizing the 

downstream signalling. In particular, it has been discovered that gal-1 causes T-cells apoptosis 

when binding to membrane glycoconjugates (Walzel et al., 2006; Earl et al., 2010), and gal-8 

has a pro-apoptotic effect on several cell types, such as synovial leukocytes, by interacting 

with CD44 and ECM proteins (Eshkar Sebban et al., 2007), Jurkat cells, through a strong 

ERK1/2 activation and a consequent expression of death factor Fas ligand (Norambuena et 

al., 2009), immature thymocytes (Tribulatti et al., 2007) and activated T-cells (Cattaneo et al., 

2011). Also extracellular gal-2 induces apoptosis in a caspase dependent manner, associated 

with the release of cyt c and the increase Bax/Bcl-2 ratio (Sturm et al., 2004).



CANCER 
TYPE GALECTIN EFFECT

BREAST

gal-1
Angiogenesis, evasion, progression (Daroqui et al., 2007; Jung et al., 2007; Ito et al., 2011; Dalotto-Moreno et 
al., 2013)

gal-2 Adhesion (Barrow et al., 2011)

gal-3
Cell cycle arrest in response to anoikis, increases adhesion, tumour growth and protects from apoptosis (Kim et 
al., 1999; Matarrese et al., 2000; Honjo et al., 2001; Moon et al., 2001; Shekhar et al., 2004)

gal-7 Increases invasion, reduces chemosensitivity (Demers et al., 2010)

gal-9 Increases cell aggregation and reduces adhesion (Irie et al., 2005)

COLORECTAL

gal-1
Reduces cell migration, induces adhesion and apoptosis (Hittelet et al., 2003; Horiguchi et al., 2003; Zhao et 
al., 2010)

gal-3
Metastasis formation, immune evasion, reduces apoptosis (Bresalier et al., 1998; Shi et al., 2007; Peng et al., 
2008; Mazurek et al., 2012; Wu et al., 2013)

gal-4
Promotes adhesion, reduces cell migration and motility, induces cell cycle arrest (Ideo et al., 2005; Satelli et al., 
2011; Kim et al., 2013d)

COLON

gal-2 Adhesion (Barrow et al., 2011)

gal-7
Increases chemosensitivity and reduces cell growth, anchorage-independent cell growth and angiogenesis 
(Ueda et al., 2004)

gal-8 Reduces tumour growth and cell migration (Nagy et al., 2002)

gal-9 Increases adhesion in vitro but reduces metastasis formation in vivo (Nobumoto et al., 2008; Zhang et al., 2009)

PROSTATE
gal-1

Adhesion and apoptosis, reduces growth rate of LnCaP cells, immune evasion and tumour vascularization, 
heterotypic cell-cell adhesion (Clausse et al., 1999; Ellerhorst et al., 1999b; Ellerhorst et al., 1999a; He and 
Baum, 2006; Laderach et al., 2013)

gal-3
Chemoresistance, cell proliferation, angiogenesis, migration and invasion (van den Brule et al., 2000; Ellerhorst 
et al., 2002; Califice et al., 2004; Fukumori et al., 2006; Wang et al., 2009)

Table 3: Main galectins expressed in different tumours (adapted from Vladoiu et al., 2014).



THYROID
gal-1 Associated with malignant transformation (Chiariotti et al., 1995; Xu et al., 1995)

gal-3
Anchorage-independent growth and motility (Yoshii et al., 2001; Takenaka et al., 2003; Lavra et al., 2009; Lin et 
al., 2009a; Lin et al., 2009b; Shankar et al., 2012)

CERVICAL
gal-1 Radioresistance, proliferation and invasion (Huang et al., 2012; Kim et al., 2013b)

gal-7 Invasion and chemoresistance (Park et al., 2009; Zhu et al., 2013)

gal-12 Reduces cell growth (Yang et al., 2001)

PANCREAS

gal-1 Proliferation, invasion and immune evasion (Xue et al., 2011; Tang et al., 2012)

gal-3
Increases invasion and proliferation, reduces chemosensitivity (Jiang et al., 2008; Kobayashi et al., 2011; Merlin 
et al., 2011; Song et al., 2012)

gal-4 Reduces migration and metastasis formation (Belo et al., 2013)

OVARIAN
gal-1 Increases proliferation and invasion (Kim et al., 2012)

gal-3 Reduces cell proliferation and increases apoptosis resistance (Oishi et al., 2007; Kim et al., 2011a)

gal-7 Cell proliferation (Kim et al., 2013a)

LUNG
gal-1 Chemoresistance, migration and invasion (Chung et al., 2012; Hsu et al., 2013)

gal-3 Adhesion, motility, invasion and immune evasion (O’Driscoll et al., 2002)

MELANOMA

gal-1 Cell aggregation (Tinari et al., 2001)

gal-3
Metastasis formation, immune evasion and angiogenesis (Mourad-Zeidan et al., 2008; Srinivasan et al., 2009; 
Radosavljevic et al., 2011; Braeuer et al., 2012; Wang et al., 2012)

gal-7 Chemoresistance (Biron-Pain et al., 2013)

gal-9 Cell aggregation and apoptosis (Kageshita et al., 2002; Nobumoto et al., 2008; Wiersma et al., 2012)

NEUROBLA-
STOMA

gal-1 Cell growth, immune evasion (Kopitz et al., 2001)

gal-3 Reduces apoptosis (Veschi et al., 2012)

gal-7 Reduces cell growth (Kopitz et al., 2003)



GLIOMA and 
GLIOBLASTO-
MA

gal-1
Cell growth, invasion, angiogenesis and chemotherapy resistance (Yamaoka et al., 2000; Rorive et al., 2001; 
Camby et al., 2005; Strik et al., 2007; Jung et al., 2008; Le Mercier et al., 2008a; 2008b)

gal-3 Decreases cell motility and adhesion (Debray et al., 2004)

gal-8 Cell migration (Camby et al., 2001)

LYMPHOMA

gal-1 Decreases viability and cell growth (Fouillit et al., 2000; Poirier et al., 2001)

gal-3
Resistance to Fas-induced apoptosis, chemoresistance or induces apoptosis (Hoyer et al., 2004; Suzuki and 
Abe, 2008; Li et al., 2010; Clark et al., 2012)

gal-7 Metastasis formation (Moisan et al., 2003; Demers et al., 2005; Demers et al., 2007)

GASTRIC
gal-3 Cell motility and chemoresistance (Cheong et al., 2010; Kim et al., 2010; 2011b)

gal-7 Reduces cell proliferation, migration and invasion (Kim et al., 2013c)

HEPATIC
gal-1 Migration and invasion (Spano et al., 2010)

gal-3 Metastasis formation (Inufusa et al., 2001)
LEYDIG 
TUM. CELLS gal-1 Cell proliferation and apoptosis (Biron et al., 2006)

MYELOID 
LEUKAEMIA gal-3 Reduces chemosensitivity (Cheng et al., 2011; Yamamoto-Sugitani et al., 2011)

BLADDER gal-3 Protects cells against TRAIL-induces apoptosis (Oka et al., 2005)
TONGUE gal-3 Cell proliferation, migration and invasion (Wang et al., 2013; Zhang et al., 2013)

RENAL gal-3 Reduces chemosensitivity (Xu et al., 2013)

UROTHELIAL gal-7 Increases chemosensitivity (Matsui et al., 2007)

ORAL gal-9 Increases adhesion (Kasamatsu et al., 2005; Yamauchi et al., 2006)

MYELOMA gal-9 Reduces cell growth and induces apoptosis (Kobayashi et al., 2010; Kuroda et al., 2010)
T CELL 
LEUKAEMIA gal-12 Reduces cell growth (Yang et al., 2001)
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In addition to cell death control, extracellular galectins have roles in cellular differentiation 

and physiology. Gal-9 promotes osteoblast differentiation when present in the lipid rafts, 

interacting with CD44 and the bone morphogenetic protein (Tanikawa et al., 2010), while 

gal-1 has a fundamental role in determining the properties of antigen presenting cells 

through the activation of MAP kinases (Barrionuevo et al., 2007; Malik et al., 2009; Ortner et 

al., 2011). Additional and specific roles of extracellular galectins are angiogenesis induction 

by gal-1, which interacts with several glycosylated receptors leading ultimately to vascular 

modulation of endothelial cells (Hsieh et al., 2008) and control of intracellular cholesterol 

level by gal-4 in the epithelium of the gastrointestinal tract (Ideo et al., 2005, 2007). 

Besides interacting with glycoconjugates on the cellular wall, galectin can also bind to 

glycoprotein in the ECM, such as laminin (Zhou and Cummings, 1990; Sato and Hughes, 

1992), fibronectin (Sato and Hughes, 1992; Ozeki et al., 1995), and tenascin (Probstmeier et 

al., 1995). These interactions, similarly to the ones happening on the cell wall, activate im-

portant signalling cascades that have a pivotal role in cell adhesion and motility. Variations in 

adhesion and motility mainly depend on reorganization of actin cytoskeleton and formation 

of adhesion plaques (Levy et al., 2003; Goetz et al., 2008). As described in table 3, the effect 

on the different galectins on adhesion, invasion and migration can change to a high degree, 

based on the concentration of galectin present in the media (Matarrese et al., 2000), on the 

biological properties of the galectin, especially its binding ability and number of CRDs (Mehul 

et al., 1995; van den Brule et al., 1998), and on the activation of proteins that are involved in 

the interaction between galectins and ECM, such as integrins (Larsen et al., 2006).

Extracellular galectins have a fundamental role also in cell immunity. Innate immunity is 

the first and faster level of defence of an organism. It is not specific for the particular antigen 

of a pathogen, but in most of the cases it is able to stop or defeat the infection. The cells 

responsible for the activity of the innate immunity mainly respond to two mechanism. First, 

they need signals able to tell them if a molecule belongs to the pathogen or to the organism 

itself, according to the self/non-self model (Janeway, 1989; Medzhitov and Janeway, 2002), 

in order to activate the immune response only in the presence of an actual invader. Second, 

they evaluate the degree of danger of the invading pathogen, according to the danger model 
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(Matzinger, 1994; 2002a; 2002b). Both models require specific proteins able to recognize 

self and non-self molecular motifs and proteins that can carry information about the degree 

of invasiveness and risk of the microorganism (Mushegian and Medzhitov, 2001).

As explained before, carbohydrates are important instruments to transmit information 

inside and outside the cells. Glycosylation is a ubiquitous modification of proteins and lipids, 

interesting about 50-70% of human proteins. Importantly, cells from different origins are 

able to synthetize different glycoconjugates, making the glycomic profile of a cell a specific 

and unique characteristic. In particular, mammalian cells have an array of glycoconjugates 

distinct from the one of pathogenic microorganisms, such as viruses, bacteria, fungi and 

parasites (Reuter and Gabius, 1999; Gabius et al., 2002) (Fig. 3). Thus, the features of glyco-

conjugates specific to a particular class of organisms may serve as basis for recognition by 

host proteins (Buzas et al., 2006). Considering this, it is clear the major role of lectins in im-

munity, helping the cells recognizing specific glycans on their own molecules or on pathogen 

molecules. 

A confirmation of this could be seen in the fact that galectins are highly expressed in 

the cells of the innate and adaptive immune system and that they can be found both in the 

intracellular and the extracellular environment. Some lectins, such as selectins and siglects, 

are specialized in recognizing self-glycans, while others bind specifically to glycans found 

on pathogens. Galectins cannot be exclusively grouped in either category. Indeed galectins 

have been found to be involved in recognition of glycans from different origins and to act on 

different levels in innate immunity. They can serve as pathogen recognition receptors (PRRs), 

which specifically bind to pathogen-associated molecular patterns (PAMPs); they can bind to 

self glycans, stopping or attenuating the immune response; they can work as DAMPs, specific 

molecules released from the cells upon non-programmed cell death, which regulate innate 

immunity by activating immune cells such as macrophages and neutrophils and promote the 

reconstruction of tissues (Matzinger, 2002a; 2002; 2007; Kono and Rock, 2008). Upon binding 

to the glycans, the effects on the cells vary depending on different factors, such as glycans 

density, glycan clustering, glycan presentation on specific glycoproteins and glycolipids and 

interaction with other cell surface molecules. The interaction between galectins and glycans 
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could either promote or block the infection. Galectins can block invasion either directly killing 

the microorganism or stimulating the activation of the cells of the immune system (Buzas et 

al., 2006; Sato et al., 2009; Vasta, 2009; Baum et al., 2014). For example, galectin-1 promotes 

the entry and attachment of HIV-1 (human immunodeficiency virus type 1) (St-Pierre et al., 

2011; Sato et al., 2012), Nipah viruses (Levroney et al., 2005) and human T-cell leukaemia 

virus type 1 (HTLV-1) (Gauthier et al., 2008) by cross-binding glycans on both the pathogen 

cell wall and human cells, while galectin-4 impedes Bordetella pertussis and Helicobacter 

pylori to attach to glycolipids receptor occupying them (Ideo et al., 2005; Danielsen and 

Hansen, 2006).

Figure 3: Structure and composition of the main glycans patterns present on the surface of various 

types of cells. N- glycans and O-glycans on human cells (A) and antennary glycans on microorganism 

cells that can be recognized by galectins (B-K). Complex type N-linked oligosaccharide from the 

HIV-1 gp120 envelope glycoprotein (B); Haemophilus influenzae LPS (C); Neisseria meningitidis 

LPS (D); Schistosoma mansoni LacdiNAc (LDN) (E); Streptococcus pneumoniae polysaccharide (F); 

Neisseria gonorrhoeae lipooligosaccaride (G); Candida albicans oligomannan (H); Helicobacter pylori 

LPS O-antigen side chain (I); Leishmania major LPG (J); Trichomonas vaginalis LPG (K) (based on 

information from Rabinovich and Toscano, 2009; Vasta, 2009).

2. GALECTIN-3

Gal-3 is the only chimera type galectin in the galectin family (Hirabayashi and Kasai, 

1993; Rabinovich, 1999) and the most studied member. It is characterized by 

the existence of an atypically long N-terminal domain, rich in proline and glycine, besides 

the C-terminal carbohydrate binding domain (Hsu et al., 1992; Agrwal et al., 1993). The 

N-terminal domain is essential for the biological activity of gal-3, since it is implicated in the 

secretion of gal-3 in the extracellular environment (Menon and Hughes, 1999) and it allows 

the oligomerization and therefore the cross-linking activity of the protein (Massa et al., 1993). 

Gal-3 usually exists as a monomer, but it can form multimers up to pentamers (Ahmad et al., 

2004; Morris et al., 2004) through either its N-terminal (Hsu et al., 1992; Mehul et al., 1994) 

or its C-terminal domain, when it is not occupied by glycan-binding (Yang et al., 1998). Gal-3 

size is between 29 and 35 kDa (Ho and Springer, 1982), depending on the specie.
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Gal-3 has multiple ligands, which differ in both structure and function. The specificity 

of gal-3 toward one ligand instead of another depends on the sugar-binding affinity, on 

the phosphorylation status of gal-3 and on the time and space coordination of the ligand 

expression. Importantly, gal-3 can interact also with unglycosylated protein thanks to its 

N-terminal domain. Gal-3 shows a strong preference toward polylactosamine structures and 

the affinity increases with the increasing number of lactosamine units present on the glycan 

chain (Sato and Hughes, 1992; Hirabayashi et al., 2002). Upon binding, the conformation of 

gal-3 changes, with the rearrangement of the backbone loops near the binding site (Agrwal 

et al., 1993; Umemoto et al., 2003).

Gal-3 coding gene is LGALS3, localized on the chromosome 14, locus q21-q22 (Raimond 

et al., 1997). Gal-3 promoter region is particularly abundant in regulatory elements, which 

make its expression a complex process involving several transcriptions factors and signalling 

pathways. Some of the best-characterized regulatory elements are Sb1 binding site (GC 

boxes), cAMP dependent response element (CRE) motifs, NF-κB-like sites, among others 

(Kadrofske et al., 1998). Gal-3 expression is modulated by various factors, including the 

proliferation and differentiation state of the cell, infections and tumour progression (Dumic et 

al., 2006). For example, gal-3 was found at higher level in proliferating fibroblasts compared 

to quiescent cells (Moutsatsos et al., 1987; Agrwal et al., 1989) and its presence was detected 

in lymphocytes, otherwise expressing gal-3 to a null or minimal level (Flotte et al., 1983; Liu 

et al., 1985; Joo et al., 2001), only following activation with Concanavalin A or CD3 (Joo et al., 

2001). Moreover, the change of gal-3 expression between resting macrophage and endocytic 

macrophage is so relevant that gal-3 is indicated as “macrophage activator marker” (Elliott 

et al., 1991). Gal-3 expression is increased following transformation events, such as RAS-

mediated transformation, and it is found at its peak when cells lose their growth anchorage-

dependence (Hebert and Monsigny, 1994). Finally, gal-3 expression has been found elevated 

in cells infected by HTVL-1 (Hsu et al., 1996) and by HIV-1 (Schroder et al., 1995). 

Gal-3 is ubiquitously expressed in adults, in particular in epithelial cells of various 

tissues and myeloid and amoeboid cells (Dumic et al., 2006). It has been found significantly 

expressed also in cells of the immune response, such as neutrophils (Truong et al., 1993a), 
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eosinophils (Truong et al., 1993b), basophils and mast cells (Frigeri et al., 1993; Craig et al., 

1995), Langerhans cells (Wollenberg et al., 1993; Smetana et al., 1999), dendritic cells (Flotte 

et al., 1983; Dietz et al., 2000), monocytes (Liu et al., 1995) and macrophages (Flotte et al., 

1983; Liu et al., 1995; Kasper and Hughes, 1996; Saada et al., 1996; Maeda et al., 2003). The 

type of cell that expresses gal-3 and the localization of the protein – intra- or extracellular, 

various sub-cellular compartments - define the biological role of the protein.

 Gal-3 is synthetized in the cytoplasm, but it is found also on the cell membrane, in the 

nucleus and in the extracellular space. The way in which gal-3 is externalized is not completely 

understood yet. However, it is clear that it happens through an alternative secretory pathway, 

since gal-3 does not contain specific signal for translocation into the ER and subsequent 

externalization (Hughes, 1999). One of the proposed mechanism by which gal-3 is externalized 

is called ectocytosis and it is independent from the classical ER/Golgi pathway (Sato et al., 

1993; Sato and Hughes, 1994; Nickel, 2003; Krzeslak and Lipinska, 2004). As mentioned 

above, part of the N-terminal domain (aa 89 to 96) is considered necessary for the proper 

secretion of gal-3 (Menon and Hughes, 1999). According to the ectocytosis hypothesis, 

gal-3 is incorporated in small vesicles that invaginate from the plasma membrane and it is 

then quickly released in the extracellular space (Sato and Hughes, 1994; Bao and Hughes, 

1995; Mehul and Hughes, 1997; Hughes, 1999; Menon and Hughes, 1999). Supporting the 

hypothesis that gal-3 is contained in vesicles and externalized through them is the finding 

that gal-3 was present in exosomes secreted by dendritic cells (Garin et al., 2001; Thery 

et al., 2001). Gal-3 can also be internalized by endocytosis in a lactose-dependent manner 

(Furtak et al., 2001). 

Due to the variety of cellular and subcellular locations and the amount of cell type in which 

it is expressed, gal-3 is one of the galectin with the highest degree of function diversification 

and broader involvement in cell physiology. As mentioned above, cytoplasmic gal-3 is involved 

in various intracellular events, such as the regulation of apoptosis, through the interaction 

of proteins such as Bcl-2 (Yang et al., 1996; Fukumori et al., 2006), CD95 (Fukumori et al., 

2004), Alix (Liu et al., 2002), annexin VII (Yu et al., 2002) and nucling (Liu et al., 2004). It is 

also involved in cell proliferation and differentiation, interacting with the oncoprotein KRAS. 
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Considering the processes in which gal-3 is involved, it is evident its relevant role in human 

oncogenesis (Newlaczyl and Yu, 2011; Cay, 2012; Song et al., 2014).

In the nucleus gal-3 is associated with the ribonucleoprotein complexes (Laing and Wang, 

1988), being involved in the spliceosome assembly and in mRNA splicing (Dagher et al., 1995). 

The role of gal-3 in splicing regulation has been previously described (intracellular functions 

of galectins), but the functions of gal-3 in the nucleus are not limited to such task. Indeed gal-

3 participates in the activation of the transcription factor CREB (CRE binding protein) and Sp1 

in the cyclin D1 promoter region, inducing cyclin D1 expression. Since CRE and Sp1 elements 

are very common among promoter regions, it is hypothesized that gal-3 could control also 

the expression of other important proteins, such as cyclin A, cyclin E, p21Cip1, and p27Kip1 (Kim 

et al., 1999). Moreover, gal-3 in the nucleus can bind to β-catenin and axin, two interacting 

proteins involved in the Wnt pathway, suggesting a role for gal-3 in Wnt pathway regulation 

(Shimura et al., 2004; Shimura et al., 2005). 

When gal-3 is localized on the cell surface, it exerts functions such as adhesion, interacting 

with glycoprotein on the extracellular matrix, pathogen recognition through specific glycan 

patterns (Sato and Nieminen, 2004), and immune cell activation (Rabinovich and Toscano, 

2009). Gal-3 involvement in adhesion is particularly important and it relays on its ability to 

bind to glycoconjugates on the cell and glycans in the ECM at the same time. As explained 

for all other members of galectin family, gal-3 can bind to several glycoproteins, including 

laminin (Massa et al., 1993; van den Brule et al., 1995; Kuwabara and Liu, 1996), fibronectin 

(Sato and Hughes, 1992), hensin (Hikita et al., 2000), elastin (Ochieng et al., 1999), collagen 

IV (Ochieng et al., 1998) and tenascin-C and -R (Probstmeier et al., 1995). In addition, gal-

3 binds to certain type of integrins (Ochieng et al., 1998) and is able to promote integrin 

activation through binding to CD98 (Hughes, 1999). The specific effect of gal-3 on adhesion 

depends, as usual, on the cell type and the glycoproteins that it expresses. For example, 

it enhances the adhesion of human neutrophils to laminin (Kuwabara and Liu, 1996) and 

endothelial cells (Sato et al., 2002), while it acts as de-adhesion protein in the thymus 

(Villa-Verde et al., 2002). Gal-3 role in immunity is complex and multiple. Further on it 

will be discussed gal-3 involvement in the recognition of self and non-self glycan and the 
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consequent response against pathogens, but gal-3 is also important to activate several 

cells of the immune system through the cross-linking of glycosylated membrane receptors. 

For example, gal-3 causes mediator release from mast cells (Frigeri et al., 1993), induces 

phagocytic activity and CD66 surface expression on human neutrophils (Fernandez et al., 

2005), enhances the production of IL-1 following lipopolysaccharide (LPS) exposure (Jeng 

et al., 1994), provokes the production of superoxide anion by human monocytes (Yamaoka 

et al., 1995) and activate T-cell (Demetriou et al., 2001). Considering the roles of these cell 

types in the onset of autoimmune disease, it is conceivable to suggest a role of gal-3 in the 

development of autoimmunity (Radosavljevic et al., 2012; de Oliveira et al., 2015). Indeed 

anti-gal-3 autoantibodies have been found in some autoimmune disorders such as Chron’s 

disease (Jensen-Jarolim et al., 2001) and in systemic lupus erythematosus and polymyositis/

dermatomyositis (Lim et al., 2002). Moreover, the level of gal-3 was increased in sera and 

synovial fluid from patients with rheumatoid arthritis (Ohshima et al., 2003).

In addition to autoimmune disease and cancer, gal-3 has been implicated in other 

pathological conditions. For example, a correlation between heart failure and gal-3 has 

been notice, to the point of suggesting the usage of gal-3 as predictive biomarker for 

mortality upon heart failure (de Boer et al., 2012; Ho et al., 2012; Srivatsan et al., 2015). 

Gal-3 has also been implicated in a number of metabolic disorders, often related to chronic 

inflammation, such as obesity, diabetes, hypercholesterolemia and hypertension. The level 

of circulating gal-3 in patients affected by these disorders was significantly higher than in 

normal population. Several studies confirm the correlation between level of gal-3 and altered 

glucose homeostasis, with consequent arise of obesity and/or diabetes type 2 (Menini et al., 

2016). 
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2.1 EXTRACELLULAR GALECTIN-3 ROLE IN INNATE    
IMMUNITY

As mentioned, gal-3 is synthesized and accumulated in the cytoplasm of various 

cells. However, many of its functions are exploited only if gal-3 is secreted in the 

extracellular environment. Gal-3 may exit the cell upon breakage of the cell, following 

necrosis, or it can be secreted through the leaderless (or alternative) secretory pathway. 

Extracellular gal-3 is mainly involved in innate immunity, mainly binding to self-glycans 

expressed on the cell surface (Mandrell et al., 1994). When gal-3 cross-links various glycans 

on the same cell, it forms two- and three-dimensional complexes called lattices (Lee and 

Lee, 2000; Sacchettini et al., 2001). Lattices cover great areas on the cell surface and have a 

big steric dimension. Thus they noticeably reduce the lateral mobility of the other proteins 

present on the cell surface, including the receptors responsible for activating the pathways 

of the innate immunity. In this way lattices raise the threshold for ligand-dependent receptor 

clustering and thus they can impede or reduce signal transduction (Pelletier and Sato, 2002). 

Therefore, the recognition of self-glycans by gal-3 could block the activation of the immune 

response and the triggering of potential autoimmune response. This could be verified by the 

progression of the infection by Leishmania major. Gal-3 can bind to the lipophosphoglycan 

(LPG) of this parasite, which in turn has a protease (gp63) able to cleave gal-3, separating 

the CRD from the oligomerization N-terminal domain. Gal-3 cannot cross-link without the 

N-terminal domain and it is not able to form lattices. It has been demonstrated that the 

absence of lattices causes an enhanced immune reaction and decreases the threshold for 

the initiation of signal transduction (Pelletier and Sato, 2002; Spath et al., 2003).

Gal-3 has another role in innate immunity besides recognizing self-glycans. It is highly 

expressed in myeloid cells such as macrophages and stromal cells of the lymph nodes 

and in specific, its expression increases during inflammation. Also the release of gal-3 

increases under stress condition: immature macrophages and neutrophils are unable to 

secrete gal-3, while after activation macrophages can release up to 50% of their total gal-

3 (Sato and Hughes, 1994). It is conceivable to consider gal-3 as a DAMP, which helps in 
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the efficient and precise activation of the innate immune response. Gal-3 can function as 

neutrophil adhesion molecule, involved in the migration of neutrophils in the site of the 

infection (Hsu et al., 1996; Haziot et al., 2001; Sato et al., 2002). This process seems to 

be correlated to the pathogenicity of the invading microorganism. In a model with gal-3 

deficient mice the neutrophils migration was impaired only when the mice were infected 

with the pathogenic Streptococcus pneumonia and not with the non-pathogenic Escherichia 

coli (Sato et al., 2002). Besides enhancing neutrophils migration, gal-3 causes neutrophils 

and macrophages activation and their oxidative burst (Liu et al., 1995; Yamaoka et al., 1995; 

Karlsson et al., 1998). Gal-3 is involved in the clearance of Schistosoma mansoni, causing 

eosinophil-mediated cytotoxicity toward the parasite (Truong et al., 1994) and inducing its 

phagocytosis by macrophages, after the binding to its eggs through the GalNAcβ1-4GlcNAc  

contained in the pathogen glycans (van den Berg et al., 2004); it acts as a chemoattractant 

for macrophages (Sano et al., 2000) and as opsonin for apoptotic neutrophils (Karlsson et 

al., 2009), increasing the efficiency of phagocytosis of apoptotic cells by macrophages when 

present on their surface (Sato and Nieminen, 2004). 

Gal-3 has the ability to bind to non-self glycans, producing different outcomes based 

on the microorganism they belong to. It can actively reduce the growth or even kill the 

pathogen, as observed for its direct bacteriostatic activity toward Streptococcus pneumonia 

(Farnworth et al., 2008). Sometimes it enhances the recruitment of the immunity cells, such 

as when it binds to the O-antigen of Helicobacter pylori (Lim et al., 2003; Huff et al., 2004; 

Fowler et al., 2006) or to the LacdiNAc glycans of Schistosoma mansoni (van den Berg et al., 

2004). Other times its defensive activity can be subverted by the microorganisms, which take 

advantage of its cross-linking ability to adhere and invade the host cells. Examples are the 

parasites Trypanosoma cruzi (Vray et al., 2004), which uses gal-3 to mediate its adhesion to 

laminin of the coronary artery smooth muscle cells, Herpex simplex virus (Woodward et al., 

2013) and Neisseria meningitis (Quattroni et al., 2012). Gal-3 is also able to bind to the LPS 

of various microorganism, such as Klebsiella pneumoniae, Salmonella minnesota, Salmonella 

typhimurium, Escherichia coli, using either its N- or C- terminal domain (Mey et al., 1996), 

and to bind directly to both gram-negative - Klebsiella pneumoniae, Neisseria meningitidis, 



Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

3333

Neisseria gonorrhoeae, Haemophilus influenzae, and Pseudomonas aeruginosa- and gram 

positive - Streptococcus pneumoniae – bacteria (Mandrell et al., 1994; Mey et al., 1996; 

Gupta et al., 1997; Vinogradov and Perry, 2001; John et al., 2002).

2.1.1 Focus on the effects of  galectin-3 on Candida albicans

Gal-3 has a specific role in the recognition of the pathogen fungus Candida albicans. 

It was discovered that a 32 kDa macrophage protein was able to bind specifically to 

β-1,2-linked mannopyranose units present on the cell wall of C. albicans (Fradin et al., 2000). 

Interestingly, these glycans are a specific feature of C. albicans, not being present in the cell 

wall of Saccharomyces cerevisiae or other species of Candida. The interaction between gal-3 

and this type of glycan was considered unusual, since gal-3 binds specifically to β-galactosides. 

It was later verified that gal-3 was bound to C. albicans cell wall only in living yeast, and that 

after the pathogen phagocytosis, it translocates to inside the cell locating in particular in the 

phagocytic cups (Jouault et al., 2006). Notably, the importance of gal-3 in tissue invasion 

by C. albicans is inferred from the fact that tissues affected by systemic candidiasis show a 

broader expression of gal-3, which is present throughout granulomata, in the macrophages 

and in stromal cells (Kohatsu et al., 2006). In healthy tissues gal-3 is present almost only in 

macrophages. Moreover, it has been observed that the level of gal-3 in new-born infants is 

significantly lower than in adults, which appears to be the reason why new-borns are more 

sensitive to candidiasis than adults (Linden et al., 2013a). Accordingly, the absence of gal-3 

in model mice increased mortality and enlarged the area of the brain infected by C. albicans 

(Linden et al., 2013a).

In a proteomic analysis of sub-cellular fractions (cytosol, organelle/membrane, nucleus) 

of murine macrophages (Reales-Calderon et al., 2013), it was found that gal-3 expression 

increased after infection with C. albicans. Specifically, gal-3 was detected in the phagocytic 

cups, as mentioned above (Jouault et al., 2006), as well as outside the cells. Actually, an 

increase in the amounts of gal-3 present on the cell surface or in the extracellular space was 

verified, along with a concomitant decrease in the cytoplasmic location (Reales-Calderon 
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et al., 2012). The macrophage gal-3 increased secretion upon C. albicans invasion was also 

described in other models, like human gingival epithelial cell line Ca9-22, and human gingival 

fibroblasts (Tamai and Kiyoura, 2014). Also neutrophils secret a higher amount of gal-3 upon 

C. albicans infection and this causes an enhanced phagocytosis of the pathogens (Linden et 

al., 2013b). Gal-3 seems to be necessary for appropriate tumour necrosis factor α production 

(Esteban et al., 2011; Devillers et al., 2013) and plays a relevant role in neutrophils activation, 

which in turns is crucial for fungal clearance (Linden et al., 2013a). Importantly, it was shown 

that gal-3 has a direct fungicidal effect on C. albicans, since yeast cells treated with gal-3 had 

decreased viability. Gal-3, in addition, caused morphological changes in a fraction of yeast 

cells, namely decreasing their size (Kohatsu et al., 2006).

2.2 ROLES OF GALECTIN-3 IN CANCER

Gal-3 has been shown to be involved in several fundamental processes of cell life, 

including apoptosis, cell cycle regulation and immune escape, which are particularly 

relevant in tumour formation and progression (Califice et al., 2004b; Krzeslak and Lipinska, 

2004; Newlaczyl and Yu, 2011; Song et al., 2014; Ahmed and AlSadek, 2015; Wang and Guo, 

2016).

Gal-3 involvement in apoptosis has been extensively studied and gal-3 has been determined 

to be both a pro- and anti-apoptotic protein, based on its localization. Intracellular gal-3 

mainly acts as anti-apoptotic protein through the interaction with several proteins involved 

in this process, while extracellular gal-3 can be also pro-apoptotic (Fig. 4) (Krzeslak and 

Lipinska, 2004; Dumic et al., 2006; Ahmed and AlSadek, 2015). Gal-3 is highly homologous 

to Bcl-2, an anti-apoptotic protein belonging to the Bcl-2 proteins family. Gal-3 and Bcl-2 

present 28% homology and 48% similarity (Akahani et al., 1997). 

In particular, their N-terminal domains are both rich in proline, glycine and alanine, and 

they both contain the NWGR motif – in gal-3 CRD -, which is a conserved short sequence in 

BH1 domain of Bcl-2 family proteins, fundamental for their anti-apoptotic activity. Gal-3 is the 

only galectin so far known to have an NWGR motif (Akahani et al., 1997). This motif allows the 
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oligomerization of gal-3 through its CRD, in the absence of a glycan ligand (Yang et al., 1998), 

but it also makes possible the formation of Bcl-2 homodimer and Bcl-2/Bax heterodimer 

(Hanada et al., 1995). NWGR region seems to be involved also in the interaction between 

gal-3 and Bcl-2, which is lactose-dependent, even though Bcl-2 is not a glycoprotein. It is 

hypothesized that lactose presence may induce a conformational change in the CRD, which 

contains the NWGR motif, inhibiting gal-3/Bcl-2 interaction (Yang et al., 1996). Modifications 

in this motif annul the anti-apoptotic activity of gal-3, highlighting its importance (Akahani 

et al., 1997). The mechanism by which gal-3 exerts its anti-apoptotic function through Bcl-2 

interaction implies gal-3 translocation from the cytoplasm to the mitochondria, where Bcl-2 

is also present, and the consequent stabilization of mitochondria membrane and inhibition 

of cyt c release (Matarrese et al., 2000; Moon et al., 2001). The translocation is mediated by 

synexin, whose availability can thus become a limiting factor for gal-3 anti-apoptotic activity 

(Yu et al., 2002). The pro-apoptotic activity of gal-3 can be mediated also by other proteins, 

such as CD95 receptor (APO-1/Fas), as happens in T-cells (Fukumori et al., 2004). CD95 

triggers in the cell the activation of several caspases, leading ultimately to the formation of the 

death-inducing signalling complex and the activation of caspase-3 (Dumic et al., 2006). Gal-3 

can modulate CD95 activity, determining the final level of intensity of its effects (Fukumori 

et al., 2004). In a different cell model, human bladder cancer cells, gal-3 overexpression 

was shown to promote the activation of phosphatidylinositol 3-kinase (PI3K)/Akt pathway, 

inhibiting the loss of mitochondria potential and the activation of caspase-9 and -3, resulting 

ultimately in suppression of apoptosis (Oka et al., 2005). The anti-apoptotic activity of 

gal-3 in the cytoplasm can be modulated by its interaction with nucling, a pro-apoptotic 

protein able to decrease both the mRNA and the protein level of gal-3 (Liu et al., 2004). 

Interestingly, extracellular gal-3 seems to have an opposite effect on apoptosis compared 

to its intracellular localization. Indeed it has been observed that extracellular gal-3 induces 

T-cell apoptosis (Ochieng et al., 1998; Fukumori et al., 2003) through the interaction with 

CD29, CD7, CD95, CD98 and T-cell receptor (Scaffidi et al., 1998; Fukumori et al., 2004). This 

apparent discordant role of gal-3 in apoptosis is actually conceivable with the hypothesis that 

tumour cells externalized gal-3 to induce immune cell apoptosis in order to be able to escape 
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from the normal cells defence mechanisms (Nakahara et al., 2005; Ahmed and AlSadek, 

2015). In addition to inducing apoptosis of T-cell, gal-3 promotes immune evasion of cancer 

cells by suppressing the production of IL-5, impeding the differentiation of B-lymphocytes, 

increasing phagocytosis of neutrophils (Fernandez et al., 2005) and enhancing the oxidative 

response of immune cells (Feuk-Lagerstedt et al., 1999). Gal-3 also reduces the motility and 

functionality of tumour infiltrating lymphocytes by forming lattices with big steric volume 

(Demotte et al., 2008).

Figure 4: Diverging role of intracellular and extracellular gal-3 in modulating apoptosis. Inside the cells 

gal-3 binds to Bcl-2 and synexin, preventing the release of cytochrome c from the mitochondria, and 

it can interact with Fas receptor, impeding the activation of caspase 8 and the consequent caspases 

cascade that leads to apoptosis. On the other side, when outside the cell gal-3 can interact with CD7 

and CD29, promoting the release of cyt c from mitochondria and apoptosis. 
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Gal-3 not only influences cell life by inhibiting apoptosis, but also by regulating cell cycle 

progression. It has been demonstrated in breast epithelial cells BT459 that gal-3 is capable 

to block cell cycle progression at various stages when cells are subjected to a pro-apoptotic 

stimulus, preventing them to die by apoptosis (Kim et al., 1999; Lin et al., 2000). For example, 

this cell line naturally undergoes anoikis, cell death provoked by loss of anchorage, but when 

gal-3 is overexpressed the cells are blocked in G1 phase instead, without any sign of apoptosis 

induction. This event is accompanied by a downregulation of cyclin A and E, responsible for 

cell cycle progression from G1 to S phase, and by the upregulation of their inhibitors, p21Cip1 

and p27Kip1. Gal-3 causes also the hypophosphorylation of the retinoblastoma protein (Rb), 

which needs to be hyperphosphorylated to allow cell cycle progression, and the expression 

of cyclin D1, probably to help the cell pass the apoptosis-sensitive point in early G1 phase 

(Kim et al., 1999). Another mechanism by which gal-3 help avoiding apoptotic death is the 

blockage of the cell cycle in G2/M phase following the treatment of the cells with genistein, 

which causes instead apoptosis in cells not expressing gal-3. Also in this case gal-3 regulates 

p21/Cip1 and p27Kip1 expression level (Lin et al., 2000). As mentioned above, the influence of 

gal-3 on cell cycle is probably due to the transcription regulation of the genes involved, such 

as cyclins and their inhibitors (Kim et al., 1999). 

Gal-3 also acts on cell proliferation, mainly by activating or stabilizing other important 

pathways involved in this process. Gal-3 can stabilize KRAS nanoclusters, thus increasing and 

modulating KRAS signalling (Elad-Sfadia et al., 2004; Shalom-Feuerstein et al., 2005; Levy et 

al., 2010) (gal-3 interaction with KRAS will be discussed further in detail). Gal-3 can also act 

on Akt activity, promoting the cell proliferation and apoptosis evasion induced by this protein 

(Oka et al., 2005). 

The above-mentioned processes in which gal-3 is involved are functioning in both 

normal and transformants cells, but gal-3 contributes also to activation of pathway relevant 

specifically for cancer progression. Gal-3 has been shown to promote angiogenesis in 

tumours. In particular, exogenous gal-3 enhances the formation of new capillaries in mice 

(Nangia-Makker et al., 2000) by interacting with integrins or glycans expressed on the cell 

surface (Fukushi et al., 2004). The binding triggers the clustering of gal-3 on the cell surface 
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and the activation of focal adhesion kinase, with the consequent activation of vascular 

endothelial growth factor (VEGF) and basic fibroblast growth factor, which ultimately 

lead to new vessels formation (Markowska et al., 2010). Confirming the role of gal-3 on 

VEGF secretion, it has been observed that a depletion of gal-3 strongly reduces VEGF level 

(Machado et al., 2014). Gal-3 has also been reported to interact with the endothelial cell 

surface enzyme aminopeptidase N/CD13, regulating endothelial vascularization in early 

steps of angiogenesis (Yang et al., 2007). In addition to promote the formation of new blood 

vessels, gal-3 is involved also in ensuring the survival of tumour cells circulating in the blood 

system and their vascularization, provoking tumour metastasis. Gal-3 can bind to oncofoetal 

Thomsen-Friedenreich (galactose β1,3 N-acetylgalactosaminea) disaccharide (TFD) (Glinsky 

et al., 2001; Yu, 2007; Yu et al., 2007), present in the core I structure of mucin-type O-linked 

glycan, in the transmembrane glycoprotein mucin-1 (MUC1) expressed by tumour cells. The 

interaction gal-3/MUC1 causes the redistribution of MUC1 on the cell surface, which allows 

the exposure of otherwise hidden small adhesion molecules. These adhesion molecules 

contribute to the heterotypic adhesion of tumour cells to the vascular endothelium (Zhao 

et al., 2009) and to the homotypic adhesion of tumour cells between them, forming tumour 

micro-emboli, which allow a longer survival of circulating tumour cells by preventing anoikis 

(Zhao et al., 2010). Gal-3 can also act as direct adhesion molecule for homo- and heterotypic 

adhesions by interacting with TFD (Glinsky et al., 2001; Khaldoyanidi et al., 2003; Zou et 

al., 2005). To promote cancer cell adhesion, gal-3 binds to glycans present on the surface 

of tumour cells such as the Mgat5-modified N-glycans (Lagana et al., 2006), laminin and 

lysosome associated glycoproteins (Dumic et al., 2006; Barrow et al., 2011). Gal-3 induces 

the expression of several pro-inflammatory cytokines, which indirectly promote metastasis 

formation. The effect of these cytokines is to increase the expression of endothelial cell 

surface adhesion molecules such as E-selectin, intercellular adhesion molecule 1 and vascular 

cell adhesion molecule 1, which lead to an enhanced cancer cell-endothelial adhesion, 

cell migration and tubule formation (Chen et al., 2013). Besides contributing to adhesion 

between tumour cells and tumour and vascular cells, gal-3 is also important for adhesion 

of tumour cells to the ECM. Overexpression of gal-3 is associated to increased adhesion to 
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ECM and cell evasion from primary tumour sites (Ochieng et al., 2004). Gal-3 overexpression 

correlates with increase invasiveness and one of the possible mechanism causing this effect 

is the binding of gal-3 to transmembrane receptors such as EGFR (epidermal growth factor 

receptor) and TGF-β receptor, which prevent their endocytosis and signalling (Dumic et al., 

2006; Barrow et al., 2011). As support of the relevant role of gal-3 in metastasis formation and 

invasiveness (Funasaka et al., 2014), the level of circulating gal-3 is higher in cancer patients 

with metastasis and this overexpression is correlated to increased potential to develop new 

metastasis and worst prognosis (Iurisci et al., 2000).

Consistently with previously explained information indicating gal-3 as involved in multiple 

cellular and extracellular processes that ultimately lead to cancer formation, progression 

and metastasization (Fig. 5), gal-3 expression has been found upregulated in several cancer 

types, including colon, head and neck, gastric, endometrial, thyroid, liver, bladder cancers 

and breast cancers (Bresalier et al., 1997; Hsu et al., 1999; Shekhar et al., 2004; Shimura 

et al., 2004; Song et al., 2009; Guha et al., 2014). Moreover, gal-3 overexpression has been 

discovered to promote neoplastic transformation (Honjo et al., 2001; Yoshii et al., 2001; 

Elad-Sfadia et al., 2004; Liu and Rabinovich, 2005). However, as often observed in regards to 

gal-3 functions, its relevance on cancer progression may vary among different cancer types, 

different cancer stages and different intracellular localization (Song et al., 2014; Ahmed and 

AlSadek, 2015). 

The multiplicity of gal-3 roles in tumour formation has made it a potential target for 

inhibitors, which could block cancer progression by decreasing gal-3 activity. In recent years, 

many synthetic inhibitors of gal-3 CRD have been developed, including peptide antagonists 

(Nangia-Makker et al., 2008), lactulose amines (Glinskii et al., 2012), and galactose-based 

inhibitors (John et al., 2003; Glinskii et al., 2005). In addition, it has been discovered that 

a natural product, pectin, can efficiently inhibit gal-3. In particular, modified citrus pectin 

inhibited cell adhesion in vitro (Pienta et al., 1995) and metastasis formation in vivo (Glinskii 

et al., 2005). Another pectin derivative, GCS-100, showed great potential for the treatment 

of multiple myeloma (Chauhan et al., 2005; Streetly et al., 2010). Also curcumin has been 

shown to decrease gal-3 basal level (Dumic et al., 2002). However, it has to be noticed that 
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many of these inhibitors only act on extracellular gal-3 and its effects, allowing the pro-

survival signalling caused by intracellular gal-3, since they mainly occupy gal-3 CRD (Ahmed 

and AlSadek, 2015). 

Figure 5: Main roles of intra- and extracellular gal-3 in promoting cancer progression. Intracellular gal-

3 promotes cancer progression by interacting and activating oncoproteins such as KRAS, by inhibiting 

apoptosis through the interaction and inhibition of various pro-apoptotic proteins, by enhancing the 

transcription of genes involved in cell cycle progression and also by directly modulating cell cycle 

progression. Extracellular gal-3 is involved in facilitating adhesion and invasiveness of cancer cells, 

promoting and the same time the formation of metastasis and new vessels that bring oxygen and 

nutrient to the cancer cells. In addition, gal-3 promotes immune evasion of the cancer cells.



Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

4141

2.2.1 Focus on the role of  galectin-3 in colorectal cancer

Gal-3 expression was detected in colorectal cancer (CRC) by immunohistochemical 

analysis and a correlation between gal-3 expression and poor prognosis was 

noticed (Arfaoui-Toumi et al., 2010). Moreover, gal-3 was found expressed at a higher level 

in colon tumours with lymph nodes metastasis compared to tumours without metastasis 

(Irimura et al., 1991; Wu and Gan, 2007; Liu et al., 2008a). In general, gal-3 is overexpressed 

in colorectal cancer compared to normal tissue (Lee et al., 1991; Ohannesian et al., 1994; 

Endo et al., 2005; Zaia Povegliano et al., 2011; Cay, 2012). Interestingly, gal-3 translocates 

from the nucleus to the cytoplasm following the progression from colorectal adenoma to 

carcinoma (Sanjuan et al., 1997; Andre et al., 1999), and gal-3 cytoplasmic localization is 

known to exert an anti-apoptotic role, in contrast to the pro-apoptotic role of nuclear gal-

3 (Califice et al., 2004a). In addition to overexpression in CRC tissue, circulating gal-3 level 

in the blood stream was found increased up to 5-fold in CRC patients compared to healthy 

people, and this increase was even more emphasized in patients with metastasis (Iurisci et 

al., 2000). For these reasons gal-3 has been suggested as CRC prognostic marker (Legendre 

et al., 2003; Arfaoui-Toumi et al., 2010).

3. RAS PROTEINS

RAS genes are the founding members and prototypes of the RAS superfamily of small 

guanosine triphosphatases (GTPases). Ras superfamily accounts for more than 150 

human genes, subdivided in five main branches on the basis of sequence and functional 

similarities: RAS, Rho, Rab, Ran and ARF (Colicelli, 2004; Wennerberg et al., 2005; Cox and 

Der, 2010). RAS genes are highly conserved in a wide variety of species, including the yeasts 

S. cerevisiae and S. pombe (Dhar et al., 1984; Powers et al., 1984; Fukui and Kaziro, 1985; 

Fukui et al., 1986), Drosophila (Neuman-Silberberg et al., 1984), Caenorhabditis elegans 

(Beitel et al., 1990; Han and Sternberg, 1990), zebrafish (Cheng et al., 1997; Liu et al., 2008b), 

Dictostelium (Reymond et al., 1984) and, of course, mammals (Malumbres and Barbacid, 

2003). All RAS proteins work substantially as binary molecular switches between an inactive 
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state, in which they are bound to GDP, and an active state, in which they are bound to GTP. 

The activation of RAS proteins leads to subsequent activation of a signalling cascade, which 

differs depending on the organism (Wennerberg et al., 2005; Cox and Der, 2010). Even though 

the specific proteins that interact with RAS for the activation of downstream signalling are 

different in different organisms and for different RAS isoforms in the same organism, most 

of them share a conserved domain to interact with RAS proteins, the RAS-binding domain or 

RAS association (RA) domain (Cox and Der, 2010). Many RAS effectors have been identified 

by screening cDNA libraries for the presence of RA domain (Hofer et al., 1994; Kikuchi et al., 

1994; Spaargaren and Bischoff, 1994). The conserved working mechanism of RAS proteins 

relies on their conserved sequence, in particular on the presence of a set (1 to 5) of G box 

GDP/GTP-binding motif elements beginning at the N-terminal domain, which together form 

a G domain of approximately 20 kDa (Bourne et al., 1991) (Fig. 6). 

Figure 6: Structure of human HRAS bound to GTP. Human HRAS, similarly to all RAS proteins, is 

composed by 6 β-sheets and 5 α-helices. The conserved G motifs (G1-G5) belonging to the G domain 

of RAS, involved in GTP/GDP binding are showed (adapted from Loirand et al., 2013).
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Particularly relevant among the G box motifs are switch I and switch II, which regulate the 

conformational changes between GTP- and GDP-bound RAS protein (Milburn et al., 1990; 

Schlichting et al., 1990). The conformations of active and inactive state are very similar, 

besides the pronounced changes corresponding to these two regions, and exactly these 

variations lead to different affinities of active or inactive RAS proteins toward RAS regulators 

and effectors (Scheffzek et al., 1996; Bishop and Hall, 2000; Repasky et al., 2004). 

The RAS proteins switching between GTP- and GDP-binding is regulated by two classes 

of proteins, GTPase activating proteins (GAPs) and guanine-nucleotide exchange factors 

(GEFs). GAPs enhance the intrinsically low GTPase activity of RAS proteins, up to 300-fold 

acceleration (Trahey and McCormick, 1987), in order to reinstate the GDP-bound form of 

RAS proteins (Bernards and Settleman, 2004), whereas GEFs promote the formation of GTP-

bound form, by triggering the dissociation of GDP from RAS proteins, allowing the more 

abundant GTP to bind in its place (Schmidt and Hall, 2002) (Fig. 7). 

Figure 7: Mechanism of activation/deactivation of RAS proteins. Inactive RAS proteins bound to GDP 

are localized in the cytoplasm. GEFs catalyse the liberation of GDP from the binding site, allowing 

GTP, more abundant in the cell, to bind instead. GTP-bound RAS are translocated to the membrane 

and activated. GAPs enhance the endogenous GTPase activity, hydrolysing GTP to GDP. RAS is inactive 

again and goes back to the cytoplasm, where the cycle can begin again, upon proper stimulus.
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RAS proteins activity is not regulated only by its GDP/GTP binding state, but also by post-

translational modifications, which determine RAS sub-cellular localization. RAS proteins 

localization on plasma membrane or endomembranes establishes the class of effectors and 

regulators available, determining in turn the downstream signalling (Wennerberg et al., 2005; 

Cox and Der, 2010). RAS proteins are synthetized as cytoplasmic proteins (Shih et al., 1979) 

and then undergo different post-translation modifications that fully activate the proteins and 

target them on the inner leaflet of the plasma membrane (Cox and Der, 2010). The C-terminal 

domain is necessary for the proper sub-cellular localization, because it contains the CAAX 

(C = cysteine, A = aliphatic amino acid, X = terminal amino acid) motif indispensable for 

membrane targeting (Cox and Der, 2002; Wennerberg et al., 2005; Cox and Der, 2010). The 

cysteine in the CAAX motif is the target of farnesyltransferase and geranylgeranyltransferase 

I, which catalyse the addition of a farnesyl or geranylgeranyl isoprenoid, respectively (Casey 

et al., 1989; Hancock et al., 1989; Schafer et al., 1989; Wennerberg et al., 2005; Cox and Der, 

2010). This modification is the first step of RAS processing, followed by other modifications, 

such as palmitoylation, driven by a second signal contained in the hypervariable region (HVR) 

at the C-terminal, which, as suggested by the name, shows great diversification depending 

on RAS protein isoform, in contrast with the highly conserved G domain (Cox and Der, 2010). 

These two steps are the minimum signal required for transit to and tenure at the membrane, 

either plasmatic or of internal organelles. This specific differentiation, plasma or endo-

membranes, depends exactly on the second step of RAS proteins processing. 

3.1 RAS PATHWAY IN SACCHAROMYCES CEREVISIAE

S. cerevisiae expresses two homologous isoproteins of the human RAS family, Ras1 

and Ras2. They show a domain of 180 amino acids conserved with mammalian Ras 

proteins (G domain), and a region of divergence of 120 amino acids at the C-terminal (DeFeo-

Jones et al., 1983; Dhar et al., 1984; Powers et al., 1984). The yeast Ras proteins are ~40 kDa, 

almost the double of the size of the mammalian Ras, which are ~21 KDa (Papageorge et al., 

1984; Fujiyama and Tamanoi, 1986) (Fig. 8). 
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As all RAS proteins, yeast Ras proteins act as molecular switches between an active and 

an inactive conformation and they transduce signals from outside to inside the cell about 

the nutritional conditions of the environment, especially glucose availability (Gibbs and 

Marshall, 1989; Busti et al., 2010; Tamanoi, 2011) (Fig. 9). Ras proteins exert this function 

mainly controlling 3’,5’-cyclic adenosine monophosphate (cAMP) metabolism. cAMP is 

essential for S. cerevisiae viability, being yeast mutants with impaired cAMP production 

unviable (Molenaar et al., 1988). cAMP acts as second messenger in the regulation of several 

fundamental cellular processes. These include protein phosphorylation, accumulation of 

storage carbohydrates, mitochondrial functions (Ortiz et al., 1983; Uno et al., 1983; Francois 

et al., 1984; Pohlig and Holzer, 1985; Rödel et al., 1985; Lopez-Boado et al., 1987; Müller and 

Bandlow, 1987; Rittenhouse et al., 1987; Francois and Hers, 1988), sporulation (Cameron et 

al., 1988), sensitivity to heat shock (Uno et al., 1985) and cell cycle progression (Matsumoto 

et al., 1982; Matsumoto et al., 1983a, 1983b; Kataoka et al., 1984). cAMP is produced by 

adenylate cyclase, which localizes at the plasma membrane and synthetizes cAMP from 

guanine nucleotides (Gibbs and Marshall, 1989; Thevelein and de Winde, 1999; Tamanoi, 

Figure 8: Homology between human and yeast RAS proteins. Yeast and human RAS proteins present 

conserved G motifs (G1-G5), which form the G domain for GTP/GDP binding. Human RAS proteins are 

highly homologous, KRAS showing 93% of homology to HRAS. Yeast Ras proteins are bigger, having 

more than 100 extra amino acids, but still present around 60% homology to human RAS (based on 

information from Tamanoi, 2011; Cox and Der, 2010).
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2011). Adenylate cyclase is a large protein (~2000 aa) encoded by the CYR1/CDC35 gene and 

formed by four different domains, the N-terminal, the middle repetitive, the catalytic and 

the C-terminal. The middle repetitive domain contains a LLR domain, which is constituted by 

a repeat of 23-residue amphipathic leucine rich motif and is the primary site of interaction 

with Ras proteins.  Indeed, Ras proteins interact with adenylate cyclase through the RA 

domain present at the N-terminal of the LLR domain (Kido et al., 2002) and, when active, 

stimulate cAMP production activating in turn adenylate cyclase (Toda et al., 1985; Wigler et 

al., 1988; Broach and Deschenes, 1990; Thevelein, 1992; Tatchell, 1993; Thevelein, 1994). 

Once produced, cAMP acts downstream as second messenger and the amount of cAMP is 

the results between its synthesis by adenylate cyclase and its hydrolysis by the high-affinity 

(Pde2) and low-affinity (Pde1) phosphodiesterase (Fig. 9) (Sass et al., 1986; Nikawa et al., 

1987a). 

The main target of cAMP is protein kinase A (PKA), which is composed by a catalytic subunit, 

encoded by the three genes TPK1, TPK2 and TPK3 (Toda et al., 1987a; Toda et al., 1987b), and 

a regulatory subunit encoded by BCY1. PKA exists in the cell as inactive heterotetrametric 

holoenzyme composed by two catalytic subunits and two regulatory subunits (Toda et al., 

1987a; Toda et al., 1987b). The three isoforms of the catalytic subunits are largely redundant, 

even though some specific functions have been identified (Robertson and Fink, 1998; 

Robertson et al., 2000; Pan and Heitman, 2002; Chevtzoff et al., 2005; Palomino et al., 2006). 

cAMP binds to the regulatory unit Bcy1, which relieves its inhibitory effect on the catalytic 

subunit, allowing the phosphorylation of several downstream targets (Thevelein and de 

Winde, 1999; Busti et al., 2010; Tamanoi, 2011). It has been demonstrated that the deletion of 

BCY1 causes the strongest downregulating effect on the Ras/cAMP/PKA pathway (Thevelein 

and de Winde, 1999) and that at least one out of three genes encoding the catalytic subunit 

has to be present in order to maintain cell viability (Toda et al., 1987b). cAMP synthesis is 

one of several PKA targets, suggesting a strong negative feedback regulation (Nikawa et al., 

1987b; Mbonyi et al., 1990). Indeed there are evidences that Pde1 is phosphorylated by PKA 

(Ma et al., 1999) and adenylate cyclase itself has been proposed as PKA target (Thevelein 

and de Winde, 1999). PKA, as mentioned above, has a wide variety of substrates, whose 
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activation leads to a dramatic change in the transcriptional program, which helps the cells to 

adapt to new nutrient conditions. PKA regulates the metabolism of storage carbohydrates, 

ribosomal biogenesis, stress response (Gancedo, 2008; Zaman et al., 2008), the polarity of 

actin cytoskeleton (Ho and Bretscher, 2001), spore morphogenesis (McDonald et al., 2009), 

the synthesis of cyclins and the subsequent cell cycle progression control (Kataoka et al., 

1984; Toda et al., 1985; Hubler et al., 1993; Sun et al., 1994), growth and cell size (Busti et al., 

2010). In particular, when glucose is available, Ras proteins are activated by binding to GTP 

and the cells adjust to favour cell growth and proliferation, upregulating genes involved in 

the glycolytic flux, repressing genes involved in stress response, and enhancing fermentation 

to the detriment of respiratory growth (Wang et al., 2004; Garmendia-Torres et al., 2007; 

Slattery et al., 2008; Zaman et al., 2008; Zaman et al., 2009; Busti et al., 2010). 

PKA specifically inhibits Msn2 and Msn4 transcription factors, which mediate stress 

response by binding to stress response elements (STRE) in promoters. Msn2/4 are triggered 

by nutrients availability, in particular glucose, as well as stress stimuli (Martinez-Pastor et al., 

1996; Boy-Marcotte et al., 1998; Moskvina et al., 1998; Gasch et al., 2000; Causton et al., 

2001). Nuclear Msn2/4 promote the activation of genes encoding for molecular chaperones, 

antioxidant proteins, enzymes involved in carbohydrates metabolism and proteolysis (Boy-

Marcotte et al., 1998; Gasch et al., 2000; Causton et al., 2001). The inhibition of Msn2/4 by 

PKA can be direct, or mediated by Rim15, a critical kinase for entry in quiescence (Reinders et 

al., 1998; Pedruzzi et al., 2003; Swinnen et al., 2006) and target of PKA (Pedruzzi et al., 2000; 

Cameroni et al., 2004). PKA can also regulate other stress responsive genes, such as HSP12 

and HSP26, downregulating the activity of the transcription factor Hsf1 by inhibition of its 

phosphorylation (Ferguson et al., 2005). Hsf1 controls the transcription of genes involved 

in a variety of processes, such as heat-stress response, protein folding and degradation, 

detoxification, energy generation carbohydrate metabolism and cell wall organization 

(Wiederrecht et al., 1988; Smith and Yaffe, 1991; Zarzov et al., 1997; Hahn et al., 2004; 

Imazu and Sakurai, 2005; Eastmond and Nelson, 2006). Importantly, PKA regulates also 

the transcriptional repressor Rgt1, which, as part of the Snf3/Rgt2 pathway, controls the 

expression of the sugar transporters encoded by the HXT genes (Ozcan and Johnston, 1999; 
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Kim and Johnston, 2006). 

Yeast Ras proteins, similarly to most of the proteins in the Ras family, are regulated by GAPs 

and GEFs. Two homologous GAPs are present in yeast, Ira1 and Ira2 (inhibitory regulator of 

the Ras/cAMP pathway), with similar functions. These two proteins contain a GAP domain of 

approximately 360 aa, which is responsible for the enhanced GTPase activity of Ras (Tanaka 

et al., 1991). These genes were identified and their function was attributed thanks to the 

similarity with mammalian GAP protein (Tanaka et al., 1990). On the other hand, yeast GEF 

Cdc25 was the first GEF to be identified (Broek et al., 1987; Robinson et al., 1987). Cdc25 

promotes the release of GDP bound to Ras, which is then substituted by GTP. CDC25 is an 

essential gene for yeast viability, whereas it homologous SDC25 is dispensable (Damak et al., 

1991). Interestingly, mutations in IRA genes can suppress mutations in CDC25, making the 

double mutant ΔiraΔcdc25 viable (Tamanoi, 2011). 

As mentioned before, Ras proteins undergo several post-translational modifications in 

order to be fully active. Also in yeast, Ras proteins are synthetized in the cytoplasm and 

directed to and retain in the membrane thanks to the post-translational modifications. The 

C-terminal of Ras proteins contains the CAAX motif, which allows the farnesylation on the 

cysteine residue by the heterodimeric farnesyltransferase encoded by RAM2 and DPR1/

RAM1 genes (Goodman et al., 1990). Following processing steps imply the removal of the 

last three residues at the C-terminal (Fujiyama and Tamanoi, 1990) and the methylation of 

the cysteine (Fujiyama et al., 1991). Finally, Ras proteins are palmitoylated by a heterodimeric 

palmitoyltransferase encoded by ERF2 and ERF4, which uses palmitoyl-CoA as a donor of 

palmitoyl group (Lobo et al., 2002; Swarthout et al., 2005). Ras are ultimately located on 

the inner leaflet of the plasma membrane. Interestingly, yeast Ras proteins contain an extra 

C-terminal portion of around 120 aa, not present in Ras protein of other organisms (Fig. 

8). It seems like this part of the protein acts as a regulatory domain for Ras, promoting its 

interaction with GDP and therefore the permanence of the inactive status (Gibbs and Marshall, 

1989). As confirmation, yeast cells expressing mammalian Ras proteins, or truncated yeast 

Ras proteins lacking the C-terminal domain, do not require a functional CDC25 gene product 

to be viable, while they do when expressing normal Ras proteins (Marshall et al., 1987). 
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RAS1 and RAS2 are located in chromosome XV and XIV, respectively (Kataoka et al., 1984; 

Tatchell et al., 1984), and encode for two highly homologous proteins of 36 and 40 kDa 

(Papageorge et al., 1984; Feuerstein et al., 1987). The only variable region between RAS1 

and RAS2 accounts for 120 aa at the C-terminal domain (DeFeo-Jones et al., 1983; Dhar et 

al., 1984; Powers et al., 1984), with the exclusion of the last 4 residues constituting the CAAX 

motif. This divergence initially led to the hypothesis that Ras1 and Ras2 may have distinct 

functions (DeFeo-Jones et al., 1983; Dhar et al., 1984; Powers et al., 1984), whereas they 

actually have the same function, but different expression regulation (Breviario et al., 1986; 

Breviario et al., 1988). The first idea was strongly suggested by the fact that Ras1 could 

not complement growth defects caused by the deletion of RAS2, such as reduced growth 

on non-fermentable carbon sources and low level of intracellular cAMP (Kataoka et al., 

1984; Fraenkel, 1985; Tatchell et al., 1985), and that RAS1 mutant did not present any clear 

phenotype. These effects are now explained by the different regulation of mRNA production 

and protein translation of RAS1. Indeed, the levels of both RAS1 mRNA and protein synthesis 

are reduced as cells approach mid-logarithmic phase and when cells are grown on non-

fermentable carbon sources (Breviario et al., 1986). In opposition, RAS2 mRNA levels are 

high during all the culture growth phases (Breviario et al., 1988) on both fermentable and 

non-fermentable carbon sources (Breviario et al., 1986). Another evidence that the only 

difference between RAS1 and RAS2 resides on differential expression was obtained by 

expressing RAS1 under the constitutive ADH1 promoter. In this case RAS1 was able to fully 

suppress the phenotype of Δras2 and the hyperactive mutant of RAS1 showed the same 

effects as the constitutively expressed RAS2 (Marshall et al., 1987). 

Figure 9: Schematic representation of Ras/cAMP/PKA pathway in S. cerevisiae. Ras1 and Ras2 are 

activated upon nutrient availability signalling, glucose in particular. The GEF proteins Cdc25 or Sdc25 

catalyse the liberation of GDP and the binding of GTP. Active Ras proteins activate in turn adenylate 

cyclase, which produces cAMP. This second messenger binds to the inhibitory unit of PKA, liberating 

the catalytic unit, which phosphorylates multiple downstream targets, leading to the activation of a 

variety of cellular processes or to the inhibition of transcription factors that control stress response. 

The pathway can be inactivated by the hydrolysis of cAMP by the phosphodiesterase Pde1 and Pde2, 

and by the GTPase activity of the GAPs Ira1 and Ira2.
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3.1.1 Ras proteins involvement in the control of  yeast 
growth

Ras/cAMP/PKA pathway is the main player in sensing glucose availability and the 

responsible for the adaptation of the transcription profile to the presence of this 

fermentable carbon source (Slattery et al., 2008; Zaman et al., 2009). Yeast cells adapt rapidly 

to the addition of glucose when growing on non-fermentable carbon sources, changing the 

expression profile of more than 40% of their genes (Wang et al., 2004; Zaman et al., 2009). 

Nutrient availability, especially glucose, signals to the cells that the conditions are suitable 

for mass accumulation, sustained by increased ribosome production, and for accelerating 

the generation time, or growth rate (Zaman et al., 2008; Busti et al., 2010). These processes 

are actually strictly interdependent, being the growth rate determined by the rate of mass 

accumulation, which in turns depends on nutrient availability, and both growth rate and 

mass accumulation influence cell cycle progression and cell size (Zaman et al., 2008) (Fig.  

10). 

Nutrients determine the amount of energy available for anabolic processes, in particular 

for ribosome biogenesis, considering that ribosome synthesis consumes around 90% of the 

total energy of the cell (Warner et al., 2001). Yeast ribosomes are composed by 79 ribosomal 

proteins, encoded by 138 genes contained in the ribosomal protein (RP) regulon, and by 

4 rRNAs encoded by around 150 rDNA repeats, and other 236 genes under the control of 

the Ribi regulon are involved in the ribosome assembly and translational capacity (Warner 

et al., 2001). Ras/cAMP/PKA pathway, together with other pathways sensing different 

nutrients availability – especially TOR (target of rapamycin) pathway for nitrogen – controls 

the production of most of the above-mentioned factors necessary for complete ribosomal 

functionality (Zaman et al., 2008; Busti et al., 2010). PKA directly regulates the phosphorylation 

status of the Maf1 repressor (Moir et al., 2006; Oficjalska-Pham et al., 2006; Roberts et 

al., 2006), which inhibits Polymerase III (PolIII) under nutrient limitations or other stress 

conditions. When PKA phosphorylates Maf1, the repressor is retained in the cytoplasm and 

cannot exert its usual function in the nucleus, allowing the transcription of 5S RNA, tRNAs 



General introduction

5252

and various small nuclear RNAs by PolIII (Upadhya et al., 2002; Desai et al., 2005). Moreover, 

PKA exerts a major control on ribosomal proteins synthesis by modulating the activity of 

Sfp1, a zinc-finger transcription factor responsible for the translation of Rb and Ribi regulon 

(Zaman et al., 2008; Busti et al., 2010). Also in this case, the subcellular location of Sfp1 is 

the key regulator of its activity. When cells are actively growing and PKA is active, Sfp1 is 

found in the nucleus where it can exert its normal transcriptional activity, whereas under 

nutrient limitation or stress condition Sfp1 translocates in the cytoplasm (Fingerman et al., 

2003; Jorgensen et al., 2004; Marion et al., 2004). Sfp1 also relieves the inhibitory activity on 

Rb and Ribi regulons exerted by the complex formed by Fhl1, Ifh1 and Crf1 (Jorgensen et al., 

2004). PKA seems to have an additional direct repressive effect on this complex, probably by 

phosphorylating the repressor Crf1 and thus displacing it from Fhl1 and Ifh1, free to activate 

the transcription of Ribi and Rb regulons (Martin et al., 2004). 

Ribosome biogenesis is only one of the processes related to cell growth controlled by 

Ras/cAMP/PKA pathway. It has been demonstrated that this pathway strongly influences cell 

cycle and correlated cell size (Zaman et al., 2008; Busti et al., 2010). Cell cycle and cell size 

are tightly interconnected in yeast cells, being the progression through cell cycle dependent 

on the cell mass (Mitchison, 1971; Hartwell and Unger, 1977; Johnston et al., 1979; Lord and 

Wheals, 1983; Vanoni et al., 1983). Yeast cells match the amount of time necessary to prepare 

the duplication of the genetic material (cell cycle) with the time needed for the duplication 

of the non-genetic components of the cell (growth cycle) (Johnston et al., 1977; Zaman et al., 

2008). The check point to assess the proper preparation of the cell for division is called START 

and is located at the burdens between G1 and S phase (Loewith et al., 2002). Once the cell 

is able to pass the START point, it is committed to enter and progress through the remaining 

phases of the cell cycle (Busti et al., 2010). One of the requirements to pass the START point 

is exactly the achievement of the proper cell size. One hypothesized mechanism by which 

cells sense their size is the protein content at the onset of DNA replication, defined Ps value 

(Porro et al., 2003). In order to commit into S phase, the cells have to pass two consecutive 

thresholds, and the time taken to overcome them is function of nutrients availability and 

consequent growth rate (Alberghina et al., 2004; Vanoni et al., 2005; Alberghina et al., 2009). 
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When a mother cell divides, the daughter cell receives a fixed amount of the two cyclin-

dependent kinase inhibitors Far1 and Sic1, and of Whi5. The formation of functional complexes 

of cyclins (Clns 1, 2 and 3) and cyclin dependent kinases (Cdks) is necessary to phosphorylate 

Whi5, which acts as inhibitor of the SBF and MBF transcription factors. Phosphorylation of 

Whi5 relieves it from its inhibitory function, allowing the activation of MBF and SBF and the 

consequent transcription of genes involved in the S phase (Costanzo et al., 2004; de Bruin et 

al., 2004). As described before, the amount of Far1, Sic1 and Whi5 is fixed, while the amount 

of cyclin 3 (Cln3) is constant per unit mass, thus it is growing proportionally to the growing of 

the cell, giving a measure of cell mass accumulation (Mendenhall and Hodge, 1998; Rupes, 

2002). When the amount of Cln3 overcomes the one of Far1, the cell has passed the first 

threshold. A second threshold, directly dependent on the first, is passed after the cell has 

performed various biochemical activities necessary for the actual onset of S phase, including 

Whi5 phosphorylation (Busti et al., 2010). The involvement of Ras/cAMP/PKA pathway in the 

above-mentioned processes has been demonstrated by the analysis of mutants in proteins 

fundamental for the pathway. Inactivation of essential component can induce cell cycle 

arrest in G1, even in the presence of adequate nutrients (Zaman et al., 2008) and reduced 

cAMP signalling causes a decrease in cell size (Baroni et al., 1989), similarly to a weak PKA 

activity due to Δtpk1tpk2tpk3bcy1 quadruple null mutant (Cameron et al., 1988; Tokiwa et 

al., 1994). On the other hand, hyperactivation of the pathway caused by constitutively active 

RAS2val19, by deletion of both PDE1 and PDE2 or by inactivation of BCY1 and IRA2, leads to a 

strong increase in cell volume (Baroni et al., 1994; Mitsuzawa, 1994; Jorgensen et al., 2002), 

caused as well by an increase in the intracellular cAMP content (Tokiwa et al., 1994; Verwaal 

et al., 2002). Some of the effects of Ras/cAMP/PKA pathway on cell size can be explained by 

the strong influence on ribosomal biogenesis, but the effects on cell cycle progression are 

too quick to derive from altered biosynthetic capacity (Zaman et al., 2008). Ras/cAMP/PKA 

pathway has been shown to negatively influence the expression of Cln1 and Cln2, but not 

Cln3 (Baroni et al., 1994; Tokiwa et al., 1994) by suppressing their translation. Cln3 in this way 

counteracts the inhibition of the other Clns mediating their growth-dependent expression 

(Baroni et al., 1994). More recently, PKA has been found to directly phosphorylate Whi3, 
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a negative regulator of G1 cyclins, inhibiting its functions and thus promoting the passage 

through START (Mizunuma et al., 2013). 

Figure 10: Ras/cAMP/PKA involvement in promoting yeast cell growth. Active PKA can phosphorylate 

multiple targets that ultimately lead to ribosome biogenesis and cell cycle progression, both 

controlling cell size. PKA-mediated phosphorylation of Maf1, Crf1 and Whi3 blocks these proteins in 

the cytoplasm, impeding their translocation into the nucleus, where they exert their inhibitory roles 

on various proteins. Maf1 would not inhibit PolIII, allowing the transcription of th5e 5S ribosomal 

RNA; Crf1 would not form an inhibitory complex together with Ifh1 and Fhl1, making this way possible 

the transcription of the Ribi and the RB regulons, which control ribosome biogenesis; Whi3 would not 

block the activity of the cyclins, allowing their complexation with CDK and the consequent progression 

of the cell cycle. PKA can also directly activate Sfp1, which promotes Ribi and RB transcription, and 

can modulate cyclins activity, promoting Cln3 activation and inhibiting Cln2.
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3.1.2 Yeast Ras proteins involvement in stress response 
and ageing

As mentioned above, Ras/cAMP/PKA pathway controls the activity of two transcription 

factors fundamental for stress response, Msn2 and Msn4. Lack of essential nutrients 

can be seen as a stress inducer, therefore it is not surprising that Ras/cAMP/PKA pathway is 

involved in the signalling of stress response (Fig. 11). Msn2 and Msn4 are zinc-finger DNA-

binding proteins that recognize specifically STRE elements in the genes promoter, activating 

them upon stress induction (Gorner et al., 1998). PKA directly phosphorylates Msn2 nuclear 

localization signal, making the transcription factor inactive by translocating it into the 

cytoplasm (Gorner et al., 2002). When environmental conditions are good for yeast cells, PKA 

phosphorylates Msn2, which becomes inactivated, and stress response genes are repressed. 

The fact that deletion of both MSN2 and MSN4 suppresses the lethality of loss-of-function 

mutations in Ras/cAMP/PKA pathway confirms the tight connection between Ras/cAMP/PKA 

pathway and Msn2 and Msn4 (Smith et al., 1998). PKA can modulate the activity of other 

stress response genes, through the inhibition of the transcription factor Hsf1 (Ferguson et 

al., 2005). When active, Hsf1 promotes the expression of heat shock responsive genes such 

as HSP12 and HSP26 by binding to the heat shock element in their promoters (Ferguson et 

al., 2005). The modulation of genes such as HSP12 and HSP26 can happen also through the 

activation of Gis1, which binds to specific elements in the promoter called “post-diauxic 

shift” (Flattery-O’Brien et al., 1997; Pedruzzi et al., 2000). Gis1 is activated by Rim15, which 

in turn is inhibited by Ras/cAMP/PKA activity (Pedruzzi et al., 2000). Finally, Ras/cAMP/PKA 

pathway is also involved in adaptation to hyperosmotic stress together with the Hog1 MAPK 

(mitogen activated protein kinase) pathway (Zaman et al., 2008). Hog1 is responsible for 

the modulation of most transcription factors needed for hyperosmotic stress adaptation, 

including the repressor Sko1, which becomes active after being phosphorylated by Hog1 

(Zaman et al., 2008). PKA can also phosphorylate Sko1, contributing to the regulation of the 

response to hyperosmotic stress (Proft et al., 2001; Pascual-Ahuir and Proft, 2007). 
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Figure 11: Ras/cAMP/PKA involvement in promoting yeast stress response, aging and PCD. Active 

PKA inhibits Hsf1 and Rim15, downregulating the transcription of HSE into HSP12 and HSP26, thus 

decreasing stress adaptability. PKA phosphorylates the transcription factors Msn2, impeding its 

translocation in the nucleus and the consequent activation of STRE, also leading to decreased stress 

response adaptation. Sko1 is another phosphorylation target of PKA, which mediated adaptation to 

hyperosmotic stress, when phosphorylated. PKA also modulates aging and PCD, mainly triggered by 

accumulation of ROS. PKA regulates mitochondria stability through Sod2 activity, also causing ROS 

accumulation. Both decreased stress response and aging lead to ROS accumulation, which in turn 

is the main trigger of PCD in yeast. External stimuli of PCD is actin rearrangement, acetic acid and 

osmotin.
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Stress response is strongly interconnected with chronological ageing in yeast, which is 

defined by the period of survival of non-dividing cells in culture (Burtner et al., 2009; Longo 

and Fabrizio, 2012). As expected, ageing cells in a batch culture are subjected to several stress 

stimuli, such as nutrient depletion over time, acidification of the medium and accumulation 

of reactive oxygen species (ROS). Therefore, it is conceivable that the pathways involved in 

stress response and in the regulation of chronological ageing overlap (Longo, 2003, 2004; 

Longo and Fabrizio, 2012). In particular, Ras/cAMP/PKA has been suggested having a pro-

ageing role in yeast (Fig. 11), by downregulating the stress response genes that usually 

help controlling critical factors, and by shifting energy from protection to growth (Longo 

and Fabrizio, 2012). Accordingly, both loss-of-function and gain-of-function mutants in this 

pathway show altered phenotypes in regard to chronological life span (CLS). Constitutively 

active RAS2val19 and constitutive activation of PKA shortens the chronological life span of 

yeast, whereas Δras2 was the first identified long-lived mutant (Fabrizio et al., 2003; Hlavata 

et al., 2003). As confirmation, also the deletion of CYR1 gene causes an increase in CLS 

(Fabrizio et al., 2003). 

As mentioned, Ras/cAMP/PKA pathway influences the duration of survival mainly by 

downregulating Msn2, Msn4 and Gis1 (Wei et al., 2008), but it also seems to modulate 

the activity of the mitochondrial superoxide dismutase Sod2, which is as well necessary to 

protect from stress and slow down ageing (Fabrizio et al., 2003). Even though the role of 

Ras/cAMP/PKA pathway as pro-ageing has been well established, it is import to remind that 

different studies produced contrasting results. Sun et al. (1994) reported that disruption of 

RAS2 causes a decrease in CLS instead of the increase described by previous authors, similarly 

to two more recent high throughput studies, in which deletion of RAS2 caused a decreased 

in CLS (Marek and Korona, 2013; Garay et al., 2014). Moreover, there are evidences that 

overexpression of RAS2 causes increase in CLS, instead of decrease (Sun et al., 1994). The 

differences may be due to variations in the yeast genetic backgrounds used or in different 

experimental conditions. 
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3.1.3 Yeast Ras proteins involvement in programmed cell 
death

Stress response and ageing, besides being tightly interconnected between them, are 

also linked to another important cellular process in yeast, programmed cell death 

(PCD). Ageing yeast cells show signs typical of apoptotic cells, such as phosphatidylserine  

externalization, chromatin condensation, DNA breakage and accumulation of ROS (Fabrizio 

et al., 2004; Herker et al., 2004). It is therefore conceivable that the same signalling pathways 

regulating these processes, as well as others, such as cell cycle regulation and membrane 

and lipid cell wall synthesis (Laun et al., 2005), may be involved in both PCD and ageing. 

Consequently, Ras/cAMP/PKA pathway is a major intracellular player in PCD process (Gourlay 

et al., 2006; Frohlich et al., 2007; Carmona-Gutierrez et al., 2010) (Fig. 11). It has been 

discovered that increased activation of Ras signalling induces in yeast cells, both S. cerevisiae 

and C. albicans, the formation of markers typical of apoptosis (Gourlay and Ayscough, 2006; 

Phillips et al., 2006). Two stimuli have been identified so far that lead to Ras/cAMP/PKA 

hyperactivation and subsequent cell death. (i) It has been observed that osmotin, a protein 

produced by plants in defence of pathogenic fungi, induces apoptosis by increasing Ras2 

activity (Narasimhan et al., 2001). Osmotin binds to Pho36, a G-protein-like homologous of 

the mammalian adiponectin receptor, causing the inappropriate inactivation of Ras signalling 

that ultimately leads to PCD (Narasimhan et al., 2001). (ii) Actin cytoskeleton stimulates 

Ras-mediated apoptosis in yeast. Mutation or addition of drugs can change actin dynamics, 

causing the formation of F-actin aggregates, which in turn trigger the constitutive activation 

of Ras2 and apoptosis (Gourlay and Ayscough, 2006). Interestingly, F-actin aggregates are 

also often observed in ageing yeasts (Gourlay et al., 2006) and actin dynamics regulated by 

Ras2 plays an important role in both PCD and ageing (Pichova et al., 1997; Ho and Bretscher, 

2001; Gourlay et al., 2004; Gourlay and Ayscough, 2005a). This highlights once again the 

similarities between apoptotic and ageing yeast cells. 

The Tpk3 subunit of PKA exerts an important function as linker between actin dynamics 

and yeast PCD, regulating the enzymatic content of mitochondria (Chevtzoff et al., 2005). 
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The role of mitochondria is indeed fundamental in yeast PCD, being the main responsible of 

ROS production when dysfunctional (Gourlay et al., 2006). ROS accumulation is the central 

and first event in yeast PCD, regulating the following events that ultimately lead to death 

(Madeo et al., 1999; Ludovico et al., 2001; Mitsui et al., 2005; Silva et al., 2005; Weinberger 

et al., 2005), and in both osmotin- and actin-induced PCD, accumulation of ROS seems to 

be the main responsible for cell death, since the addition of antioxidants could suppress 

the apoptotic phenotype (Narasimhan et al., 2001; Gourlay and Ayscough, 2005b). Besides 

the above mentioned possible involvement of Tpk3 (Chevtzoff et al., 2005), the precise 

mechanism by which Ras/cAMP/PKA pathway produces ROS is still not completely disclosed, 

but it has been showed that ROS production is decreased when cAMP level is lowered by 

PDE2 overexpression (Gourlay and Ayscough, 2005b), whereas ROS level increases when the 

constitutively active RAS2ala18val19 allele is expressed (Hlavata et al., 2003). 

Ras/cAMP/PKA pathway regulates also cell death in acidic environment (Lastauskiene et 

al., 2014). Intracellular acidification caused by acetic acid, a known inducer of apoptosis 

in yeast (Ludovico et al., 2001; Fannjiang et al., 2004), leads to Ras/cAMP/PKA activation, 

which causes consequent cell death (Thevelein and de Winde, 1999; Mollapour et al., 2006). 

Supporting this notion, deletion of RAS genes suppresses the apoptotic phenotype of the cells 

and leads to necrosis instead, while, in acidic environment, hyperactivation of Ras pathway 

by constitutively active allele RAS2val19 or by deletion of PDE2 increases apoptotic cell death 

(Lastauskiene et al., 2014). Similarly, the chronologically aged RAS2 deletion mutant was 

shown to be resistant to acetic acid-induced death (Burtner et al., 2009). This is a further 

evidence of the connection between PCD, ageing and Ras/cAMP/PKA pathway. 



General introduction

6060

3.2 MAMMALIAN RAS PROTEINS

RAS proteins family in mammalian cells accounts for 36 members, among which the most 

extensively studied isoforms are KRAS, HRAS and NRAS (Bar-Sagi and Hall, 2000; Malumbres 

and Barbacid, 2003; Wennerberg et al., 2005). 

RAS proteins work as transducer of pro-survival signals from the extracellular space to 

the intracellular compartment, through different tyrosine kinases receptors (TKRs), such 

as the ones belonging to the ErbB family of related cell membrane receptor, among which 

the most studied is EGFR. The dimerization of the receptors upon ligand binding triggers 

a conformational change that activates the catalytic tyrosine kinase domain, enabling 

the autophosphorylation of the intracellular carboxyl-terminal domain and therefore its 

activation. Once phosphorylated, it provides the ideal docking sites for multiple signalling 

proteins (Martinelli et al., 2009; Normanno et al., 2009; Saif, 2010). The phosphorylated 

intracellular domain of EGFR recruits guanine tyrosine exchange factors and these proteins 

remove GDP from RAS proteins, which consequently bind to GTP, resulting in activated RAS 

able to signal downstream (Schulze et al., 2005). Activated RAS proteins can bind and activate 

at least 20 different effectors, among which the best known and characterized are RAF 

kinases, phosphatidylinositol 3-kinase and RAL guanine nucleotide dissociation stimulator 

(RALGDS). Other less studied effectors of RAS proteins are p120GAP, RIN1, Tiam, Af6, Nore1, 

PLCε and PKCζ (Shields et al., 2000; Downward, 2003; Herrmann, 2003; Rajalingam et al., 

2007) (Fig. 12). 

Briefly, activated RAF kinases phosphorylate and activate MEK (MAPK/ERK kinase), leading 

to the activation of MAPK (also called ERK, extracellular signal-regulated kinase). MAPK 

regulates several transcriptional factors that influence cell cycle progression, proliferation 

and survival (Malumbres and Barbacid, 2003). In the other pathway, activated PI3K catalyses 

the production of PIP3 (phosphatidylinositol-3,4,-triphosphate) by phosphorylating PIP2 

(phosphatidylinositol-4,5-diphosphate), a process reversed by the phosphatase PTEN. 

PIP3 activates phosphatidylinositol dependent kinase 1, which recruits AKT to the plasma 

membrane and activates it (Efferth, 2012). Activated AKT main downstream effector is mTOR 
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(mammalian target of rapamycin), which is an atypical serine/threonine kinase that can form 

two distinct complexes, depending on which proteins interact with it. The mTOR complex 

1 mainly acts by activating ribosomal S6 kinase and IF4B binding protein 1 (4EBP1), which 

promote the transcription of genes involved in cell growth, cell cycle progression and energy 

metabolism. 

Figure 12: RAS signalling pathway and main RAS effectors in mammals. RAS proteins are activated 

upon growth stimulation. They are recruited to the cell membrane, where they interact with several 

adaptor proteins. On the membrane they can be activated by GEF and inactivated by GAP. Active 

RAS can interact with multiple downstream effectors, including RAF, PI3K, and RalGDS, among the 

most well-known. The various signalling cascades leads to various responses, including cytoskeleton 

organization, pro-survival signalling, cell adhesion, cell proliferation and calcium signalling (adapted 

from Normanno et al., 2009).
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The mTOR complex 2 mainly phosphorylates AKT, originating an auto-sustaining positive 

feedback loop, which results in cell survival and proliferation. Moreover, AKT activation 

enhances telomerase activity, triggers inhibition of apoptosis, inhibiting the release of cyt 

c from mitochondria and inactivating pro-apoptotic factors such as BAD and pro-caspase 

9, and regulates modulators of angiogenesis through the activation of nitric oxide synthase 

(Yan et al., 1998; Scheid and Woodgett, 2001a, 2001b; Wang and Zhang, 2014). RAS, when 

interacting with RALGDS, one of four RAS-related RAL proteins, stimulates RAL (RAS-like) 

GTPases, inducing the activation of phospholipase D1 and CDC42/RAC-GAP-RAL binding 

protein 1 (RALBP1). These, among other pro-survival functions, promote the progression 

of the cell cycle, inhibiting transcription factors implicated in cell cycle arrest such as the 

FORKHEAD transcription factors (Downward, 2003; Rajalingam et al., 2007). Therefore, RAS 

proteins have a critical role in human oncogenesis, not only providing crucial signalling in 

proliferation and survival pathways like autophagy (Furuta et al., 2004; Elgendy et al., 2011; 

Guo et al., 2011; Lock et al., 2011; Alves et al., 2015), but also promoting related processes 

such as angiogenesis and invasiveness (Shields et al., 2000; Downward, 2003). Importantly, 

RAS proteins are frequently found mutated in tumour cells (approximately 20% of tumours) 

and KRAS is the most frequently mutated among all RAS proteins, accounting for about 85% 

of the total. 

Similarly to all RAS proteins, also mammalian RAS are helped in the switch between 

GTP- and GDP-bound form by GEFs and GAPs (Rajalingam et al., 2007). So far, three classes 

of mammalian GEFs are known, which share the common CDC25 catalytic domain and an 

N-terminal RAS exchange motif. The most extensively studied class in the one composed by 

SOS1 and SOS2 (son of sevenless), mammalian homologues of the first GEF son of sevenless, 

discovered in Drosophila (Rogge et al., 1991; Bonfini et al., 1992). SOS proteins contain the 

catalytic domain that promotes the formation of GTP-bound RAS and a pleckstrin homology 

(PH) domain that facilitates SOS membrane localization (Downward, 1994). SOS proteins are 

recruited to the plasma membrane by the adaptor protein Grb2 upon TKRs activation. The 

complex Grb2-SOS is formed through the Src homology 3 domain of Grb2 and is localized 

in the cytoplasm in resting cells. When the TKRs are activated, Grb2 can interact with the 
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phosphorylated tyrosine residues on the receptors through its SH2 domain, dragging with it 

on the plasma membrane SOS. In alternative, Shc adaptor protein can mediate the interaction 

between Grb2-SOS and tyrosine kinase receptors (Downward, 1994; Daub et al., 1996). When 

SOS is placed on the plasma membrane, it is localized in the vicinity of RAS proteins and it can 

exert its activity of promoting the formation of RAS-GTP (Downward, 1994). Other classes 

of GEFs are RAS-Guanine Nucleotide Releasing Factors (Mitin et al., 2005) and RAS-Guanine 

Nucleotide Releasing Proteins (Ebinu et al., 1998; Tognon et al., 1998). Also GAPs have been 

found numerous in mammalian. p120GAP was the first GAP identified, and also the first protein 

found to interact with the effector domain of RAS. p120GAP contains the catalytic domain, 

which facilitates the hydrolysis of GTP, and three adaptor domains, SH2, SH3 and PH (Adari 

et al., 1988). Another important GAP is neurofibromin, which has been identified as tumour 

suppressor gene and is particularly relevant in some diseases, such as the neurofibromatosis 

type 1 (NF1) (Cichowski et al., 2003). Two GAPs activated by Ca2+ intracellular level are CAPRI 

(Ca2+-promoted RAS inactivator) and RASAL (RAS GTPase-activating like) (Allen et al., 1998; 

Lockyer et al., 2001). 

As mentioned above, three main isoforms of RAS proteins are studied in mammals, HRAS, 

NRAS and KRAS, and two different splicing variants of KRAS are possible, KRAS4A and KRAS4B 

(Schubbert et al., 2007). The three isoforms share approximately 85% of homology and their 

divergence is noticed in particular in the 25 aa of the hypervariable region at the C- terminal 

(Hancock and Parton, 2005), which is responsible for the specific membrane targeting (Fig. 

13).

All three isoforms undergo an initial farnesylation, like every other RAS protein (Casey et 

al., 1989; Hancock et al., 1989; Schafer et al., 1989), but after this first step, their processing 

depends specifically on their HVR. HRAS is palmitoylated on C181 and C184, NRAS is 

palmitoylated only on C181 and KRAS4B, the most diffuse between the two KRAS splicing 

variants, is not palmitoylated at all (Casey et al., 1989; Hancock et al., 1989; Hancock et 

al., 1990). KRAS4B, instead, shows a polybasic domain, a stretch of lysines, which probably 

interacts with the head groups of plasma membrane lipids (Rajalingam et al., 2007). These 

variations influence the internal trafficking of RAS proteins. The palmitoylated isoforms 
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HRAS, NRAS and KRAS4A enter the exocytic pathway though the Golgi and are subsequently 

addressed to the various microdomains of the plasma membrane (Choy et al., 1999), 

whereas KRAS4B bypasses the Golgi and directly interacts with the microtubules through 

the polybasic domain (Rajalingam et al., 2007). In addition to different post-translational 

modifications and intracellular trafficking, the three isoforms are differentially expressed in 

tissues and during development (Muller et al., 1983; Leon et al., 1987). Moreover, only KRAS 

has been discovered to be strictly necessary in mouse development, whereas HRAS and 

NRAS seem to be dispensable (Umanoff et al., 1995; Johnson et al., 1997; Koera et al., 1997; 

Esteban et al., 2001). All these data, together with the indications that mutations of specific 

RAS isoforms are found preferentially in certain types of cancer (Bos, 1989), strongly suggest 

that the three isoforms perform distinct functions in distinct tissue, cell type and sub-cellular 

localization. 

Figure 13: Human RAS isoforms homology and hypervariable regions. Human RAS isoforms present 

a high degree of homology in the G domain, appointed to GTP/GDP binding, and a high degree of 

variability in the hypervariable region. The differences present in this region are responsible for the 

different processing and membrane localization of each RAS isoform (adapted from Schubbert et al., 

2007; Cox and Der, 2010).
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3.2.1 Role of  mammalian RAS proteins in cell cycle 

As described above, RAS proteins have multiple effectors in mammals and can 

regulate various processes in the cells. Among RAS functions, a fundamental role 

in both physiological and transformant conditions is covered by the regulation of cell cycle 

progression (Peeper et al., 1997; Pruitt and Der, 2001; Coleman et al., 2004), similarly to 

what happens for yeast Ras proteins (Zaman et al., 2008; Busti et al., 2010). 

RAS pathway in mammals controls the cell cycle through a variety of different proteins, 

resulting ultimately to the inactivation of the Rb family of pocket proteins (Mittnacht et al., 

1997; Peeper et al., 1997) (Fig. 14). Rb proteins are found in a hypophosphorylated state in 

resting cells, which confers them the ability to sequester members of the E2F transcription-

factor family. These transcription factors, once free from Rb inhibition, modulate the 

transcription of genes involved in the progression of cell cycle from G1 to S phase, especially 

in the regulation of DNA synthesis (Coleman et al., 2004). What free the E2F transcription 

factors from inhibition is the phosphorylation of Rb by cyclin-CDK complexes. Cyclins 

and CDKs regulate the progression of the cell cycle by associating in active complexes. In 

particular, D-type cyclins D1, D2 and D3 can associate with CDK4 and CDK6 to promote the 

passage from G1 to S phase (Pruitt and Der, 2001; Coleman et al., 2004). The activities of 

cyclin-CDK complexes are regulated by two classes of inhibitors, the INK4 CDKI (CDK inhibitor) 

that only inhibits CDK activity by 1:1 protein interaction, and the CIP/KIP family CDKIs that 

act on the whole CDK-cyclin complex, (Pruitt and Der, 2001; Coleman et al., 2004). The 

connection between RAS-driven pathways and the cell cycle is confirmed by experiments 

that utilized RAS neutralizing antibodies (Yang et al., 1995; Kang and Krauss, 1996; Pruitt et 

al., 2000). Cells subjected to this type of treatment stopped growth in G1 and presented 

hypophosphorylated Rb. On the other hand, when oncogenic RAS was expressed in the cells, 

they were able to enter the cell cycle independently from growth factor (Feramisco et al., 

1984; Mulcahy et al., 1985).
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Figure 14: Human RAS proteins role in cell cycle progression. Active RAS proteins contribute to cell 

cycle progression activating both the main branches of their signalling cascades, RAF/MEK /ERK and 

PI3K. Their signalling converge on the activation of cyclin D1, which can form active complexes with 

CDK4 and CDK6, promoting the hyperphoshporylation of Rb, the consequent release of Rb inhibition 

on E2F transcription factor and the transcription of genes necessary for G1 to S phase transition. In 

addition, both branches contribute to mRNA translation, inhibiting 4EBPI and phosphorylating S6K2. 

They also regulates cyclin/CDK inhibitors, PI3K branch by inhibiting the FORKHEAD transcription 

factors, which in turn release their inhibition on p27Kip1, Raf branch by directly inhibiting p27Kip1 and 

activating p21Cip1. Moreover, the Raf branch directly activates several transcription factors, including 

FRA1, FRA2, c-JUN and JUNB.
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RAS pathway influences cell cycle progression increasing the expression of cyclin D1 

through the RAF/MEK/ERK pathway (Albanese et al., 1995; Lavoie et al., 1996; Winston 

et al., 1996; Aktas et al., 1997), which activates a number of transcription factors such as 

FRA1, FRA2, c-JUN and JUNB (Balmanno and Cook, 1999; Treinies et al., 1999), and through 

the PI3K branch of RAS effectors (Gille and Downward, 1999). Besides activating cyclin D1 

transcription, PI3K also modulates its activity influencing its post-translational modifications. 

PI3K, through its downstream effector Akt, causes the phosphorylation of glycogen synthase 

kinase-3β (GSK-3β), which in turn phosphorylates cyclin D1, promoting its degradation. If 

phosphorylated by Akt, GSK-3β is inhibited, allowing a longer half-life of cyclin D1 (Diehl et 

al., 1998). Besides directly promoting cyclin D1 expression, RAS pathway also modulates the 

activity of two CDKIs of the CIP/KIP family, p27Kip1 and p21Cip1. In particular, RAS enhances 

p27Kip1 degradation and decreases its protein synthesis through the RAF/MEK/ERK cascade, 

diminishing p27Kip1 inhibition on cyclin-CDK complexes (Rivard et al., 1999; Treinies et al., 1999; 

Delmas et al., 2001). In addition to RAF-mediated inactivation of p27Kip1, RAS can modulate 

p27Kip1 activity also via PI3K, enhancing p27Kip1 proteasome degradation (Takuwa and Takuwa, 

1997; Mamillapalli et al., 2001) and inactivating its transcription through the inhibition of the 

FORKHEAD transcription factor family (Kops et al., 1999; Medema et al., 2000; De Ruiter et 

al., 2001). On the other hand, RAS acts on p21Cip1 increasing its transcription levels (Liu et 

al., 1996), which may sound counterintuitive. However, p21Cip1, besides inhibiting cyclin-CDK 

complexes, can function as a positive regulator of the cell cycle, especially promoting cyclin 

D1-CDK assembly and their nuclear retention (LaBaer et al., 1997; Cheng et al., 1999; Alt et 

al., 2002). The actual function of CDKIs may depend on their protein levels in the cell, being 

merely inhibitory at high levels or promoting cell cycle progression at lower level (Coleman 

et al., 2004). 

RAS pathway also exerts its effect on other two key regulators of cell cycle, p70 ribosomal 

S6 kinase (S6K1 and S6K2) and 4EBPI, mostly known to be modulated by mammalian target 

of rapamycin (mTOR), which can be activated by PI3K branch of RAS cascade through Akt. 

S6K1 and S6K2 function is to phosphorylate the S6 protein of 40D ribosomal complex. 

This protein promotes mRNA translation (Dufner and Thomas, 1999), while 4EBPI usually 
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segregates eIF4E, inhibiting the formation of the translation-initiation complex eIF4E (Kleijn 

et al., 1998; Qin et al., 2016). RAS/RAF/ERK/MEK pathway can phosphorylate both S6K2 

(Martin et al., 2001; Iijima et al., 2002) and 4EBPI (Lin et al., 1995; von Manteuffel et al., 1996; 

Herbert et al., 2002), promoting S6K2 activation and 4EBPI dissociation from eIF4E. There 

are evidences that RAS pathway decrease 4EBPI level also downregulating its transcription 

(Rolli-Derkinderen et al., 2003). 

3.2.2 Role of  mammalian RAS proteins in apoptosis 

In addition to regulate cells proliferation promoting cell cycle progression, RAS pathways 

control cell survival modulating apoptosis (Downward, 1998; Chang et al., 2003; Cox and 

Der, 2003) (Fig. 15).

RAS-mediated survival signals promote apoptosis evasion, especially through PI3K pathway. 

One of the downstream targets of PI3K is Akt, a kinase able to phosphorylate a number of 

substrates, among which several are important apoptosis regulators. In particular, Akt can 

phosphorylate Bad, a pro-apoptotic member of the Bcl-2 family, and this phosphorylation 

causes Bad to bind to 14-3-3 in an inactive complex, instead of sequestering the anti-apoptotic 

proteins Bcl-2 and Bcl-XL (Datta et al., 1999). To confirm the importance of PI3K for apoptosis 

evasion, experiments showed that activated PI3K or Akt can abrogate apoptosis, whereas 

a dominant-negative Akt can enhance it (Cox and Der, 2003). Moreover, it has been shown 

that activation of PI3K is necessary to suppress apoptosis induced by oncogenic RAS (Gire et 

al., 2000). In addition to Akt, PI3K can activate another important factor for survival, NF-κB, 

through the activation of Rac, in a redox-dependent manner (Sulciner et al., 1996; Irani et 

al., 1997; Joneson and Bar-Sagi, 1999). Rac, and consequently NF-κB, can also be activated 

by RAS directly through Tiam1, in a PI3K independent manner (Lambert et al., 2002). A third 

RAS-mediated way to activate NF-κB is the phosphorylation of I-κB kinase (IKK) by Akt. Once 

Akt phosphorylates IKK, this releases NF-κB from cytoplasmic sequestration, allowing it to 

enter the nucleus, where NF-κB exerts its function as transcription factor (Romashkova 

and Makarov, 1999). NF-κB is a potent transcription factor that induces the transcription 
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of several anti-apoptotic genes, such as inhibitors of apoptosis proteins (IAPs) (Mayo and 

Baldwin, 2000). 

Figure 15: Human RAS roles as anti-apoptotic proteins. Human RAS proteins defend the cells from 

apoptosis mainly through the activation of PI3K and the consequent activation of Akt. Among Akt 

multiple targets there are Rac, IKK, CREB and Bad. Rac can be activated also by Tiam1 and activates in 

turn NF-κB, an important pro-survival factor. Akt-mediated phosphorylation of IKK allows the release 

of NF-κB from cytoplasmic sequestration and its consequent nucleus translocation and activation. 

Akt phosphorylates also Bad, promoting the inhibition of the pro-apoptotic factor 14-3-3 and the 

consequent inhibition of apoptosis, and CREB, promoting the transcription of pro-survival genes. 

CREB is phosphorylated also by Rsk, activated by Raf/MEK/ERK signalling cascade. In addition, MEK 

promotes the downregulation of the pro-apoptotic protein Par-4, contributing to apoptosis inhibition.
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RAS pathway is also important to control a particular type of apoptosis, anoikis, specifically 

induced by cell loss of anchorage. Usually loss of attachment causes the translocation of Bax, a 

pro-apoptotic member of the Bcl-2 family, the release of cyt c from the mitochondria and the 

consequent caspases activation (Rytomaa et al., 2000). It has been discovered that oncogenic 

RAS promotes resistance to anoikis (Rak et al., 1995) through two distinct mechanisms. It 

downregulates Bak, a pro-apoptotic member of Bcl-2 family, in a PI3K-dependent manner 

(Rosen et al., 1998), and it avoids the downregulation of the anti-apoptotic protein Bcl-XL 

in a PI3K- and RAF-independent manner (Rosen et al., 2000). Moreover, ectopic expression 

of activated RAF of MEK, downstream targets of RAS, allows the cells to overcome anoikis 

(Le Gall et al., 2000). In addition, Akt can prevent the release of cyt c caused by anoikis 

(Rytomaa et al., 2000), and BRAF can stop caspases activation, even if cyt c is released from 

mitochondria (Erhardt et al., 1999). 

The other branch of RAS signalling, the RAF/ERK/MEK signalling cascade, also contributes 

to the regulation of apoptosis, sometimes converging its signals to the same targets as the 

PI3K branch. The pro-apoptotic protein Bad can be phosphorylated, and thereby inactivated, 

by both Akt kinase (activated by PI3K) and Rsk kinases (activated by MEK) (Blume-Jensen 

et al., 1998; Bonni et al., 1999; Fang et al., 1999; Tan et al., 1999). These same kinases 

can phosphorylate also CREB transcription factor, which induces expression of pro-survival 

proteins (Du and Montminy, 1998; Bonni et al., 1999). In addition to these common targets, 

the RAF/ERK/MEK branch can also act alone for the inhibition of apoptosis in specific 

situations. For example, RAS has been shown to help escaping apoptosis by downregulating 

Par-4, a pro-apoptotic transcription repressor, through MEK activity (Nalca et al., 1999), and 

by inducing p53 degradation, thereby annulling p53-mediated apoptosis induction (Ries 

et al., 2000). Moreover, RAS signal activity through the RAF/ERK/MEK cascade modulates 

the expression level of several proteins belonging to the Bcl-2 family. The loss of KRAS can 

provoke downregulation of the pro-apoptotic Bcl-2 (Tsuchida et al., 2000), and dominant-

negative RAF causes decreased level of Bcl-2 and increased level of Bcl-XS (Navarro et al., 

1999). 

However, defining the role of the RAF/ERK/MEK branch in apoptosis induction has been 
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more complicated than expected. This RAS-regulated cascade has been shown to be both 

anti- and pro-apoptotic, depending on the situation, whereas PI3K branch has always been 

defined as pro-survival. This apparent contradiction is highlighted by the fact that oncogenic 

RAS can promote pro-apoptotic signalling, which can in turn be suppressed by anti-apoptotic 

signalling induced by RAS itself (Mayo et al., 1997; Joneson and Bar-Sagi, 1999). It is thought 

that the anti-apoptotic function of RAS is more common in transformed cells, in which 

oncogenic RAS promotes survival and, , apoptosis evasion, while an anti-apoptotic role is 

more suitable in normal cells, in which activated RAS may induce a pro-apoptotic response, 

in order to protect the cells from oncogenic transformation (Cox and Der, 2003). In particular, 

RAS can induce apoptosis through the protein RASSF1, a RA domain-containing tumour 

suppressor (Dammann et al., 2001; Pfeifer et al., 2002). RASSF1 protein is found complexed 

with the closely related protein Nore1 (Ortiz-Vega et al., 2002) and with the pro-apoptotic 

protein Mst1, which is a caspase-3 enhancer (Lee et al., 2001; Khokhlatchev et al., 2002). 

Activated RAS can bind to RASSF1 (Vos et al., 2000) and stimulate apoptosis. Another way 

for RAS to induce apoptosis is through p120GAP, which is both a regulatory GAP and a RAS 

effector (Tocque et al., 1997). p120GAP is a substrate of caspase cleavage and its N-terminal 

domain, after been separated from the C-terminal domain by low caspase activity, can be 

further cleaved in N1 and N2 fragments, which have a strong pro-apoptotic activity (Yang and 

Widmann, 2001). This cleavage can be triggered by various stimuli, such as Fas, TRAIL and 

DNA-damaging agents (Wen et al., 1998; Widmann et al., 1998; Clarke et al., 2000). p120GAP 

can also regulate other proteins activity in order to induce apoptosis, such as Survivin, a 

member of the IAP family protein (Gigoux et al., 2002), and mTid-1, a DNAJ-type chaperone 

protein (Trentin et al., 2001). 
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3.2.3 Role of  mammalian RAS proteins in cancer 

As mentioned above, RAS genes are often found mutated in cancer. 20% of human 

tumours presents activating point mutation in RAS genes, with KRAS being the 

most frequently mutated among RAS isoforms (~85%), followed by NRAS (~15%) and 

HRAS (less than 1%) (Downward, 2003). The mutations of a specific RAS isoform appear 

to be preferential depending on the type of cancer (Bos, 1989), so then, for example, high 

percentage of mutated KRAS were described in pancreatic and colorectal cancers and more 

frequent HRAS mutations were found in hematopoietic tumours (Forbes et al., 2011).

RAS mutations are single nucleotide point mutations, occurring mostly on codon 12, 13 

and 61, and the relative frequency of one of those mutations depends on RAS isoform. In the 

case of KRAS, the majority of the mutations happens at codon 12, followed by codon 13 and 

61 (Fig. 16), while the opposite trend is observed for NRAS (Prior et al., 2012). The possible 

mutations could convert the codons 12, 13 and 61 in 6 other amino acids via single-base 

substitutions, but more than 60% of spotted mutations corresponds only to three of the 18 

possible mutations. In particular, the majority of mutations are substitution of a glycine with 

another amino acid, the most frequent of which is an aspartate (32.5%), followed by a valine 

(22.5%) (Andreyev et al., 2001; Normanno et al., 2009; Prior et al., 2012). 

All the mutations of RAS proteins disrupt the proper endogenous GTPase activity of the 

protein or render RAS-GTP insensitive to GAP activity, leading to the accumulation of the 

activated GTP-bound form of RAS and therefore to a constant pro-survival signalling in the 

cells, which leads to cancer progression (Prior et al., 2012). In particular, mutations at codon 

12 make impossible for RAS to form the transition-state complex with GAPs (Franken et al., 

1993; Gremer et al., 2008). Similarly, substitution of glutamine at codon 61 disrupts the 

transition-state mimic usually formed between RAS and GAPs, thereby impeding GAP to 

enhance GTP hydrolysis (Gibbs et al., 1988; Gremer et al., 2008). Mutations at codons 12, 13 

and 61 also impaired the intrinsic GTPase activity, with mutations at codon 13 and 61 causing 

a 10-fold reduction of hydrolysis rate compared to normal RAS (Buhrman et al., 2010; Prior 

et al., 2012). 
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Figure 16: Possible KRAS point mutations with their relative frequencies. Point mutations of KRAS 

mainly happen at residue G12, G13 and Q61 and in most cases they are substitutions of a glycine with 

an aspartic acid (G12 and G13) or of a glutamine with a histidine (adapted from Cox and Der, 2010).

The molecular changes underlying CRC development have been extensively studied 

and the specific gene mutations involved in the progress and carcinogenesis of CRC 

have been already characterized (Fig. 17). The primary genetic alteration in CRC carcinogenesis 

is the adenomatous polyposis coli (APC) gene mutation. Secondary genetic alterations occur 

with activation of the tyrosine kinase receptor EGFR, as well as of KRAS or BRAF oncogenes, 

followed by inactivation of some tumour suppressor genes, along with microsatellite and 

chromosomal instability (Tannapfel et al., 2010; Mudassar et al., 2014). 

APC is a tumour suppressor gene mutated both in inherited and sporadic CRC forms 

(Smith et al., 2002; Waldner and Neurath, 2010). Germline mutations in this gene lead to the 

development of a high number of premalignant polyps in the colon of individuals affected 

3.2.3.1 Focus on the role of  RAS gene mutations in the 
development of  colorectal cancer
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with familial adenomatous polyposis (Aoki and Taketo, 2007; Waldner and Neurath, 2010; 

Raskov et al., 2014). 

Figure 17: Colorectal carcinogenesis from normal epithelium to colon cancer. The main mutations 

in CRC development are represented here: APC, EGFR, KRAS, BRAF, p53 (adapted from Cox and Der, 

2010; Sandouk et al., 2013).

In cases of sporadic CRC, APC mutations are present in microscopic adenomas (~50-60%) 

(Smith et al., 2002; Aoki and Taketo, 2007). The APC gene product is a protein (~312 kDa) 

that functions as a “gatekeeper” that regulates the entry of intestinal epithelial cells into 

the adenoma-cancer progression (Smith et al., 2002). APC is a multi-domain protein that 

contains binding sites for numerous other proteins, including microtubules components, Wnt 

pathways regulators - axin, β-catenin and the cytoskeleton regulator EB1 (Smith et al., 2002; 

Aoki and Taketo, 2007). EGFR is found overexpressed in CRC (Spano et al., 2005). EGFR activity 

is de-regulated due to several reasons, such as EGFR overexpression and hyperactivation by 

the overproduction of the ligand (Lin et al., 2001), constitutive activation of receptor, for 

example by dimerization with the constitutive active HER2/neu receptor (Graus-Porta et al., 

1997), or as a result of autocrine loops (Prenzel et al., 1999), and epigenetic changes such as 

DNA methylation within the gene promoter (Derks et al., 2008). EGFR hyperactivity seems 

crucial for CRC, being overexpressed in a high percentage of colorectal cancers (65-70%) 
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(Salomon et al., 1995; Messa et al., 1998) and being EGFR overexpression correlated with 

more aggressive disease and worst prognosis (Amador and Hidalgo, 2004). Other mutations 

implicated in CRC development are activation of KRAS or BRAF oncogenes, frequently found 

in sporadic CRC - approximately 35-40% and 5-10% of the CRC cases, respectively (Velho et 

al., 2008; Yokota, 2012; Gonsalves et al., 2014; Raskov et al., 2014; Sridharan et al., 2014). 

Mutated KRAS is found both in CRC and in large colorectal adenomas, but less frequently 

in small adenomas, which suggests that the mutation appears before the acquisition of 

the malignant state and that its presence confers a growth advantage (Leslie et al., 2002). 

Similarly, to KRAS, mutated BRAF is also involved in the alteration of RAS/RAF/MEK/ERK 

pathway in CRC cases (Velho et al., 2008). An important step in colon carcinogenesis is the 

loss of p53 function, which has been reported to occur relatively late in the development of 

CRC tumours (Smith et al., 2002). The TP53 gene, located on chromosome 17p, is mutated in 

70% of all CRC tumours (Smith et al., 2002). The gene encodes the p53 protein, a well-known 

“guardian of the genome” (Raskov et al., 2014), responsible for inhibiting cell proliferation 

whenever DNA damage occurs. If the repair mechanisms fail, p53 initiates an apoptotic 

program, preventing cells from proliferate (Hollstein et al., 1991). However, if p53 is mutated 

and DNA is not repaired, the damage spreads to the daughter cells. In this case, it has been 

demonstrated that mutation in the TP53 gene is crucial for the progression from non-invasive 

to invasive disease, found in the following frequencies: adenomas (5%), malignant polyps 

(50%) and invasive CRC (75%), with an increasing frequency correlated to the extent of 

malignancy (Raskov et al., 2014). SMAD4 is another tumour suppressor gene often mutated 

in colorectal cancer. The SMAD4 protein is part of the TGF-β signalling pathway, which is 

responsible for controlling the expression of cell cycle regulators, differentiation factors and 

cell adhesion factors (Massaous and Hata, 1997). SMAD4 forms heterodimers with other 

SMAD proteins, acting as transcription factors (Imamura et al., 1997; Hahn et al., 2004). 

However, mutation of SMAD4 impairs its regulatory activity, blocking the transcription of 

important genes necessary for cell cycle control and apoptosis (Woodford-Richens et al., 

2001). As cancer progresses, the mutation rate in this gene increases; it is found mutated in 

about 31% of the metastatic colorectal cancer cases (Miyaki et al., 1999; Maitra et al., 2000), 
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suggesting that loss of this gene is important for the development of the metastatic state. 

Following these key genetic alterations, a number of acquired genetic mutations in other 

genes, including PIK3CA, FBXW7, SMAD2, TCF7L2, NRAS, FAM123B CTNNB1, have also been 

described to contribute to colorectal carcinogenesis (Keku et al., 2015).

As described above, KRAS mutations are particularly relevant for the onset of CRC. 

In addition, it is important to consider KRAS mutations for prognostic and therapeutic 

implications. KRAS mutations, especially at codon 12, seem to indicate an increased risk of 

recurrence and death (Andreyev et al., 1998; Andreyev et al., 2001), are associated with a 

shorter 3-year survival, together with mutations in BRAF and PI3KCA (Barault et al., 2008), 

and KRAS status of lymph nodes is linked to a higher risk of recurrence in patients with stage 

II CRC (Belly et al., 2001). KRAS mutations must also be examined before treatment with 

anti-EGFR monoclonal antibody cetuximab and panitumumab. Indeed, patients expressing 

mutated KRAS have been found only moderately responsive or not responsive at all in a 

variety of clinical trials (Moroni et al., 2005; Lievre et al., 2006; Benvenuti et al., 2007; Di Fiore 

et al., 2007; Frattini et al., 2007; Khambata-Ford et al., 2007; Amado et al., 2008; Karapetis et 

al., 2008; Lievre et al., 2008; Bibeau et al., 2009), to the point that the European Medicines 

Evaluation Agency allowed the usage of panitumumab only in patients with wild type KRAS. 

Due to the importance of KRAS in CRC and to the impossibility to block the signalling 

pathway upstream KRAS, when it is mutated, several attempts to block directly KRAS have 

been made. Attempts to inhibit KRAS protein were made using molecules capable of 

blocking farnesylation. This post-translational modification is necessary for proper KRAS 

activity, therefore blocking it may be a way to indirectly stop KRAS action (James et al., 1993). 

Two different molecules were developed: tipifarnib and lonafarnib. Unfortunately, neither 

of them showed significant antitumor activity, mainly because KRAS can be activated also 

via gerenyl-geranylation (Caponigro et al., 2003). The main transducer of KRAS signalling 

is BRAF, thus RAF proteins inhibitors were also developed. The first and most well-known 

is sorafenib, which is able to inhibit ARAF and both mutant and wild-type BRAF, showing 

antitumor activity in human xenograft models (Wilhelm et al., 2004). A more specific BRAF 

inhibitor is vemurafenib, but it only showed a modest clinical activity due to a rapid feedback 
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activation of EGFR (Johnson et al., 2009; Prahallad et al., 2012). Several MEK inhibitors were 

designed, such as CI-1040, a small molecule orally administered that can bind to a site other 

than the ATP-binding site, which is common to many human kinases. It caused decrease in 

phospho-MAPK, but only modest clinical response in a phase II clinical trial (Lorusso et al., 

2005).

3.2.4 Nanocluster organization of  mammalian RAS 
proteins

As mentioned above, RAS isoforms are differentially processed after being synthetized in 

the cytoplasm, and the different post-translational modifications determine the intracellular 

trafficking, the membrane interaction and the final sub-cellular localization of each isoform 

(Hancock, 2003; Omerovic et al., 2007; Prior and Hancock, 2012). In particular, after an initial 

farnesylation on the cysteine of the common CAAX motif and the subsequent cleavage of the 

last three residues (Omerovic et al., 2007), the route of the four isoforms – KRAS4A, KRAS4B, 

HRAS and NRAS – takes different directions. NRAS and KRAS4A are mono-palmitoylated, NRAS 

is di-palmitoylated and KRAS4B contains a polylysine sequence (Choy et al., 1999; Apolloni 

et al., 2000). These second signals ensure the membrane localization of RAS proteins, with 

different affinity and duration. As described above, also the protein trafficking is different. The 

traffic of palmitoylated proteins occurs through the Golgi/exocytic pathway up to the plasma 

membrane, whereas KRAS4B bypasses the Golgi and reaches the plasma membrane through 

an unknown mechanism (Choy et al., 1999; Apolloni et al., 2000). There are three hypotheses 

about the trafficking mechanism of KRAS4B to the plasma membrane. It is thought that the 

polybasic domain allows the simple diffusion of KRAS4B down an electrostatic gradient, 

attracted by the negatively charged membrane (Roy et al., 2000), or that a chaperone protein 

similar to RhoGPD dissociation inhibitor may exist also for KRAS4B, or that KRAS4B is driven 

by a microtubule-dependent process (Hancock, 2003). Indeed KRAS4B seems to be the only 

RAS isoform able to bind to TAXOL-stabilized microtubules in vitro (Thissen et al., 1997; Chen 

et al., 2000). 
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The duration of the protein-membrane interactions also depends on the post-translational 

modifications. The electrostatic interaction of KRAS4B with the membrane due to the 

hexalysine motif has a very short half-life (Silvius et al., 2006), while the palmitoylation allows 

a more stable association with the membrane (Misaki et al., 2010). Even if longer compared 

to the electrostatic interaction, also interaction mediated by palmitoylation is short, due to 

the short half-life of palmitoylation itself (10-20% of N- and HRAS half-life), and this causes 

the cycling of RAS proteins back and forth the plasma membrane (Magee et al., 1987; Baker 

et al., 2003). The dynamics of acylation/deacylation of RAS and their consequent trafficking 

from plasma membrane to cytosol and vice versa, several times in a protein life, is important 

for ensuring the correct localization of the palmitoylated isoforms (Goodwin et al., 2005; 

Rocks et al., 2010). Palmitoylation also influences the orientation of RAS proteins and their 

consequent association with specific effectors and partition in specific microdomains, by 

varying the depth of insertion of the palmitoyl group in the membrane (Bergeron et al., 1988; 

Vogel et al., 2007; Abankwa et al., 2008a; Abankwa et al., 2008b; Brunsveld et al., 2009). In 

conclusion, RAS post-translational modifications address different RAS isoforms to different 

localization, specifically different intracellular organelles, and the relative proportion of each 

isoform in each location varies. Typically, the relative contribution on endomembranes is 

NRAS > HRAS and KRAS4A > KRAS4B (Wittinghofer et al., 1993; Prior and Hancock, 2012), 

and KRAS4B is more often associated with plasma membrane, whereas NRAS is found more 

frequently on endomembranes (Prior and Hancock, 2012).

As mentioned above, RAS HVR drives the microdomains localization of specific RAS 

isoforms (Hancock et al., 1990; Apolloni et al., 2000; Hancock, 2003; Omerovic et al., 2007; 

Quinlan and Settleman, 2008; Prior and Hancock, 2012). The plasma membrane, where RAS 

proteins exert their major functions, is not a homogeneous bilayer of lipids, but rather a 

complex and dynamic mixture of phospholipids, cholesterol and proteins, controlled from 

the inside by an actin network (Murase et al., 2004; Kusumi et al., 2005; Morone et al., 2006). 

RAS proteins, similarly to other membrane proteins, are strictly organized in the domains 

formed on the plasma membrane by the assembling of these different factors, while being 

at the same also found as free monomers (Prior and Hancock, 2012). RAS microdomains 
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are small in diameter (12 to 24 nm) and therefore called nanoclusters, comprise 6-7 RAS 

proteins and have a short half-life of about 0.1-1 sec (Hancock and Parton, 2005; Plowman 

and Hancock, 2005; Plowman et al., 2005). As resulted clear from their short half-life, RAS 

nanoclusters are highly dynamic, continuously assembling and disassembling. Due to the 

fact that HVR leads the positioning of RAS isoform in the nanocluster and that each isoform 

has a different HVR, also the nanoclusters are different for each RAS isoform (Omerovic et 

al., 2007; Prior and Hancock, 2012). For example, KRAS is mostly found in actin-dependent, 

cholesterol independent nanoclusters (Prior et al., 2003b; Plowman et al., 2008), whereas 

HRAS and NRAS are localized in cholesterol-dependent nanoclusters (Niv et al., 2002; Prior et 

al., 2003a; Plowman and Hancock, 2005; Roy et al., 2005; Eisenberg et al., 2006). In particular, 

HRAS has been positioned in specific plasma membrane domains called lipid raft when GDP-

bound, and outside these domains when activated (Chen and Resh, 2001; Prior et al., 2001). 

This change in nanocluster positioning between the active and inactive state seems to be 

due to conformational changes. The binding to GTP causes the rearrangements of switch I 

and switch II, and of a third region called switch III (Abankwa et al., 2008a; Abankwa et al., 

2010). These variations cause the G-domain to rotate and to change the affinities for specific 

elements in the membrane, for its stabilizing proteins and its effectors (Abankwa et al., 2008a; 

Abankwa et al., 2010). On the other side, KRAS was found to attract phospholipids such as 

PIP2, an important substrate of PI3K, thanks to its polybasic domain (Murray et al., 1999; Wang 

et al., 2002a). This differential segregation of RAS isoforms is thought to be responsible for 

the lack of functional redundancy and to be the cause for different affinities for the effectors, 

triggering different activation cascades (Hancock and Parton, 2005; Omerovic et al., 2008). 

In addition to diversification for RAS isoforms, the same isoform can segregate differently 

depending on its activation state, as described above for the case of HRAS (Prior et al., 2001; 

2003a). All these data indicate the fundamental role of nanoclusters formation for RAS 

signalling, highlighted by the fact that when nanocluster formation is inhibited, signal output 

is reduced to the 3% of maximal signalling (Tian et al., 2007). Moreover, it was discovered that 

when a smaller percentage of RAS proteins is clustered, the released signal decreased, even 

if the same amount of RAS proteins was present (Harding and Hancock, 2008; Kholodenko et 
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al., 2010). This indicate that RAS activation is not sufficient to ensure proper RAS signalling, 

but also correct nanoclustering is necessary. This notion opens new therapeutic possibilities 

that aim at impeding nanoclusters formation in oncogenically transformed cells, rather than 

blocking RAS activation or enhancing GTP hydrolysis. Importantly, RAS nanoclusters may 

be stabilized by cytosolic proteins. A well-studied case is the one of HRAS stabilization by 

cytoplasmic galectin-1. Gal-1 was discovered to be able to cross-link to active HRAS, but 

not inactive HRAS or other RAS isoforms (Paz et al., 2001). To further uncover the role of 

gal-1 in regard to HRAS nanocluster distribution, the downregulation of gal-1 annuls HRAS 

clustering at the plasma membrane, with a simultaneous mislocalization in the cytosol (Paz 

et al., 2001; Elad-Sfadia et al., 2002; Prior et al., 2003a). This kind of galectin-RAS interactions 

was also observed for gal-3 and KRAS (discussed in detail in following chapter). In light of the 

importance of RAS nanoclustering mentioned above and of the role of galectins in preserving 

this process, galectins also could be considered as potential therapeutic target to impede 

abnormal RAS signalling and therefore cancer progression and, on the other hand, galectins 

could also be seen as putative responsible for non-mutated RAS oncogenic activation, by 

increasing their nanocluster segregation and therefore their signalling. 
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4. INTERACTION BETWEEN INTRACELLULAR 
GALECTIN-3 AND KRAS

Similarly, to what was described above for HRAS/gal-1 interaction, KRAS has been found 

to interact with intracellular gal-3. The interaction occurs between gal-3 hydrophobic 

pocket and the farnesyl group on the cysteine in the CAAX motif of KRAS (Elad-Sfadia et 

al., 2004; Ashery et al., 2006; Shalom-Feuerstein et al., 2008) and it is highly specific. Gal-

3 interacts with other RAS proteins only to a much lower level (Elad-Sfadia et al., 2004; 

Shalom-Feuerstein et al., 2005). Moreover, gal-3 preferentially binds to activated KRAS (Elad-

Sfadia et al., 2004). The interaction was firstly demonstrated by co-immunoprecipitation 

and co-localization experiments, and it was noticed that, in addition to merely interact, 

gal-3 modulate KRAS activity and vice versa (Elad-Sfadia et al., 2004; Shalom-Feuerstein et 

al., 2005; Song et al., 2012). Activated KRAS seems to mediate gal-3 translocation to the 

plasma membrane, where the two proteins co-localize in specific punctuated patterns 

(Elad-Sfadia et al., 2004; Shalom-Feuerstein et al., 2008; Levy et al., 2011). On the other 

hand, phosphorylation of gal-3 by casein kinase 1 or gal-3 overexpression mediates KRAS 

localization on the plasma membrane, proved by the fact that ablation of gal-3 or inhibition 

of its phosphorylation causes KRAS to mislocalize in the cytoplasm (Levy et al., 2010; Song 

et al., 2012). The membrane localization is therefore reciprocally regulated, and the same 

happens for the distribution in nanoclusters on the membrane, since gal-3 levels control the 

amount of clustered KRAS. Indeed reduction in gal-3 levels decreases also nanoclustered 

KRAS, whereas an increase in gal-3 causes a consequent increased in both KRAS and gal-3 

nanoclusters, which overlap (Shalom-Feuerstein et al., 2008; Abankwa et al., 2010; Levy et 

al., 2011). On the other side, the RAS inhibitor trans-farnesylthiosalicylic acid disrupts KRAS-

GTP/gal-3 nanoclusters and co-localization on the plasma membrane (Levy et al., 2010). To 

further show the specific association of gal-3 only with activated KRAS, no alterations of 

nanoclusters containing KRAS-GDP were noticed upon variations of gal-3 levels (Shalom-

Feuerstein et al., 2008). This concurs with KRAS forming distinct nanoclusters based on its 

activation state. 
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Besides modulating KRAS nanoclustering, gal-3 seems to strongly contribute to its 

activation status.  Overexpression of gal-3 resulted in increased amount of GTP-bound 

KRAS, which contrarily decreased upon gal-3 downregulation, without altering the global 

KRAS level, in several cancer types and normal cells, such as fibroblasts (Elad-Sfadia et al., 

2004), breast cancer cell line (Shalom-Feuerstein et al., 2005), thyroid cancer (Levy et al., 

2010) and pancreatic cancer (Song et al., 2012). Mutation in residue 125 of gal-3 from a 

valine to an alanine (V125A), which is enclosed in the hydrophobic pocket fundamental for 

KRAS binding, does not alter the binding ability of gal-3 to KRAS, but alters the activation 

capability of KRAS and the consequent downstream signalling, together with the amount 

of KRAS-GTP nanoclusters (Shalom-Feuerstein et al., 2008), further proving the role of gal-3 

in ensuring KRAS activation. In addition, gal-3 promotes KRAS association with the plasma 

membrane, another important factor for KRAS activity (Bhagatji et al., 2010) and reduces 

the efficiency of p120GAP in hydrolysing GTP, stabilizing the active state of KRAS (Elad-Sfadia 

et al., 2004). Gal-3 expression in a cell seems to increase not only the activation, but also 

the expression of KRAS in thyroid cancer cells (Levy et al., 2010). Conversely, in neural PC12 

cells is gal-3 expression to be induced by RAS pathway (Kuklinski et al., 2003) and in mouse 

embryonic fibroblast lacking gal-3 reduced KRAS levels are present, probably because gal-3 

modulates the transcription level of the tumour suppressor let-7c, which in turn inhibits KRAS 

transcription (Levy et al., 2011). Other evidences indicated that gal-3 stabilize KRAS protein 

by decreasing its degradation level (Levy et al., 2011). In conclusion, gal-3 can enhance KRAS 

activity both by stabilizing its nanocluster organization and by favouring its active state over 

its GDP-bound state.

Gal-3 expression also modulates the specific branch activated by active KRAS, in a way that 

seems to depend on cell type. In breast cancer cells a switch from PI3K and Akt activation 

to ERK/MEK cascade has been noticed (Shalom-Feuerstein et al., 2005; Shalom-Feuerstein 

et al., 2008), whereas in fibroblasts PI3K stimulation resulted enhanced to the detriment of 

ERK/MEK (Elad-Sfadia et al., 2004). Moreover, when KRAS interacts with gal-3, the cell starts 

using preferentially KRAS at the expenses of the other RAS isoforms present. In particular, 

when KRAS is preferred over NRAS, the anti-apoptotic effect of gal-3 is increased (Shalom-
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Feuerstein et al., 2005). 

In view of the important individual role of KRAS and gal-3 in promoting cell proliferation 

and inhibition of apoptosis, and since gal-3 appears to enhance KRAS activity through different 

mechanisms, it is conceivable to expect that this interaction could cause worsening in cancer 

progression (Table 4). It has been shown that gal-3 interaction with KRAS enhances thyroid 

cancer progression, increasing KRAS signalling and thus proliferation (Levy et al., 2010). In 

addition, gal-3 has been found overexpressed in pancreatic cancer, where it interacts with 

KRAS-GTP, influencing its active status and it membrane localization. Alterations in gal-3 

level and consequent variation in RAS downstream signalling cascades strongly modulate 

the cancer phenotype. Downregulation of gal-3 decreases growth, invasiveness, anchorage 

independent growth and tumour growth in an in vivo orthotopic model, whereas gal-3 

upregulation stimulates growth proliferation (Song et al., 2012). V125A mutation, which 

reduces KRAS-GTP global amount and nanoclusters amount, decreases breast cancer cell 

proliferation and anchorage independent growth, while making them more sensitive to 

apoptosis (Shalom-Feuerstein et al., 2008). On the other hand, in the same cell line, KRAS 

inhibitors can revert the transformation phenotype associated with gal-3 overexpression 

(Shalom-Feuerstein et al., 2005). A colon cancer cell line was found to express gal-3 at 

high levels and this expression correlates with migration ability of cancer cells. In parallel, 

this migration ability seems to be mediated by RAF and ERK RAS effectors, since gal-3 

downregulation simultaneously causes downregulation of RAF and p-ERK and decreases 

migratory phenotype. To further highlight the relationship between gal-3 and RAS pathway 

in colon cancer, tissue samples show a correlation between high levels of gal-3, RAF and 

ERK (Wu et al., 2013). Finally, gal-3 seems to be the adaptor for the interaction between 

KRAS and ανβ3 integrin. The interaction between KRAS and this type of integrin is specific 

and causes tumour aggressiveness, indicated by anchorage independence and self-renewal, 

and tumour resistance to RTK inhibitors such as erlotinib. However, KRAS does not present 

any binding site for cytoplasmic β3, implying that a mediator protein is necessary. Gal-3, 

as seen, can interact with KRAS and with ανβ3 (Markowska et al., 2010), being the perfect 

candidate for this role. Indeed, knock-down of gal-3 in a pancreatic cancer cell line impedes 
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the formation of KRAS/β3 interaction and consequently suppresses the erlotinib resistance 

and self-renewal driven by that interaction (Seguin et al., 2014). This further shows the 

fundamental role of gal-3 in mediating KRAS function and its ability to ablate KRAS-mediated 

pro-survival signals, when downregulated. 

In conclusion, it has been discovered that an increase expression or availability of 

cytoplasmic gal-3 could confer to the cells the same tumorigenic properties, such as 

uncontrolled growth and unregulated apoptosis that they acquire upon mutation of KRAS 

oncogene. Moreover, several data indicate that the inhibition of gal-3 seems to be sufficient 

to downregulate KRAS activity and consequent pro-survival signalling pathways. These facts 

Table 4: Main effects caused by gal-3/KRAS interaction in various cancer cell lines.

cancer type gal-3/KRAS interaction refs

breast 
cancer

• Gal-3 overexpression causes the switch from 
HRAS to KRAS usage, favouring an anti-apoptotic 
response

(Shalom-
Feuerstein et al., 
2005)

• Gal-3 stabilizes KRAS-GTP nanoclusters 
• V125A mutation causes loss of gal-3/KRAS 

functional interaction and consequent decrease 
in tumour severity 

(Shalom-
Feuerstein et al., 
2008)

thyroid 
cancer

• High expression of Gal-3 correlates with high 
level of KRAS-GTP

• FTS inhibits gal-3/KRAS interaction and plasma 
membrane co-localization

(Levy et al., 
2011)

colon 
cancer

• Gal-3 promotes cancer migration through RAS/
Raf/ERK pathway

• Gal-3 high expression level correlates with 
high expression of Raf and ERK in cancer tissue 
samples

(Wu et al., 2013)

pancreatic 
cancer

• Gal-3 mediated KRAS plasma membrane 
localization

• Alterations in gal-3 levels cause variations    in RAS 
activity and downstream pathway regulation, 
with silencing of gal-3 resulting in a less severe 
cancer phenotype

(Song et al., 
2012)

• Gal-3 mediates the interaction between KRAS 
and ανβ3, favouring tumour stemness and 
erlotinib resistance

(Seguin et al., 
2014)
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are particularly important to better understand the interaction between these two proteins 

and try to find compounds able to decrease it, in light of therapeutic implications. 

5. TUMOUR SUPPRESSOR p16INK4a

p16INK4a (inhibitor of CDK4, known as well as CDKN2A – CDK inhibitor 2A -, or MTS1 

– multiple tumour suppressor 1) is a well-established tumour suppressor protein, 

belonging to the INK4 family of CKIs (CDK inhibitors), which includes as well p15INK4b, p18INK4c 

and p19INK4d. The proteins of the INK4 family of CDK inhibitors all present a similar structure 

of several ankyrin repeats (Li et al., 2011) and are differentially expressed based on tissue and 

cell lineage, making their functions non redundant (Sherr and Roberts, 1999; Canepa et al., 

2007). Some of the proteins belonging to the INK4 family, including p16INK4a, are encoded by 

genes in the INK4/ARF tumour suppressor locus on chromosome 9p21.3. This locus encodes 

for p16INK4a and its transcriptional variant, p14ARF in human and p19ARF in mouse, and for a 

third protein, p15INK4b (Hannon and Beach, 1994; Quelle et al., 1995).

p16INK4a acts as inhibitor of CDK4 and 6, competing with cyclins-D (D1, D2 and D3) for their 

binding (Fig. 18) (Ruas and Peters, 1998). The formation of the complex made of CDK and 

cyclin allows cell cycle progression and, in the specific case of these complexes, the transition 

of the G1/S restriction point and the beginning of DNA replication. CDK-cyclin complexes 

phosphorylate the Rb protein. The hyperphosphorylation of Rb relieves it from its inhibitory 

role on E2F transcription-factor family, leading to the transcription of genes necessary for S 

phase (Reed, 1997; Sherr and Roberts, 1999; Coleman et al., 2004; Bertoli et al., 2013). By 

binding to CDK4 and CDK6, p16INK4a inhibits the proper formation of the cyclin-CDK complexes 

and therefore the entry in S phase, having therefore a role in stopping cell cycle progression 

(Hall et al., 1995; Lukas et al., 1995; Parry et al., 1995; Reymond and Brent, 1995; Guan et 

al., 1996). In addition, p16INK4a can disrupt the complexes formed by CDK4 and 6 and the 

members of the other class of CKIs, the Cip/Kip family. In doing so, p16INK4a frees inhibitors that 

can act on other CDKs, such as CDK2, further increasing Rb hypophosphorylated state (Sherr 

and Roberts, 1999). p16INK4a acts on cell cycle progression also through CDK-independent 
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mechanisms. For example, p16INK4a can interact with the transcription factor TFIIH, which 

phosphorylates through its CDK7 subunit the C-terminal domain of RNA polymerase II, 

promoting cell cycle-associated transcription. The binding of p16INK4a with TFIIH inhibits RNA 

polymerase phosphorylation, consequently inhibiting cell cycle progression (Serizawa, 1998; 

Nishiwaki et al., 2000).

p16INK4a has been implicated in replicative senescence (LaPak and Burd, 2014), since its 

expression and/or protein amount accumulates with increasing numbers of population 

doublings (Alcorta et al., 1996; Hara et al., 1996; Loughran et al., 1996; Reznikoff et al., 

1996; Wong and Riabowol, 1996; Palmero et al., 1997; Zindy et al., 1997) and in senescent 

cells or cells subjected to stress stimuli (Ksiazek et al., 2006; Canepa et al., 2007; Quereda et 

al., 2007; Wu et al., 2007; Fordyce et al., 2010). p16INK4a seems to be shared in mechanisms 

Figure 18: Schematic representation of p16INK4a 

role in cell cycle regulation. p16INK4a is an inhibitor 

specific for cyclin D1. When p16INK4a binds to 

the cyclin, the complex formation between 

cyclin and CDK is blocked, Rb proteins remain 

in a hypophosphorylated state, impeding the 

activation of E2F transcription factors, and the 

cell cycle is stopped at G1-S phase boundary.
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causing senescence and cell cycle arrest in non-senescent cells (Schmitt et al., 2002). As 

further confirmation, introduction of human or mouse chromosome containing p16INK4a 

could impose senescence on an immortal cell (Klinger, 1982; Harris, 1988; Vojta and Barrett, 

1995; England et al., 1996; Smith and Pereira-Smith, 1996).

Not surprisingly, mutations of p16INK4a that lead to its functional inactivation are among 

the most frequently found aberrations in cancer, being present in almost 50% of all human 

cancer (Hirama and Koeffler, 1995; Ruas et al., 1999; Esteller et al., 2001; Ortega et al., 2002; 

Gonzalez and Serrano, 2006; Li et al., 2011; Romagosa et al., 2011; LaPak and Burd, 2014). 

Often the all INK4/ARF locus is deleted in cancer, as in the examples of melanoma, pancreatic 

adenocarcinoma, glioblastoma, leukaemia and bladder cancer (Canepa et al., 2007). As 

mentioned above, this locus comprises three different tumour suppressor genes, so it is 

evident why its deletion can cause dramatic outcomes. It has been shown that overexpression 

of the entire locus confers tumour resistance (Matheu et al., 2004), whereas knockout 

studies of the three genes alone and in conjunction show that mice are more sensitive to 

the onset on cancer in the absence of one of the genes, and this sensitivity is enhanced 

when more than one gene belonging to the INK4/ARF locus is lacking (Sharpless et al., 2004). 

p16INK4a is also subjected to point mutations or small deletions, which cause somatic loss 

in tumours (Ruas and Peters, 1998; Forbes et al., 2006), and to epigenetic modifications, 

specifically promoter methylation, which silence gene translation (Ruas et al., 1999; Canepa 

et al., 2007). Interestingly, even if the loss of functionality of p16INK4a is very common, it 

seems to be specifically correlated only to certain types of cancer. In particularly, it has been 

found at very high frequency (80 to 100%) in mesothelioma (Geradts et al., 1995) and head 

and neck squamous-cell cancer (Reed et al., 1996), at intermedium frequency (40 to 80%) in 

non-small-cell lung cancer (Kinoshita et al., 1996; Kratzke et al., 1996; Sakaguchi et al., 1996; 

Betticher et al., 1997), glioma (Fueyo et al., 1996; Nakamura et al., 1996) and thymoma 

(Hirabayashi et al., 1997), and at frequency lower than 40% in ovarian cancer (Dong et al., 

1997; Fujita et al., 1997; Kanuma et al., 1997) and acute lymphoblastic leukaemia (Volm et 

al., 1997). In colon and prostate cancer almost no mutations in p16INK4a have been found 

(Geradts et al., 1995; Konishi et al., 1996). However, p16INK4a protein has been often found at 
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low level or inactivated in CRC (Tominaga et al., 1997). Since point mutations and deletions 

occur at a very low frequency (Cairns et al., 1995; Herman et al., 1995; Ohhara et al., 1996), 

the most common mechanism for p16INK4a inactivation is thought to be promoter methylation 

(Herman et al., 1995; Merlo et al., 1995). This hypothesis is supported by the fact that p16INK4a 

promoter is frequently methylated in primary cancer tissues and is almost never methylated in 

normal mucosa (Hsieh et al., 1998; Guan et al., 1999; Mitomi et al., 2010), and that promoter 

methylation and consequent p16INK4a inactivation most probably favours tumour progression 

(Kim et al., 2005; Ishiguro et al., 2006). Even if there are evidences supporting that p16INK4a 

inactivation has an important impact on CRC formation, p16INK4a role in this type of cancer is 

still debatable. Indeed there are also studies reporting a normal p16INK4a protein expression 

in the majority (64-85%) of CRC tissue and a low expression in normal mucosa (Dai et al., 

2000; Palmqvist et al., 2000), in addition to above mentioned studies showing low frequency 

of p16INK4a aberrations (Geradts et al., 1995) and even methylation (Norrie et al., 2003; Shima 

et al., 2011) and no apparent p16INK4a inactivation correlated with tumour expansion (Ohhara 

et al., 1996). In light of these conflicting information, a further investigation on the role of 

p16INK4a in the formation and progression of CRC seems even more important. 

5.1 p16INK4a PATHWAYS OVERLAPPING WITH RAS 
PROTEINS AND GALECTINS

Considering their respective roles, it is clear that the functions of RAS proteins and 

p16INK4a are antagonistic. p16INK4a is a strong inhibitor of CDK4 and 6 and cell cycle 

progression, whereas it has been shown that RAS proteins are mediators of cell cycle 

progression through the activation of cyclins. RAS proteins promote the transcription of 

cyclin D1 through the RAF/ERK/MEK pathway and PI3K activation; they increase its stability 

by inhibiting the kinases that cause its ubiquitination and consequent degradation; through 

PI3K activation, they induce cyclin D1 mRNA translation and they also facilitate the assembly 

with CDK4 and CDK6. RAS pathway further helps cyclin D1 activity by reducing the level of 
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CDK-cyclins complexes inhibitors such as p27Kip1 (Mittnacht et al., 1997; Peeper et al., 1997; 

Pruitt and Der, 2001; Coleman et al., 2004). However, little is known about a possible direct 

relation between RAS proteins, in particular KRAS, and p16INK4a. 

In the middle 90´s Serrano et al. published several works highlighting an indirect 

relationship between HRAS and p16INK4a. They showed that the introduction of a plasmid 

encoding p16INK4a in cells transformed with HRASG12V and c-Myc decreased the tumorigenicity 

of the cells (Serrano et al., 1995). On the other way around, when HRAS was transfected 

into p16INK4a-/- fibroblasts, the tumorigenicity of the cells greatly increased, while no effect 

was observed when using p16INK4a+/+ or p16INK4a+/- cells (Serrano et al., 1996). Moreover, 

they showed that cells lacking functional p16INK4a do not undergo senescence (Serrano et 

al., 1996) and that RAS-caused cell cycle arrest, phenotypically indistinguishable from 

senescence, is mediated by p16INK4a. Indeed cells capable to block cell cycle progression 

through RAS over-activity are growing continuously only when p16INK4a is inactivated (Serrano 

et al., 1997). Oncogenic HRASG12V was shown to increase p16INK4a expression in late papilloma 

and the balanced activity of RAS pathway and p16INK4a induced senescence (Yamakoshi et 

al., 2009). A reciprocal regulation of the two proteins was discovered in the case of KRAS. 

In primary pancreatic duct epithelial cells it was noticed that KRASwt was able to increase 

p16INK4a expression, inducing senescence and preventing cancer formation, while KRASG12D 

repressed almost completely p16INK4a expression (Lee and Bar-Sagi, 2010). In addition, p16INK4a 

transcription could be regulated by RAS-activated transcription factors. In particular, activated 

RAF/ERK cascade phosphorylates and activates c-JUN, a component of AP-1, which in turn 

modulates p16INK4a expression (Passegue and Wagner, 2000). On the other side, also p16INK4a 

has been shown to affect oncogenic KRASG12V. Introduction of active p16INK4a in cells in which 

p16INK4a was not working restored its function and lowered selectively KRAS protein level by 

decreasing protein stability (Rabien et al., 2012). Moreover, the simultaneous expression at 

normal level of p16INK4a and KRASG12V caused the cell to become resistant to anoikis and highly 

clonogenic, while both these features did not occur in cells expressing p16INK4a only, showing 

that the suppression of oncogenic KRAS is necessary for p16INK4a to exert its anti-proliferative 

function (Rabien et al., 2012).
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Interestingly, a relationship between p16INK4a and gal-3 seems to exist as well. Upon 

p16INK4a expression, a clear decreased in gal-3 level was observed both in vitro and in vivo. 

In particular, p16INK4a diminished the expression of gal-3 and its consequent cell-surface 

presentation. The mechanism by which p16INK4a decreases gal-3 seems to be mediated by 

mRNA reduction, due more to post-transcriptional processes than to diminished de novo 

synthesis (Sanchez-Ruderisch et al., 2010). On the other hand, overexpression or forced 

expression of p16INK4a causes enhanced gal-1 mRNA de novo synthesis and overexpression of 

gal-1 protein levels. In detail, most of the gal-1 newly produced seems to be re-located on the 

cell surface (Andre et al., 2007). In addition to changing the expression levels of gal-3 and gal-

1 in opposite directions, p16INK4a strongly influences the glycomic profile of pancreatic cancer 

cells (Andre et al., 2007; Amano et al., 2012). p16INK4a provokes variations in the expression of 

β1,4-galactosyltransferases and consequent downregulation of α2,3-sialylation of O-glycans 

and α2,6-sialylation of N-glycans (Andre et al., 2007). This is consisted with the decrease of 

two enzymes of the sialic acid biosynthesis pathway observed in cells overexpressing p16INK4a 

(Amano et al., 2012). Moreover, p16INK4a overexpression triggers an increase in the cell-surface 

presentation of fibronectin receptor (Plath et al., 2000; Andre et al., 2007). Considering the 

previously described roles of galectins and plasma membrane glycans in cell anchorage, it is 

conceivable to expect that this changes in glycomic profile and galectins expression induced 

by p16INK4a might cause different sensitivity to anoikis, the specific cell death induced by loss 

of attachment. Indeed gal-1 expression correlates with enhanced induction of anoikis (Andre 

et al., 2007), whereas gal-3 significantly decreases the level of anoikis (Sanchez-Ruderisch et 

al., 2010). Therefore p16INK4a can control anoikis induction by regulating the level of specific 

glycans on the plasma membrane necessary for cell attachment and the level of galectins 

necessary to mediate this attachment. In this model, p16INK4a acts as tumour suppressor by 

promoting anoikis, downregulating gal-3 and upregulating gal-1 (Andre et al., 2007; Sanchez-

Ruderisch et al., 2010). Gal-3 actively competes with gal-1 for binding sites, decreasing gal-1 

pro-anoikis effects, especially by diminishing caspase-8 activation (Sanchez-Ruderisch et al., 

2010). 

In conclusion, it has been observed that p16INK4a indirectly competes with both KRAS 
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and gal-3 on different processes, such as cell cycle progression and anoikis, and often this 

competition correlates with reciprocal changes in protein and/or mRNA level. 

6. YEAST AS A MODEL TO STUDY HUMAN 
PROTEINS

The study of model organisms, among which a special position is reserved to S. 

cerevisiae, has always been fundamental for biological discoveries and even now, 

with more advances techniques that allow the investigation of more complicated organisms 

such as human itself, it continues to be extremely useful (Fields and Johnston, 2005; Mager 

and Winderickx, 2005; Botstein and Fink, 2011). The reasons for that are several. Almost 

thirty years ago it was already clear that yeast special role as model organism was due to 

“the facility with which the relation between gene structure and protein function can be 

established” (Botstein and Fink, 1988), and from then several other reasons have risen, 

together with new technologies that utilize yeast. Importantly, in 1996 the complete genome 

of S. cerevisiae was the first eukaryotic genome to be sequenced and published (Goffeau et 

al., 1996) and continuous updates were made (Engel et al., 2014). In addition, an almost 

complete set of deletions of every open reading frame is available in yeast (Winzeler et al., 

1999; Giaever et al., 2002), together with a collection of GFP-fused chimera proteins that 

helps localize endogenous yeast proteins (Ghaemmaghami et al., 2003; Huh et al., 2003) 

and an extensive database that gives detailed informations about every yeast gene, the 

Saccharomyces Genome Database (http://www.yeastgenome.org/). Moreover, in yeast 

there is a well-established and relatively simple methods to introduce gene mutations, which 

allows the discovery of the biochemical function of the analysed gene and the outcomes of 

the failure of that gene (Botstein and Fink, 2011). The availability of all the above-mentioned 

resources made possible to uncover the role of almost 85% of the 5800 protein-coding genes 

of S. cerevisiae, with important repercussion on the biology of other organisms, including 

human.  When comparing yeast and other organism genomes, it is clear that both amino 

acid sequences and protein functions are conserved. Approximately 17% of yeast genes are 
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members of orthologous gene families associated with human diseases (Heinicke et al., 2007) 

and, conversely, 30% of known genes involved in human disease have yeast orthologues, 

which can substitute for yeast gene function (Foury, 1997). For obvious reasons, including 

the simpler system that this unicellular organism provides, the easier manipulation and even 

the cheapest maintenance in laboratories, in addition to the above-mentioned resources, it 

has always been more practical to identify a protein function starting from yeast and later 

confirming it in higher eukaryotes that the other way around. 

In addition to an important role in identifying genes and proteins functions, yeast has 

been chosen to test and validate new emerging technologies, mostly because the availability 

of prior data capable of confirming the newly acquired information (Botstein and Fink, 2011). 

Thereby, yeast was the first model organism in which methods that detects the mapping 

of the binding sites of transcription factors by chromatin precipitation followed by DNA 

microarray - ChIP-chip - (Iyer et al., 2001; Lieb et al., 2001) or by directing sequencing of the 

bound DNA - Chip-seq - (Robertson et al., 2007) were tested, as well as methods that allow 

genome-wide assessment of translation rates or mRNA stability (Wang et al., 2002b; Ingolia 

et al., 2009). Yeast has also been the base for genome-wide experiments that integrate 

functional data using bioinformatics methods, creating putative integration networks (Myers 

et al., 2005; Hibbs et al., 2007). Also the experiments based on synthetic lethality have been 

extended to genome-scale with the synthetic gene array (SGA) analysis. Synthetic lethality is 

the phenomenon by which the deletion of two different genes causes yeast lethality, when 

none of the two gene deletions being lethal on its own, indicating that they cooperate in the 

same signalling pathway and/or have similar biological function. S. cerevisiae, due to the ease 

in which deletions are made, is an elective model organism for this type of studies (Novick 

et al., 1989). SGA analysis allows the simultaneous study of an enormous number of genes 

and their respective interactions (Tong et al., 2004; Costanzo et al., 2010). Protein-protein 

interactions have been studied using yeast also with the two-hybrid method (Fields and Song, 

1989), which also has been expanded to genome-scale analysis (Uetz et al., 2000; Ito et al., 

2001; Fields, 2009). In addition, in yeast it is easier to perform co-immunoprecipitation of 

protein complexes, in which proteins can be tagged to facilitate the subsequent precipitation 
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(Krogan et al., 2006). 

It is clear from what written above that yeast provides a very useful model organism for the 

study of several aspect of biology. In particular, the fact that many of the proteins functions 

discovered in yeast can be then translated in higher eukaryotes is relevant in the study of 

proteins involved in medical disorders. At a first sight, it might sound that yeast proteins 

have little to do with processes implied in human diseases, however, some of this processes 

can be even better analysed in the simpler environment of yeast cells. Some examples can 

be the misfolding aggregations of proteins implicated in neurodegenerative disorders such 

as Parkinson’s disease, Huntington’s disease and Alzheimer’s disease (Fields and Johnston, 

2005; Mager and Winderickx, 2005; Zabrocki et al., 2005), or the mechanisms underlying 

aging (Fields and Johnston, 2005). Of simpler understanding is the usage of S. cerevisiae in 

the study of the pathogenic yeast C. albicans, since both organisms are unicellular fungi. 

In addition to study yeast protein functions and then translate them into higher 

eukaryotes, a different approach can be taken to directly understand the role of human 

proteins, the creation of humanized yeast, by expressing heterologous proteins in yeast 

(Laurent et al., 2016) (Fig. 19). This method is particularly helpful in the discovery of human 

protein functions, especially when associated with a disease, in a “neutral” environment, 

which can facilitate the isolation of the protein function. It is also useful to determine the 

outcome of protein mutations (Botstein and Fink, 2011). The expression of human proteins 

in yeast can also be instrumental for the discovery of chemical or protein inhibitors in high-

throughput screenings. These assays are based on the fact that the heterologous expressed 

human proteins might cause growth defects in yeast, which can be suppressed by chemical 

compound or by the expression of a second human protein (Mager and Winderickx, 2005).

Yeasts have also been humanized with genes that do not have a functional counterpart in 

yeast. This approach has been particularly useful in the study of neurological disorders such 

as Huntington’s disease and Parkinson’s disease (Outeiro and Lindquist, 2003; Willingham et 

al., 2003; Outeiro and Muchowski, 2004; Zabrocki et al., 2005). 
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Figure 19: Schematic representation of various methodologies in which humanized yeasts are used. 

Yeast is transformed with expression vectors harbouring a human gene and then used in a variety of 

applications. It can be used in (i) high-throughput studies to screen small molecules that function as 

inhibitors or activators of the human protein expressed in yeast, (ii) to test other human molecules 

that influence the human protein behaviour equally expressed in yeast, or (iii) to test the influence on 

the cloned human protein-derived phenotypes of yeast genes deletions. Humanized yeasts can also 

be used in small-scale experiments, to test the effect of the expressed human protein on various yeast 

features, such as viability, cell cycle, and cell death (adapted from Pereira et al., 2012; autophagic 

vacuole from Takeshige et al., 1992).
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6.1 FOCUS ON DRUG SCREENING AND CANCER

Many of the above mentioned resources available in yeast have been exploited 

for the testing of chemical agents, including pharmaceutical compounds, toxic 

agent and chemotherapeutics (Barberis et al., 2005), and for uncovering pathways relevant 

for transformants cells adaptation and cancer progression. For example, the collections of 

yeast deletion mutants have been used to identify genes involved in UV sensitivity, whose 

human orthologues may be associated with cancer development (Birrell et al., 2001), and 

have also been screened for drug effects, for example to test sensitivity and/or resistance 

to the common anticancer drug bleomycin (Aouida et al., 2004). Another useful test 

performed using the deletion collections is the so-called “fitness-profiling” approach, in 

which a deletion strain is grown competitively with the wild type strain in the presence of 

specific chemical compounds. In this way it is possible to determine the fitness of the mutant 

strain and to confirm known targets of the drug, as well as identify new ones (Lum et al., 

2004; Mager and Winderickx, 2005). A slightly different approach is the one of the haplo-

insufficiency screening. In this case diploid yeasts are used, in which only one out of two 

gene copies is deleted. The deletion does not cause a phenotypic effect by itself, but it may 

create one when the yeast is grown in the presence of a specific drug or toxin (Giaever et 

al., 1999). With this method novel targets of known inhibitors have been identified, as well 

as targets of new drugs (Giaever et al., 1999; Giaever et al., 2002; Baetz et al., 2004). A way 

to discover new target gene of a specific compound is a derivation of the synthetic lethality 

assay described earlier. In this particular case, instead of combining two gene deletions, one 

deletion is combined with a drug known to act on a different gene target. The yeast resulting 

unviable after the drug treatment most certainly carries a mutation in a gene involved in 

the same pathway and/or biological process of the gene targeted by the drug used (Mager 

and Winderickx, 2005). Importantly, all the described methodologies can be performed on 

a genome-wide scale, enabling the fast discovery of numerous data, which can be further 

confirmed in more detailed experiments (Mager and Winderickx, 2005; Botstein and Fink, 

2011). In particular, a specific instrument exists for high-throughput analysis of yeast genes 
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involved in drug resistance and/or sensitivity, the molecularly barcoded yeast open reading 

frame (MoBY-ORF) collection. The MoBY-ORF contains approximately 5000 yeast genes 

cloned in expression plasmids flanked by upstream and downstream barcodes that allow 

their fast identification, making necessary the usage of a smaller amount of drug (Laurent 

et al., 2016). Of course all the techniques described above that use yeast deletion mutant 

collections can be similarly performed using gene overexpression, equally easy to achieve in 

yeast. Also in this case it is possible to identify genes involved in pathway relevant for human 

diseases (Laurent et al., 2016). 

A further step into drug screening is the usage of humanized yeast. The heterologous 

expression of human proteins in yeast, even if lacking a functional orthologous in yeast, was 

described earlier as a way to better understand the role and function of the protein analysed. 

But of course this methodology can be employed in drug screening. If the insertion and 

expression of human cDNA in yeast is capable to cause a distinct and measurable phenotype, 

then the yeast can be screened for drug or protein that can revert that phenotype, finding in 

this way inhibitors of specific protein and cellular processes (Sekigawa et al., 2010; Laurent 

et al., 2016). One example in this way is the discovery of inhibitors of poly (ADP-ribose) 

polymerase (PARP) family of proteins, involved in breast and ovarian cancer (Telli, 2011). 

Yeast has no PARP homolog, but it shows decreased viability when human PARP1 or PARP2 

are expressed, that was found to be rescue by two of the 16000 compounds tested (Perkins 

et al., 2001). Even if this approach to discover new drug target and to test novel drug in 

yeast may seem highly cost and time effective, it must be taken into account that not all 

human genes are capable to trigger a phenotype in yeast, and among those which do cause 

variation, not all provoke phenotypes easy to monitor and test. Besides expressing human 

genes with no relation to yeast, it is also possible to mutate yeast proteins with human 

orthologues to make them more similar to their human counterparts, by changing specific 

sequence (Miller and Kumar, 2001), or directly expressed the human homologous in yeast. 

This last approach was actually one of the first attempts to humanize yeast and it was initially 

used to identify human proteins that could functionally replace yeast deletion. Now it is 

often used to study the human protein in a different context, to better identify the outcomes 
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of protein mutations and to isolate inhibitors of the protein (Mager and Winderickx, 2005; 

Laurent et al., 2016). 

Importantly, many of the above mentioned methods have been applied in the study of 

proteins important in cancer pathogenesis (2007; Pereira et al., 2012) and in the discovery 

and testing of anticancer agents (Simon and Bedalov, 2004; Menacho-Marquez and Murguia, 

2007; Matuo et al., 2012; Guaragnella et al., 2014). In particular, several cellular processes 

important in cancer onset and progression, such as apoptosis and cell growth, have been 

analysed in yeast, taking into consideration the main proteins involved. S. cerevisiae has 

been used in the study of proteins involved in apoptosis, such as the caspase family proteins 

and the Bcl-2 family proteins. In the case of caspase-3 and -7, yeast has been useful in 

identifying their binding partners through the two-hybrid system (Kamada et al., 1998; Araya 

et al., 2002). Moreover, the heterologous expression of caspases in yeast greatly helped 

the uncovering of their activation mode, especially in the case of those caspases that exist 

in a pre-active state (Kang et al., 1999). Importantly, high expression level of caspases in 

yeast cause severe growth defects and this phenotype facilitates the identification, also 

in high-throughput scale, of caspase natural inhibitors, such as IAPs and p35 (Kang et al., 

1999; Wright et al., 2000), and chemical compounds inhibitors and activators (Hayashi et 

al., 2009). Similarly to the caspases, also members of the Bcl-2 family have been studied in 

yeast. As mentioned earlier, Bcl-2 family members have fundamental roles in apoptosis in 

mammals, covering both pro- and anti-apoptotic functions. Yeast has been extremely useful 

to identify Bcl-2 members interaction and their regulators. Important for these studies is the 

fact that a pro-apoptotic member, Bax, is capable to induce death in yeast. Screening for its 

inhibitors led to the discovery of Bax inhibitor 1, HMGB1, bifunctional apoptosis regulator 

and Calnexin orthologue Cnx1 (Torgler et al., 1997; Xu and Reed, 1998; Zhang et al., 2000b; 

Zhang et al., 2000a; Brezniceanu et al., 2003), and other inhibitors belonging to the same 

Bcl-2 family, such as Bcl-2 and Bcl-XL (Sato et al., 1994). In addition, yeast has been used 

to better analyse the post-translational modifications necessary for proper mitochondria 

targeting and regulation of cyt c release (Arokium et al., 2007). Considering the role of 

apoptosis in cancer progression, the screening for new drugs targeting caspases and Bcl-2 
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family members, and thereby apoptosis, may be useful to isolate new cancer therapeutic. 

The research on fundamental proteins for cancer using yeast has been particularly focused 

on p53, one of the most important among these proteins. p53 is mutated in approximately 

50% of human cancer and, when not mutated, often other proteins involved in its pathways 

are non-functional (Cheok et al., 2011). There are no orthologues of p53 in yeast, but this 

protein can maintain most of its activity as transcription factor also in S. cerevisiae (Fields 

and Jang, 1990; Scharer and Iggo, 1992; Yousef et al., 2008). Besides the conserved function, 

p53 can cause a mild decrease in growth of yeast (Nigro et al., 1992; Mokdad-Gargouri et 

al., 2001). All these factors have been extensively exploited to better analyse the function 

and regulation of p53. For example, p53 regulation by redox level and thioredoxin reductase 

were first discovered in yeast and then confirmed in mammals (Pearson and Merrill, 1998; 

Hu et al., 2001). Also the importance of p53 mutations for pathogenesis has been analysed 

in yeast, facilitated by the amenability of yeast high-throughput assay. All the mutations of 

p53 representing amino acids substitutions were expressed in yeast and tested for various 

aspects, including the ability to activate proteins involved in cell cycle and apoptosis (Di 

Como and Prives, 1998; Robert et al., 2000; Kato et al., 2003). The status of p53 in tumour 

samples was also evaluated using yeast, through the functional analysis of separate alleles in 

yeast (Ishioka et al., 1993; Fronza et al., 2000). 

6.2 FOCUS ON RAS PATHWAY AND GALECTINS

In the group of the above-mentioned pathways relevant for cancer progression that have 

been extensively studied in yeast, an important position is covered by RAS pathway. As 

described above, yeast and human RAS proteins share a high degree of homology (DeFeo-

Jones et al., 1983; Dhar et al., 1984; Powers et al., 1984). However, they do not activate 

the same downstream pathways, even if the resulting effects, as described above in detail, 

are often very similar, with cell cycle progression and consequent growth and cell death 

inhibition (Fig. 20). Interestingly, in the different yeast Schizosaccharomyces pombe, RAS 
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protein activates a kinase signalling cascade very similar to the one found in mammals 

(Masuda et al., 1995). 

Figure 20: Comparison between human and 

yeast RAS pathways. Both human and yeast RAS 

pathway are activated upon growth stimuli and 

ultimately lead to cell cycle progression and cell 

proliferation. However, the downstream proteins 

activated by human and yeast RAS are different. 

Human RAS activates various downstream 

targets, among which one of the most well-

studied is RAF/MEK/ERK cascade, whereas yeast 

Ras proteins activate adenylate cyclase, which 

produce cAMP. This second messenger activates 

PKA, sequestering the inhibitory subunit Bcy1 

and releasing the catalytic subunit Tpk.

The study of the yeast Ras pathway brought during the years great insight in the 

understanding of the mammalian RAS pathway. As examples, yeast was very useful to 

understand that Ras proteins, both mammalian and yeast, need a post-translational 

processing in order to translocate to the plasma membrane (Clark et al., 1985). Moreover, 

it should be noticed that the first Ras effector, adenylate cyclase, and the first GEF protein, 

Cdc25, were identified in yeast (Toda et al., 1985; Broek et al., 1987; Robinson et al., 1987). 

These discoveries, especially the one of Cdc25, greatly helped the uncovering of similar 
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proteins in other organisms based on homology (Bowtell et al., 1992; Shou et al., 1992; Wei 

et al., 1992). In addition to GEF proteins, yeast has been useful to deepen the understanding 

of the other class of Ras regulators, GAP. Indeed, the functions of NF1 gene, whose mutations 

are responsible for neurofibromatosis type 1, were clarified thanks to the similarity with IRA 

genes of S. cerevisiae, especially found in the region appointed to the GTPase activity (Xu 

et al., 1990). Importantly, expression of NF1 in yeast can suppress the phenotypes caused 

by IRA genes deletions, such as heat shock sensitivity (Gibbs et al., 1988), showing that 

mammalian and yeast GAPs are interchangeable and highlighting the similarity between 

yeast and mammalian Ras proteins. As further confirmation, also mammalian RAS proteins 

can complement for yeast deficient Ras and vice versa. In the middle ‘80s, several studies 

showed that human activated HRAS could suppress the lethality of simultaneous RAS1 and 

RAS2 deletion in yeast, because of its equal capacity to activate yeast adenylate cyclase 

(Broek et al., 1985; Clark et al., 1985; DeFeo-Jones et al., 1985; Kataoka et al., 1985; Toda 

et al., 1986). Conversely, it was discovered that a yeast-mammalian hybrid gene expressed 

in mouse cells had the ability to induce morphological changes extremely similar to those 

induced by mammalian oncogenic HRAS (DeFeo-Jones et al., 1985). In addition, a mutant 

variant of yeast Ras protein that resembles oncogenic HRAS was also identified, Rasval19, 

which was capable to differentially activate adenylate cyclase (Broek et al., 1985; Toda et al., 

1986). The functional complementation of RAS2 deletion in yeast by human HRAS was later 

showed also for different Δras2 induced phenotypes, such as temperature-sensitive growth 

and temperature-dependent depolarization of the actin cytoskeleton (Ho and Bretscher, 

2001).

More recently, the similarities between human and yeast Ras proteins have been exploited 

for the study of autophagy in a humanized yeast model (Alves et al., 2015). Autophagy is a 

highly conserved metabolic process that the cells use to recycle their components to maintain 

cellular homeostasis (Yang and Klionsky, 2010). This process is involved in cancer on a double 

front. On one side, autophagy can weaken the cells by degrading their components, but on 

the other side, the recycling of peptides makes the cells less sensitive to nutrient depletion 

and therefore death. Autophagy has been implicated in the resistance of tumours to 
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chemotherapy (Chen and Karantza, 2011). Importantly, autophagy is conserved also in yeast 

and RAS proteins have been involved in autophagy regulation (Furuta et al., 2004; Elgendy 

et al., 2011; Guo et al., 2011; Kim et al., 2011a; 2011b; Lock et al., 2011). The humanized 

yeast in this case helped determine the role of mutated and wild type KRAS in the autophagic 

process. Yeast lacking RAS2 was transformed with either KRASwt or mutant (KRASG13D, 

KRASG12D, KRASG12V) and the level of autophagy was measured using the endogenous yeast 

autophagic pathway (Alves et al., 2015). This experiment confirms that human RAS proteins 

are functional in yeast and that they can activate yeast proteins involved in processes similar 

to the ones activated in human. Yeast is therefore an excellent model to study human RAS 

proteins and downstream pathway.

Contrarily to RAS proteins, galectins orthologues do not exist in yeast (Kasai and Hirabayashi, 

1996; Dodd and Drickamer, 2001). However, as seen before in the case of other proteins, one 

for all p53, this must not be discouraging. On the contrary, it appears clear from the previous 

descriptions that yeast can provide a useful model to better understand function, localization 

and binding partners of human proteins without yeast orthologues, acting as a blank slate. 

Even if galectins have never been transformed in yeast to study their physiological function, 

a previous study reports yeast successful transformation with galectins, later exposed on the 

outer leaflet of the cell (Ryckaert et al., 2008). This study employed yeast in a yet undescribed 

function, considering this introduction. The purpose of galectins expression and following 

surface translocation was to mimic the glycan-binding proteins distribution on a physiological 

and living surface, which resembles protein clusters and membrane microdomains in a much 

better way compared to a synthetic surface (Ryckaert et al., 2008). 

In conclusion, yeast can provide a useful model in the study of human RAS proteins 

because of the functional conservation of Ras proteins roles. In particular, yeast can be used 

to analyse cancer-related processes in which RAS proteins are involved, with a specific focus 

on KRAS interaction with gal-3. The fact that gal-3 does not have an orthologue in yeast 

should be seen as an advantage, since this model could provide a “clean” environment in 

which gal-3 function and relationship with KRAS might be studied without the interference 

of redundant pathways. 



102102

General introduction - references

REFERENCES
Abankwa D., Gorfe A.A. and Hancock J.F. (2008a) Mechanisms of Ras membrane organization and signalling: 

Ras on a rocker. Cell Cycle 7(17): 2667-2673.

Abankwa D., Hanzal-Bayer M., Ariotti N., Plowman S.J., Gorfe A.A., Parton R.G. et al. (2008b) A novel switch 
region regulates H-ras membrane orientation and signal output. Embo J 27(5): 727-735.

Abankwa D., Gorfe A.A., Inder K. and Hancock J.F. (2010) Ras membrane orientation and nanodomain localization 
generate isoform diversity. Proc Natl Acad Sci U S A 107(3): 1130-1135.

Abeijon C., Mandon E.C. and Hirschberg C.B. (1997) Transporters of nucleotide sugars, nucleotide sulfate and 
ATP in the Golgi apparatus. Trends Biochem Sci 22(6): 203-207.

Adams L., Scott G.K. and Weinberg C.S. (1996) Biphasic modulation of cell growth by recombinant human 
galectin-1. Biochim Biophys Acta 1312(2): 137-144.

Adari H., Lowy D.R., Willumsen B.M., Der C.J. and McCormick F. (1988) Guanosine triphosphatase activating 
protein (GAP) interacts with the p21 ras effector binding domain. Science 240(4851): 518-521.

Agrwal N., Wang J.L. and Voss P.G. (1989) Carbohydrate-binding protein 35. Levels of transcription and mRNA 
accumulation in quiescent and proliferating cells. J Biol Chem 264(29): 17236-17242.

Agrwal N., Sun Q., Wang S.Y. and Wang J.L. (1993) Carbohydrate-binding protein 35. I. Properties of the 
recombinant polypeptide and the individuality of the domains. J Biol Chem 268(20): 14932-14939.

Ahmad N., Gabius H.J., André S., Kaltner H., Sabesan S., Roy R. et al. (2004) Galectin-3 precipitates as a pentamer 
with synthetic multivalent carbohydrates and forms heterogeneous cross-linked complexes. J Biol Chem 
279(12): 10841-10847.

Ahmed H. and AlSadek D.M. (2015) Galectin-3 as a potential target to prevent cancer metastasis. Clin Med 
Insights Oncol 9: 113-121.

Akahani S., Nangia-Makker P., Inohara H., Kim H.R. and Raz A. (1997) Galectin-3: a novel antiapoptotic molecule 
with a functional BH1 (NWGR) domain of Bcl-2 family. Cancer Res 57(23): 5272-5276.

Aktas H., Cai H. and Cooper G.M. (1997) Ras links growth factor signaling to the cell cycle machinery via 
regulation of cyclin D1 and the Cdk inhibitor p27KIP1. Mol Cell Biol 17(7): 3850-3857.

Albanese C., Johnson J., Watanabe G., Eklund N., Vu D., Arnold A. et al. (1995) Transforming p21ras mutants and 
c-Ets-2 activate the cyclin D1 promoter through distinguishable regions. J Biol Chem 270(40): 23589-23597.

Alberghina L., Rossi R.L., Querin L., Wanke V. and Vanoni M. (2004) A cell sizer network involving Cln3 and Far1 
controls entrance into S phase in the mitotic cycle of budding yeast. J Cell Biol 167(3): 433-443.

Alberghina L., Coccetti P. and Orlandi I. (2009) Systems biology of the cell cycle of Saccharomyces cerevisiae: 
From network mining to system-level properties. Biotechnol Adv 27(6): 960-978.

Alcorta D.A., Xiong Y., Phelps D., Hannon G., Beach D. and Barrett J.C. (1996) Involvement of the cyclin-dependent 
kinase inhibitor p16 (INK4a) in replicative senescence of normal human fibroblasts. Proc Natl Acad Sci U S 
A 93(24): 13742-13747.

Allen M., Chu S., Brill S., Stotler C. and Buckler A. (1998) Restricted tissue expression pattern of a novel human 
rasGAP-related gene and its murine ortholog. Gene 218(1-2): 17-25.

Alt J.R., Gladden A.B. and Diehl J.A. (2002) p21Cip1 Promotes cyclin D1 nuclear accumulation via direct inhibition 
of nuclear export. J Biol Chem 277(10): 8517-8523.

Alves S., Castro L., Fernandes M.S., Francisco R., Castro P., Priault M. et al. (2015) Colorectal cancer-related 
mutant KRAS alleles function as positive regulators of autophagy. Oncotarget 6(31): 30787-30802.

Amado R.G., Wolf M., Peeters M., Van Cutsem E., Siena S., Freeman D.J. et al. (2008) Wild-type KRAS is required 
for panitumumab efficacy in patients with metastatic colorectal cancer. J Clin Oncol 26(10): 1626-1634.

Amador M.L. and Hidalgo M. (2004) Epidermal Growth Factor Receptor as a therapeutic target for the treatment 
of colorectal cancer. Clin Colorectal Cancer 4(1): 51-62.



103103

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Amano M., Eriksson H., Manning J.C., Detjen K.M., André S., Nishimura S. et al. (2012) Tumour suppressor 
p16INK4a - anoikis-favouring decrease in N/O-glycan/cell surface sialylation by down-regulation of enzymes in 
sialic acid biosynthesis in tandem in a pancreatic carcinoma model. FEBS J 279(21): 4062-4080.

André S., Kojima S., Yamazaki N., Fink C., Kaltner H., Kayser K. et al. (1999) Galectins-1 and -3 and their ligands in 
tumor biology. Non-uniform properties in cell-surface presentation and modulation of adhesion to matrix 
glycoproteins for various tumor cell lines, in biodistribution of free and liposome-bound galectins and in 
their expression by breast and colorectal carcinomas with/without metastatic propensity. J Cancer Res Clin 
Oncol 125(8-9): 461-474.

André S., Sanchez-Ruderisch H., Nakagawa H., Buchholz M., Kopitz J., Forberich P. et al. (2007) Tumor 
suppressor p16INK4a--modulator of glycomic profile and galectin-1 expression to increase susceptibility 
to carbohydrate-dependent induction of anoikis in pancreatic carcinoma cells. FEBS J 274(13): 3233-3256.

André S., Kaltner H., Manning J.C., Murphy P.V. and Gabius H.J. (2015) Lectins: getting familiar with translators 
of the sugar code. Molecules 20(2): 1788-1823.

Andreyev H.J., Norman A.R., Cunningham D., Oates J.R. and Clarke P.A. (1998) Kirsten ras mutations in patients 
with colorectal cancer: the multicenter “RASCAL” study. J Natl Cancer Inst 90(9): 675-684.

Andreyev H.J., Norman A.R., Cunningham D., Oates J., Dix B.R., Iacopetta B.J. et al. (2001) Kirsten ras mutations 
in patients with colorectal cancer: the ‘RASCAL II’ study. Br J Cancer 85(5): 692-696.

Aoki K. and Taketo M.M. (2007) Adenomatous polyposis coli (APC): a multi-functional tumor suppressor gene. 
J Cell Sci 120(19): 3327-3335.

Aouida M., Page N., Leduc A., Peter M. and Ramotar D. (2004) A genome-wide screen in Saccharomyces 
cerevisiae reveals altered transport as a mechanism of resistance to the anticancer drug bleomycin. Cancer 
Res 64(3): 1102-1109.

Apolloni A., Prior I.A., Lindsay M., Parton R.G. and Hancock J.F. (2000) H-ras but not K-ras traffics to the plasma 
membrane through the exocytic pathway. Mol Cell Biol 20(7): 2475-2487.

Araya R., Takahashi R. and Nomura Y. (2002) Yeast two-hybrid screening using constitutive-active caspase-7 as 
bait in the identification of PA28gamma as an effector caspase substrate. Cell Death Differ 9(3): 322-328.

Arfaoui-Toumi A., Kria-Ben Mahmoud L., Ben Hmida M., Khalfallah M.T., Regaya-Mzabi S. and Bouraoui S. (2010) 
Implication of the Galectin-3 in colorectal cancer development (about 325 Tunisian patients). Bull Cancer 
97(2): E1-8.

Arokium H., Ouerfelli H., Velours G., Camougrand N., Vallette F.M. and Manon S. (2007) Substitutions of 
potentially phosphorylatable serine residues of Bax reveal how they may regulate its interaction with 
mitochondria. J Biol Chem 282(48): 35104-35112.

Ashery U., Yizhar O., Rotblat B., Elad-Sfadia G., Barkan B., Haklai R. et al. (2006) Spatiotemporal organization of 
Ras signaling: rasosomes and the galectin switch. Cell Mol Neurobiol 26(4-6): 471-495.

Baetz K., McHardy L., Gable K., Tarling T., Reberioux D., Bryan J. et al. (2004) Yeast genome-wide drug-induced 
haploinsufficiency screen to determine drug mode of action. Proc Natl Acad Sci U S A 101(13): 4525-4530.

Baker T.L., Zheng H., Walker J., Coloff J.L. and Buss J.E. (2003) Distinct rates of palmitate turnover on membrane-
bound cellular and oncogenic H-ras. J Biol Chem 278(21): 19292-19300.

Balan V., Nangia-Makker P. and Raz A. (2010) Galectins as cancer biomarkers. Cancers (Basel) 2(2): 592-610.

Balmanno K. and Cook S.J. (1999) Sustained MAP kinase activation is required for the expression of cyclin D1, 
p21Cip1 and a subset of AP-1 proteins in CCL39 cells. Oncogene 18(20): 3085-3097.

Bao Q. and Hughes R.C. (1995) Galectin-3 expression and effects on cyst enlargement and tubulogenesis in 
kidney epithelial MDCK cells cultured in three-dimensional matrices in vitro. J Cell Sci 108(8): 2791-2800.

Bar-Sagi D. and Hall A. (2000) Ras and Rho GTPases: a family reunion. Cell 103(2): 227-238.

Barault L., Veyrie N., Jooste V., Lecorre D., Chapusot C., Ferraz J.M. et al. (2008) Mutations in the RAS-MAPK, 
PI(3)K (phosphatidylinositol-3-OH kinase) signaling network correlate with poor survival in a population-
based series of colon cancers. Int J Cancer 122(10): 2255-2259.



104104

General introduction - references

Barberis A., Gunde T., Berset C., Audetat S. and Luthi U. (2005) Yeast as a screening tool. Drug Discov Today 
Technol 2(2): 187-192.

Barondes S.H. (1988) Bifunctional properties of lectins: lectins redefined. Trends Biochem Sci 13(12): 480-482.

Barondes S.H., Castronovo V., Cooper D.N., Cummings R.D., Drickamer K., Feizi T. et al. (1994) Galectins: a family 
of animal b-galactoside-binding lectins. Cell 76(4): 597-598.

Baroni M.D., Martegani E., Monti P. and Alberghina L. (1989) Cell size modulation by CDC25 and RAS2 genes in 
Saccharomyces cerevisiae. Mol Cell Biol 9(6): 2715-2723.

Baroni M.D., Monti P. and Alberghina L. (1994) Repression of growth-regulated G1 cyclin expression by cyclic 
AMP in budding yeast. Nature 371(6495): 339-342.

Barres C., Blanc L., Bette-Bobillo P., André S., Mamoun R., Gabius H.J. et al. (2010) Galectin-5 is bound onto the 
surface of rat reticulocyte exosomes and modulates vesicle uptake by macrophages. Blood 115(3): 696-705.

Barrionuevo P., Beigier-Bompadre M., Ilarregui J.M., Toscano M.A., Bianco G.A., Isturiz M.A. et al. (2007) A novel 
function for galectin-1 at the crossroad of innate and adaptive immunity: galectin-1 regulates monocyte/
macrophage physiology through a nonapoptotic ERK-dependent pathway. J Immunol 178(1): 436-445.

Barrow H., Rhodes J.M. and Yu L.G. (2011a) The role of galectins in colorectal cancer progression. Int J Cancer 
129(1): 1-8.

Barrow H., Guo X., Wandall H.H., Pedersen J.W., Fu B., Zhao Q. et al. (2011b) Serum galectin-2, -4, and -8 are 
greatly increased in colon and breast cancer patients and promote cancer cell adhesion to blood vascular 
endothelium. Clin Cancer Res 17(22): 7035-7046.

Baum L.G., Garner O.B., Schaefer K. and Lee B. (2014) Microbe-host interactions are positively and negatively 
regulated by galectin-glycan interactions. Front Immunol 5: 284.

Beitel G.J., Clark S.G. and Horvitz H.R. (1990) Caenorhabditis elegans ras gene let-60 acts as a switch in the 
pathway of vulval induction. Nature 348(6301): 503-509.

Belly R.T., Rosenblatt J.D., Steinmann M., Toner J., Sun J., Shehadi J. et al. (2001) Detection of mutated K12-ras 
in histologically negative lymph nodes as an indicator of poor prognosis in stage II colorectal cancer. Clin 
Colorectal Cancer 1(2): 110-116.

Belo A.I., van der Sar A.M., Tefsen B. and van Die I. (2013) Galectin-4 reduces migration and metastasis formation 
of pancreatic cancer cells. PLoS One 8(6): e65957.

Benvenuti S., Sartore-Bianchi A., Di Nicolantonio F., Zanon C., Moroni M., Veronese S. et al. (2007) Oncogenic 
activation of the RAS/RAF signaling pathway impairs the response of metastatic colorectal cancers to anti-
epidermal growth factor receptor antibody therapies. Cancer Res 67(6): 2643-2648.

Bergeron J.J., Lai W.H., Kay D.G., Doherty J.J., Khan M.N. and Posner B.I. (1988) The endosomal apparatus and 
transmembrane signalling. Adv Exp Med Biol 234: 213-224.

Bernards A. and Settleman J. (2004) GAP control: regulating the regulators of small GTPases. Trends Cell Biol 
14(7): 377-385.

Bernerd F., Sarasin A. and Magnaldo T. (1999) Galectin-7 overexpression is associated with the apoptotic 
process in UVB-induced sunburn keratinocytes. Proc Natl Acad Sci U S A 96(20): 11329-11334.

Bertoli C., Skotheim J.M. and de Bruin R.A. (2013) Control of cell cycle transcription during G1 and S phases. 
Nat Rev Mol Cell Biol 14(8): 518-528.

Betticher D.C., White G.R., Vonlanthen S., Liu X., Kappeler A., Altermatt H.J. et al. (1997) G1 control gene status 
is frequently altered in resectable non-small cell lung cancer. Int J Cancer 74(5): 556-562.

Bhagatji P., Leventis R., Rich R., Lin C.J. and Silvius J.R. (2010) Multiple cellular proteins modulate the dynamics 
of K-ras association with the plasma membrane. Biophys J 99(10): 3327-3335.

Bibeau F., Lopez-Crapez E., Di Fiore F., Thezenas S., Ychou M., Blanchard F. et al. (2009) Impact of FcγRIIa-
FcγRIIIa polymorphisms and KRAS mutations on the clinical outcome of patients with metastatic colorectal 
cancer treated with cetuximab plus irinotecan. J Clin Oncol 27(7): 1122-1129.

Biron-Pain K., Grosset A.A., Poirier F., Gaboury L. and St-Pierre Y. (2013) Expression and functions of galectin-7 



105105

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

in human and murine melanomas. PLoS One 8(5): e63307.

Biron V.A., Iglesias M.M., Troncoso M.F., Besio-Moreno M., Patrignani Z.J., Pignataro O.P. et al. (2006) Galectin-1: 
biphasic growth regulation of Leydig tumor cells. Glycobiology 16(9): 810-821.

Birrell G.W., Giaever G., Chu A.M., Davis R.W. and Brown J.M. (2001) A genome-wide screen in Saccharomyces 
cerevisiae for genes affecting UV radiation sensitivity. Proc Natl Acad Sci U S A 98(22): 12608-12613.

Bishop A.L. and Hall A. (2000) Rho GTPases and their effector proteins. Biochem J 348(2): 241-255.

Blaser C., Kaufmann M., Muller C., Zimmermann C., Wells V., Mallucci L. et al. (1998) b-galactoside-binding 
protein secreted by activated T cells inhibits antigen-induced proliferation of T cells. Eur J Immunol 28(8): 
2311-2319.

Blixt O., Head S., Mondala T., Scanlan C., Huflejt M.E., Alvarez R. et al. (2004) Printed covalent glycan array for 
ligand profiling of diverse glycan binding proteins. Proc Natl Acad Sci U S A 101(49): 17033-17038.

Blume-Jensen P., Janknecht R. and Hunter T. (1998) The kit receptor promotes cell survival via activation of PI 
3-kinase and subsequent Akt-mediated phosphorylation of Bad on Ser136. Curr Biol 8(13): 779-782.

Bonfini L., Karlovich C.A., Dasgupta C. and Banerjee U. (1992) The Son of Sevenless gene product: a putative 
activator of Ras. Science 255(5044): 603-606.

Bonni A., Brunet A., West A.E., Datta S.R., Takasu M.A. and Greenberg M.E. (1999) Cell survival promoted 
by the Ras-MAPK signaling pathway by transcription-dependent and -independent mechanisms. Science 
286(5443): 1358-1362.

Bos J.L. (1989) Ras oncogenes in human cancer: a review. Cancer Res 49(17): 4682-4689.

Boscher C., Dennis J.W. and Nabi I.R. (2011) Glycosylation, galectins and cellular signaling. Curr Opin Cell Biol 
23(4): 383-392.

Botstein D. and Fink G.R. (1988) Yeast: an experimental organism for modern biology. Science 240(4858): 1439-
1443.

Botstein D. and Fink G.R. (2011) Yeast: an experimental organism for 21st Century biology. Genetics 189(3): 
695-704.

Bourne H.R., Sanders D.A. and McCormick F. (1991) The GTPase superfamily: conserved structure and molecular 
mechanism. Nature 349(6305): 117-127.

Bowtell D., Fu P., Simon M. and Senior P. (1992) Identification of murine homologues of the Drosophila son of 
sevenless gene: potential activators of ras. Proc Natl Acad Sci U S A 89(14): 6511-6515.

Boy-Marcotte E., Perrot M., Bussereau F., Boucherie H. and Jacquet M. (1998) Msn2p and Msn4p control a large 
number of genes induced at the diauxic transition which are repressed by cyclic AMP in Saccharomyces 
cerevisiae. J Bacteriol 180(5): 1044-1052.

Boyd W.C. (1963) The lectins: their present status. Vox Sang 8: 1-32.

Braeuer R.R., Zigler M., Kamiya T., Dobroff A.S., Huang L., Choi W. et al. (2012) Galectin-3 contributes to 
melanoma growth and metastasis via regulation of NFAT1 and autotaxin. Cancer Res 72(22): 5757-5766.

Brandt B., Buchse T., Abou-Eladab E.F., Tiedge M., Krause E., Jeschke U. et al. (2008) Galectin-1 induced 
activation of the apoptotic death-receptor pathway in human Jurkat T lymphocytes. Histochem Cell Biol 
129(5): 599-609.

Bresalier R.S., Yan P.S., Byrd J.C., Lotan R. and Raz A. (1997) Expression of the endogenous galactose-binding 
protein galectin-3 correlates with the malignant potential of tumors in the central nervous system. Cancer 
80(4): 776-787.

Bresalier R.S., Mazurek N., Sternberg L.R., Byrd J.C., Yunker C.K., Nangia-Makker P. et al. (1998) Metastasis of 
human colon cancer is altered by modifying expression of the b-galactoside-binding protein galectin 3. 
Gastroenterology 115(2): 287-296.

Breviario D., Hinnebusch A., Cannon J., Tatchell K. and Dhar R. (1986) Carbon source regulation of RAS1 
expression in Saccharomyces cerevisiae and the phenotypes of ras2- cells. Proc Natl Acad Sci U S A 83(12): 
4152-4156.



106106

General introduction - references

Breviario D., Hinnebusch A.G. and Dhar R. (1988) Multiple regulatory mechanisms control the expression of the 
RAS1 and RAS2 genes of Saccharomyces cerevisiae. Embo J 7(6): 1805-1813.

Brewer C.F. (2004) Thermodynamic binding studies of galectin-1, -3 and -7. Glycoconj J 19(7-9): 459-465.

Brezniceanu M.L., Volp K., Bosser S., Solbach C., Lichter P., Joos S. et al. (2003) HMGB1 inhibits cell death in 
yeast and mammalian cells and is abundantly expressed in human breast carcinoma. Faseb j 17(10): 1295-
1297.

Broach J.R. and Deschenes R.J. (1990) The function of ras genes in Saccharomyces cerevisiae. Adv Cancer Res 
54: 79-139.

Broek D., Samiy N., Fasano O., Fujiyama A., Tamanoi F., Northup J. et al. (1985) Differential activation of yeast 
adenylate cyclase by wild-type and mutant RAS proteins. Cell 41(3): 763-769.

Broek D., Toda T., Michaeli T., Levin L., Birchmeier C., Zoller M. et al. (1987) The S. cerevisiae CDC25 gene 
product regulates the RAS/adenylate cyclase pathway. Cell 48(5): 789-799.

Brunsveld L., Waldmann H. and Huster D. (2009) Membrane binding of lipidated Ras peptides and proteins--the 
structural point of view. Biochim Biophys Acta 1788(1): 273-288.

Buhrman G., Holzapfel G., Fetics S. and Mattos C. (2010) Allosteric modulation of Ras positions Q61 for a direct 
role in catalysis. Proc Natl Acad Sci U S A 107(11): 4931-4936.

Burtner C.R., Murakami C.J., Kennedy B.K. and Kaeberlein M. (2009) A molecular mechanism of chronological 
aging in yeast. Cell Cycle 8(8): 1256-1270.

Busti S., Coccetti P., Alberghina L. and Vanoni M. (2010) Glucose signaling-mediated coordination of cell growth 
and cell cycle in Saccharomyces cerevisiae. Sensors 10(6): 6195-6240.

Buzas E.I., Gyorgy B., Pasztoi M., Jelinek I., Falus A. and Gabius H.J. (2006) Carbohydrate recognition systems in 
autoimmunity. Autoimmunity 39(8): 691-704.

Cairns P., Polascik T.J., Eby Y., Tokino K., Califano J., Merlo A. et al. (1995) Frequency of homozygous deletion at 
p16/CDKN2 in primary human tumours. Nat Genet 11(2): 210-212.

Califice S., Castronovo V., Bracke M. and van den Brule F. (2004a) Dual activities of galectin-3 in human prostate 
cancer: tumor suppression of nuclear galectin-3 vs tumor promotion of cytoplasmic galectin-3. Oncogene 
23(45): 7527-7536.

Califice S., Castronovo V. and Van Den Brule F. (2004b) Galectin-3 and cancer. Int J Oncol 25(4): 983-992.

Camby I., Belot N., Rorive S., Lefranc F., Maurage C.A., Lahm H. et al. (2001) Galectins are differentially expressed 
in supratentorial pilocytic astrocytomas, astrocytomas, anaplastic astrocytomas and glioblastomas, and 
significantly modulate tumor astrocyte migration. Brain Pathol 11(1): 12-26.

Camby I., Decaestecker C., Lefranc F., Kaltner H., Gabius H.J. and Kiss R. (2005) Galectin-1 knocking down in 
human U87 glioblastoma cells alters their gene expression pattern. Biochem Biophys Res Commun 335(1): 
27-35.

Cameron S., Levin L., Zoller M. and Wigler M. (1988) cAMP-independent control of sporulation, glycogen 
metabolism, and heat shock resistance in S. cerevisiae. Cell 53(4): 555-566.

Cameroni E., Hulo N., Roosen J., Winderickx J. and De Virgilio C. (2004) The novel yeast PAS kinase Rim 15 
orchestrates G0-associated antioxidant defense mechanisms. Cell Cycle 3(4): 462-468.

Canepa E.T., Scassa M.E., Ceruti J.M., Marazita M.C., Carcagno A.L., Sirkin P.F. et al. (2007) INK4 proteins, a 
family of mammalian CDK inhibitors with novel biological functions. IUBMB Life 59(7): 419-426.

Caponigro F., Casale M. and Bryce J. (2003) Farnesyl transferase inhibitors in clinical development. Expert Opin 
Investig Drugs 12: 943-954.

Carlsson S., Oberg C.T., Carlsson M.C., Sundin A., Nilsson U.J., Smith D. et al. (2007) Affinity of galectin-8 and its 
carbohydrate recognition domains for ligands in solution and at the cell surface. Glycobiology 17(6): 663-
676.

Carmona-Gutierrez D., Eisenberg T., Buttner S., Meisinger C., Kroemer G. and Madeo F. (2010) Apoptosis in 
yeast: triggers, pathways, subroutines. Cell Death Differ 17(5): 763-773.



107107

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Carver J.P. (1991) Experimental structure determination of oligosaccharides. Curr Opin in Struct Biol 1(5): 716-
720.

Casey P.J., Solski P.A., Der C.J. and Buss J.E. (1989) p21ras is modified by a farnesyl isoprenoid. Proc Natl Acad 
Sci U S A 86(21): 8323-8327.

Cattaneo V., Tribulatti M.V. and Campetella O. (2011) Galectin-8 tandem-repeat structure is essential for T-cell 
proliferation but not for co-stimulation. Biochem J 434(1): 153-160.

Causton H.C., Ren B., Koh S.S., Harbison C.T., Kanin E., Jennings E.G. et al. (2001) Remodeling of yeast genome 
expression in response to environmental changes. Mol Biol Cell 12(2): 323-337.

Cay T. (2012) Immunhistochemical expression of galectin-3 in cancer: a review of the literature. Turk Patoloji 
Derg 28(1): 1-10.

Chang F., Steelman L.S., Shelton J.G., Lee J.T., Navolanic P.M., Blalock W.L. et al. (2003) Regulation of cell cycle 
progression and apoptosis by the Ras/Raf/MEK/ERK pathway Int J Oncol 22(3): 469-480.

Chauhan D., Li G., Podar K., Hideshima T., Neri P., He D. et al. (2005) A novel carbohydrate-based therapeutic 
GCS-100 overcomes bortezomib resistance and enhances dexamethasone-induced apoptosis in multiple 
myeloma cells. Cancer Res 65(18): 8350-8358.

Chen C., Duckworth C.A., Zhao Q., Pritchard D.M., Rhodes J.M. and Yu L.G. (2013) Increased circulation of 
galectin-3 in cancer induces secretion of metastasis-promoting cytokines from blood vascular endothelium. 
Clin Cancer Res 19(7): 1693-1704.

Chen C.Y. and Shyu A.B. (1995) AU-rich elements: characterization and importance in mRNA degradation. 
Trends Biochem Sci 20(11): 465-470.

Chen H.Y., Sharma B.B., Yu L., Zuberi R., Weng I.C., Kawakami Y. et al. (2006) Role of galectin-3 in mast cell 
functions: galectin-3-deficient mast cells exhibit impaired mediator release and defective JNK expression. J 
Immunol 177(8): 4991-4997.

Chen N. and Karantza V. (2011) Autophagy as a therapeutic target in cancer. Cancer Biol Ther 11(2): 157-168.

Chen X. and Resh M.D. (2001) Activation of mitogen-activated protein kinase by membrane-targeted Raf 
chimeras is independent of raft localization. J Biol Chem 276(37): 34617-34623.

Chen Z., Otto J.C., Bergo M.O., Young S.G. and Casey P.J. (2000) The C-terminal polylysine region and methylation 
of K-Ras are critical for the interaction between K-Ras and microtubules. J Biol Chem 275(52): 41251-41257.

Cheng M., Olivier P., Diehl J.A., Fero M., Roussel M.F., Roberts J.M. et al. (1999) The p21Cip1 and p27Kip1 CDK 
‘inhibitors’ are essential activators of cyclin D-dependent kinases in murine fibroblasts. Embo J 18(6): 1571-
1583.

Cheng R., Bradford S., Barnes D., Williams D., Hendricks J. and Bailey G. (1997) Cloning, sequencing, and 
embryonic expression of an N-ras proto-oncogene isolated from an enriched zebrafish (Danio rerio) cDNA 
library. Mol Mar Biol Biotechnol 6(1): 40-47.

Cheng Y.L., Huang W.C., Chen C.L., Tsai C.C., Wang C.Y., Chiu W.H. et al. (2011) Increased galectin-3 facilitates 
leukemia cell survival from apoptotic stimuli. Biochem Biophys Res Commun 412(2): 334-340.

Cheok C.F., Verma C.S., Baselga J. and Lane D.P. (2011) Translating p53 into the clinic. Nat Rev Clin Oncol 8(1): 
25-37.

Cheong T.C., Shin J.Y. and Chun K.H. (2010) Silencing of galectin-3 changes the gene expression and augments 
the sensitivity of gastric cancer cells to chemotherapeutic agents. Cancer Sci 101(1): 94-102.

Chevtzoff C., Vallortigara J., Averet N., Rigoulet M. and Devin A. (2005) The yeast cAMP protein kinase Tpk3p is 
involved in the regulation of mitochondrial enzymatic content during growth. Biochim Biophys Acta 1706(1-
2): 117-125.

Chiariotti L., Berlingieri M.T., Battaglia C., Benvenuto G., Martelli M.L., Salvatore P. et al. (1995) Expression of 
galectin-1 in normal human thyroid gland and in differentiated and poorly differentiated thyroid tumors. Int 
J Cancer 64(3): 171-175.

Choy E., Chiu V.K., Silletti J., Feoktistov M., Morimoto T., Michaelson D. et al. (1999) Endomembrane trafficking 
of ras: the CAAX motif targets proteins to the ER and Golgi. Cell 98(1): 69-80.



108108

General introduction - references

Chung L.Y., Tang S.J., Sun G.H., Chou T.Y., Yeh T.S., Yu S.L. et al. (2012) Galectin-1 promotes lung cancer progression 
and chemoresistance by upregulating p38 MAPK, ERK, and cyclooxygenase-2. Clin Cancer Res 18(15): 4037-
4047.

Cichowski K., Santiago S., Jardim M., Johnson B.W. and Jacks T. (2003) Dynamic regulation of the Ras pathway 
via proteolysis of the NF1 tumor suppressor. Genes Dev 17(4): 449-454.

Clark M.C., Pang M., Hsu D.K., Liu F.T., de Vos S., Gascoyne R.D. et al. (2012) Galectin-3 binds to CD45 on diffuse 
large B-cell lymphoma cells to regulate susceptibility to cell death. Blood 120(23): 4635-4644.

Clark S.G., McGrath J.P. and Levinson A.D. (1985) Expression of normal and activated human Ha-ras cDNAs in 
Saccharomyces cerevisiae. Mol Cell Biol 5(10): 2746-2752.

Clarke P., Meintzer S.M., Gibson S., Widmann C., Garrington T.P., Johnson G.L. et al. (2000) Reovirus-induced 
apoptosis is mediated by TRAIL. J Virol 74(17): 8135-8139.

Clausse N., van den Brule F., Waltregny D., Garnier F. and Castronovo V. (1999) Galectin-1 expression in 
prostate tumor-associated capillary endothelial cells is increased by prostate carcinoma cells and modulates 
heterotypic cell-cell adhesion. Angiogenesis 3(4): 317-325.

Coleman M.L., Marshall C.J. and Olson M.F. (2004) RAS and RHO GTPases in G1-phase cell-cycle regulation. Nat 
Rev Mol Cell Biol 5(5): 355-366.

Colicelli J. (2004) Human RAS superfamily proteins and related GTPases. Sci STKE 2004(250): Re13.

Colnot C., Ripoche M.A., Scaerou F., Foulis D. and Poirier F. (1996) Galectins in mouse embryogenesis. Biochem 
Soc Trans 24(1): 141-146.

Compagno D., Jaworski F.M., Gentilini L., Contrufo G., Gonzalez Perez I., Elola M.T. et al. (2014) Galectins: major 
signaling modulators inside and outside the cell. Curr Mol Med 14(5): 630-651.

Cooper D.N. and Barondes S.H. (1999) God must love galectins; he made so many of them. Glycobiology 9(10): 
979-984.

Cooper D.N. (2002) Galectinomics: finding themes in complexity. Biochim Biophys Acta 1572(2-3): 209-231.

Costanzo M., Nishikawa J.L., Tang X., Millman J.S., Schub O., Breitkreuz K. et al. (2004) CDK activity antagonizes 
Whi5, an inhibitor of G1/S transcription in yeast. Cell 117(7): 899-913.

Costanzo M., Baryshnikova A., Bellay J., Kim Y., Spear E.D., Sevier C.S. et al. (2010) The genetic landscape of a 
cell. Science 327(5964): 425-431.

Cowles E.A., Agrwal N., Anderson R.L. and Wang J.L. (1990) Carbohydrate-binding protein 35. Isoelectric points 
of the polypeptide and a phosphorylated derivative. J Biol Chem 265(29): 17706-17712.

Cox A.D. and Der C.J. (2002) Ras family signaling: therapeutic targeting. Cancer Biol Ther 1(6): 599-606.

Cox A.D. and Der C.J. (2003) The dark side of Ras: regulation of apoptosis. Oncogene 22(56): 8999-9006.

Cox A.D. and Der C.J. (2010) Ras history: the saga continues. Small GTPases 1(1): 2-27.

Craig S.S., Krishnaswamy P., Irani A.M., Kepley C.L., Liu F.T. and Schwartz L.B. (1995) Immunoelectron microscopic 
localization of galectin-3, an IgE binding protein, in human mast cells and basophils. Anat Rec 242(2): 211-
219.

Cummings R.D. and Liu F.T. (2009) Galectins. Essentials of Glycobiology. Varki, A., Cummings, R.D., Esko, J.D. et 
al. Cold Spring Harbor (NY), Cold Spring Harbor Laboratory Press.

Dagher S.F., Wang J.L. and Patterson R.J. (1995) Identification of galectin-3 as a factor in pre-mRNA splicing. 
Proc Natl Acad Sci U S A 92(4): 1213-1217.

Dai C.Y., Furth E.E., Mick R., Koh J., Takayama T., Niitsu Y. et al. (2000) p16INK4a expression begins early in human 
colon neoplasia and correlates inversely with markers of cell proliferation. Gastroenterology 119(4): 929-
942.

Dalotto-Moreno T., Croci D.O., Cerliani J.P., Martinez-Allo V.C., Dergan-Dylon S., Mendez-Huergo S.P. et al. (2013) 
Targeting galectin-1 overcomes breast cancer-associated immunosuppression and prevents metastatic 
disease. Cancer Res 73(3): 1107-1117.



109109

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Damak F., Boy-Marcotte E., Le-Roscouet D., Guilbaud R. and Jacquet M. (1991) SDC25, a CDC25-like gene which 
contains a RAS-activating domain and is a dispensable gene of Saccharomyces cerevisiae. Mol Cell Biol 
11(1): 202-212.

Dammann R., Yang G. and Pfeifer G.P. (2001) Hypermethylation of the cpG island of Ras association domain 
family 1A (RASSF1A), a putative tumor suppressor gene from the 3p21.3 locus, occurs in a large percentage 
of human breast cancers. Cancer Res 61(7): 3105-3109.

Danguy A., Camby I. and Kiss R. (2002) Galectins and cancer. Biochim Biophys Acta 1572(2-3): 285-293.

Danielsen E.M. and Hansen G.H. (2006) Lipid raft organization and function in brush borders of epithelial cells. 
Mol Membr Biol 23(1): 71-79.

Daroqui C.M., Ilarregui J.M., Rubinstein N., Salatino M., Toscano M.A., Vazquez P. et al. (2007) Regulation of 
galectin-1 expression by transforming growth factor b1 in metastatic mammary adenocarcinoma cells: 
implications for tumor-immune escape. Cancer Immunol Immunother 56(4): 491-499.

Datta S.R., Brunet A. and Greenberg M.E. (1999) Cellular survival: a play in three Akts. Genes Dev 13(22): 2905-
2927.

Daub H., Weiss F.U., Wallasch C. and Ullrich A. (1996) Role of transactivation of the EGF receptor in signalling by 
G-protein-coupled receptors. Nature 379(6565): 557-560.

de Boer R.A., van Veldhuisen D.J., Gansevoort R.T., Muller Kobold A.C., van Gilst W.H., Hillege H.L. et al. (2012) 
The fibrosis marker galectin-3 and outcome in the general population. J Intern Med 272(1): 55-64.

de Bruin R.A., McDonald W.H., Kalashnikova T.I., Yates J., 3rd and Wittenberg C. (2004) Cln3 activates G1-specific 
transcription via phosphorylation of the SBF bound repressor Whi5. Cell 117(7): 887-898.

de Oliveira F.L., Gatto M., Bassi N., Luisetto R., Ghirardello A., Punzi L. et al. (2015) Galectin-3 in autoimmunity 
and autoimmune diseases. Exp Biol Med 240(8): 1019-1028.

De Ruiter N.D., Burgering B.M. and Bos J.L. (2001) Regulation of the Forkhead transcription factor AFX by Ral-
dependent phosphorylation of threonines 447 and 451. Mol Cell Biol 21(23): 8225-8235.

Debray C., Vereecken P., Belot N., Teillard P., Brion J.P., Pandolfo M. et al. (2004) Multifaceted role of galectin-3 
on human glioblastoma cell motility. Biochem Biophys Res Commun 325(4): 1393-1398.

DeFeo-Jones D., Scolnick E.M., Koller R. and Dhar R. (1983) ras-Related gene sequences identified and isolated 
from Saccharomyces cerevisiae. Nature 306(5944): 707-709.

DeFeo-Jones D., Tatchell K., Robinson L.C., Sigal I.S., Vass W.C., Lowy D.R. et al. (1985) Mammalian and yeast ras 
gene products: biological function in their heterologous systems. Science 228(4696): 179-184.

Delgado V.M., Nugnes L.G., Colombo L.L., Troncoso M.F., Fernandez M.M., Malchiodi E.L. et al. (2011) 
Modulation of endothelial cell migration and angiogenesis: a novel function for the “tandem-repeat” lectin 
galectin-8. Faseb j 25(1): 242-254.

Delmas C., Manenti S., Boudjelal A., Peyssonnaux C., Eychene A. and Darbon J.M. (2001) The p42/p44 mitogen-
activated protein kinase activation triggers p27Kip1 degradation independently of CDK2/cyclin E in NIH 3T3 
cells. J Biol Chem 276(37): 34958-34965.

Demers M., Magnaldo T. and St-Pierre Y. (2005) A novel function for galectin-7: promoting tumorigenesis by 
up-regulating MMP-9 gene expression. Cancer Res 65(12): 5205-5210.

Demers M., Biron-Pain K., Hebert J., Lamarre A., Magnaldo T. and St-Pierre Y. (2007) Galectin-7 in lymphoma: 
elevated expression in human lymphoid malignancies and decreased lymphoma dissemination by antisense 
strategies in experimental model. Cancer Res 67(6): 2824-2829.

Demers M., Rose A.A., Grosset A.A., Biron-Pain K., Gaboury L., Siegel P.M. et al. (2010) Overexpression of 
galectin-7, a myoepithelial cell marker, enhances spontaneous metastasis of breast cancer cells. Am J Pathol 
176(6): 3023-3031.

Demetriou M., Granovsky M., Quaggin S. and Dennis J.W. (2001) Negative regulation of T-cell activation and 
autoimmunity by Mgat5 N-glycosylation. Nature 409(6821): 733-739.



110110

General introduction - references

Demotte N., Stroobant V., Courtoy P.J., Van Der Smissen P., Colau D., Luescher I.F. et al. (2008) Restoring the 
association of the T cell receptor with CD8 reverses anergy in human tumor-infiltrating lymphocytes. 
Immunity 28(3): 414-424.

Derks S., Postma C., Carvalho B., van den Bosch S.M., Moerkerk P.T., Herman J.G. et al. (2008) Integrated 
analysis of chromosomal, microsatellite and epigenetic instability in colorectal cancer identifies specific 
associations between promoter methylation of pivotal tumour suppressor and DNA repair genes and 
specific chromosomal alterations. Carcinogenesis 29(2): 434-439.

Desai N., Lee J., Upadhya R., Chu Y., Moir R.D. and Willis I.M. (2005) Two steps in Maf1-dependent repression 
of transcription by RNA polymerase III. J Biol Chem 280(8): 6455-6462.

Devillers A., Courjol F., Fradin C., Coste A., Poulain D., Pipy B. et al. (2013) Deficient b-mannosylation of Candida 
albicans phospholipomannan affects the proinflammatory response in macrophages. PLoS One 8(12): 
e84771.

Dhar R., Nieto A., Koller R., DeFeo-Jones D. and Scolnick E.M. (1984) Nucleotide sequence of two rasH related-
genes isolated from the yeast Saccharomyces cerevisiae. Nucleic Acids Res 12(8): 3611-3618.

Di Como C.J. and Prives C. (1998) Human tumor-derived p53 proteins exhibit binding site selectivity and 
temperature sensitivity for transactivation in a yeast-based assay. Oncogene 16(19): 2527-2539.

Di Fiore F., Blanchard F., Charbonnier F., Le Pessot F., Lamy A., Galais M.P. et al. (2007) Clinical relevance of KRAS 
mutation detection in metastatic colorectal cancer treated by Cetuximab plus chemotherapy. Br J Cancer 
96(8): 1166-1169.

Diehl J.A., Cheng M., Roussel M.F. and Sherr C.J. (1998) Glycogen synthase kinase-3b regulates cyclin D1 
proteolysis and subcellular localization. Genes Dev 12(22): 3499-3511.

Dietz A.B., Bulur P.A., Knutson G.J., Matasic R. and Vuk-Pavlovic S. (2000) Maturation of human monocyte-
derived dendritic cells studied by microarray hybridization. Biochem Biophys Res Commun 275(3): 731-738.

Dodd R.B. and Drickamer K. (2001) Lectin-like proteins in model organisms: implications for evolution of 
carbohydrate-binding activity. Glycobiology 11(5): 71r-79r.

Dong Y., Walsh M.D., McGuckin M.A., Gabrielli B.G., Cummings M.C., Wright R.G. et al. (1997) Increased 
expression of cyclin-dependent kinase inhibitor 2 (CDKN2A) gene product P16INK4A in ovarian cancer is 
associated with progression and unfavourable prognosis. Int J Cancer 74(1): 57-63.

Downward J. (1994) The GRB2/Sem-5 adaptor protein. FEBS Lett 338(2): 113-117.

Downward J. (1998) Ras signalling and apoptosis. Curr Opin Genet Dev 8(1): 49-54.

Downward J. (2003) Targeting RAS signalling pathways in cancer therapy. Nat Rev Cancer 3(1): 11-22.

Du K. and Montminy M. (1998) CREB is a regulatory target for the protein kinase Akt/PKB. J Biol Chem 273(49): 
32377-32379.

Dufner A. and Thomas G. (1999) Ribosomal S6 kinase signaling and the control of translation. Exp Cell Res 
253(1): 100-109.

Dumic J., Dabelić S. and Flögel M. (2002) Curcumin – a potent inhibitor of Galectin-3 expression. Food Technol 
Biotechnol 40(4): 281-288.

Dumic J., Dabelić S. and Flögel M. (2006) Galectin-3: an open-ended story. Biochim Biophys Acta 1760: 616–635.

Dunphy J.L., Balic A., Barcham G.J., Horvath A.J., Nash A.D. and Meeusen E.N. (2000) Isolation and characterization 
of a novel inducible mammalian galectin. J Biol Chem 275(41): 32106-32113.

Dunphy J.L., Barcham G.J., Bischof R.J., Young A.R., Nash A. and Meeusen E.N. (2002) Isolation and characterization 
of a novel eosinophil-specific galectin released into the lungs in response to allergen challenge. J Biol Chem 
277(17): 14916-14924.

Dvorak A.M., Furitsu T., Letourneau L., Ishizaka T. and Ackerman S.J. (1991) Mature eosinophils stimulated 
to develop in human cord blood mononuclear cell cultures supplemented with recombinant human 
interleukin-5. Part I. Piecemeal degranulation of specific granules and distribution of Charcot-Leyden crystal 
protein. Am J Pathol 138(1): 69-82.



111111

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Dvorak A.M., Ackerman S.J., Furitsu T., Estrella P., Letourneau L. and Ishizaka T. (1992) Mature eosinophils 
stimulated to develop in human-cord blood mononuclear cell cultures supplemented with recombinant 
human interleukin-5. II. Vesicular transport of specific granule matrix peroxidase, a mechanism for effecting 
piecemeal degranulation. Am J Pathol 140(4): 795-807.

Dvorankova B., Lacina L., Smetana K., Jr., Lensch M., Manning J.C., André S. et al. (2008) Human galectin-2: 
nuclear presence in vitro and its modulation by quiescence/stress factors. Histol Histopathol 23(2): 167-178.

Earl L.A., Bi S. and Baum L.G. (2010) N- and O-glycans modulate galectin-1 binding, CD45 signaling, and T cell 
death. J Biol Chem 285(4): 2232-2244.

Eastmond D.L. and Nelson H.C. (2006) Genome-wide analysis reveals new roles for the activation domains 
of the Saccharomyces cerevisiae heat shock transcription factor (Hsf1) during the transient heat shock 
response. J Biol Chem 281(43): 32909-32921.

Ebinu J.O., Bottorff D.A., Chan E.Y., Stang S.L., Dunn R.J. and Stone J.C. (1998) RasGRP, a Ras guanyl nucleotide- 
releasing protein with calcium- and diacylglycerol-binding motifs. Science 280(5366): 1082-1086.

Efferth T. (2012) Signal transduction pathways of the epidermal growth factor receptor in colorectal cancer and 
their inhibition by small molecules. Curr Med Chem 19(33): 5735-5744.

Eisenberg S., Shvartsman D.E., Ehrlich M. and Henis Y.I. (2006) Clustering of raft-associated proteins in the 
external membrane leaflet modulates internal leaflet H-ras diffusion and signaling. Mol Cell Biol 26(19): 
7190-7200.

Elad-Sfadia G., Haklai R., Ballan E., Gabius H.J. and Kloog Y. (2002) Galectin-1 augments Ras activation and 
diverts Ras signals to Raf-1 at the expense of phosphoinositide 3-kinase. J Biol Chem 277(40): 37169-37175.

Elad-Sfadia G., Haklai R., Balan E. and Kloog Y. (2004) Galectin-3 augments K-Ras activation and triggers a Ras 
signal that attenuates ERK but not phosphoinositide 3-kinase activity. J Biol Chem 279(33): 34922-34930.

Elgendy M., Sheridan C., Brumatti G. and Martin S.J. (2011) Oncogenic Ras-induced expression of Noxa and 
Beclin-1 promotes autophagic cell death and limits clonogenic survival. Mol Cell 42(1): 23-35.

Ellerhorst J., Nguyen T., Cooper D.N., Lotan D. and Lotan R. (1999a) Differential expression of endogenous 
galectin-1 and galectin-3 in human prostate cancer cell lines and effects of overexpressing galectin-1 on cell 
phenotype. Int J Oncol 14(2): 217-224.

Ellerhorst J., Nguyen T., Cooper D.N., Estrov Y., Lotan D. and Lotan R. (1999b) Induction of differentiation and 
apoptosis in the prostate cancer cell line LNCaP by sodium butyrate and galectin-1. Int J Oncol 14(2): 225-
232.

Ellerhorst J.A., Stephens L.C., Nguyen T. and Xu X.C. (2002) Effects of galectin-3 expression on growth and 
tumorigenicity of the prostate cancer cell line LNCaP. Prostate 50(1): 64-70.

Elliott M.J., Strasser A. and Metcalf D. (1991) Selective up-regulation of macrophage function in granulocyte-
macrophage colony-stimulating factor transgenic mice. J Immunol 147(9): 2957-2963.

Endo K., Kohnoe S., Tsujita E., Watanabe A., Nakashima H., Baba H. et al. (2005) Galectin-3 expression is a 
potent prognostic marker in colorectal cancer. Anticancer Res 25(4): 3117-3121.

Engel S.R., Dietrich F.S., Fisk D.G., Binkley G., Balakrishnan R., Costanzo M.C. et al. (2014) The reference genome 
sequence of Saccharomyces cerevisiae: then and now. G3 (Bethesda) 4(3): 389-398.

England N.L., Cuthbert A.P., Trott D.A., Jezzard S., Nobori T., Carson D.A. et al. (1996) Identification of human 
tumour suppressor genes by monochromosome transfer: rapid growth-arrest response mapped to 9p21 
is mediated solely by the cyclin-D-dependent kinase inhibitor gene, CDKN2A (p16INK4A). Carcinogenesis 
17(8): 1567-1575.

Erhardt P., Schremser E.J. and Cooper G.M. (1999) B-Raf inhibits programmed cell death downstream of 
cytochrome c release from mitochondria by activating the MEK/Erk pathway. Mol Cell Biol 19(8): 5308-
5315.

Eshkar Sebban L., Ronen D., Levartovsky D., Elkayam O., Caspi D., Aamar S. et al. (2007) The involvement of 
CD44 and its novel ligand galectin-8 in apoptotic regulation of autoimmune inflammation. J Immunol 
179(2): 1225-1235.



112112

General introduction - references

Esteban A., Popp M.W., Vyas V.K., Strijbis K., Ploegh H.L. and Fink G.R. (2011) Fungal recognition is mediated by 
the association of dectin-1 and galectin-3 in macrophages. Proc Natl Acad Sci U S A 108(34): 14270-14275.

Esteban L.M., Vicario-Abejon C., Fernandez-Salguero P., Fernandez-Medarde A., Swaminathan N., Yienger K. 
et al. (2001) Targeted genomic disruption of H-ras and N-ras, individually or in combination, reveals the 
dispensability of both loci for mouse growth and development. Mol Cell Biol 21(5): 1444-1452.

Esteller M., Corn P.G., Baylin S.B. and Herman J.G. (2001) A gene hypermethylation profile of human cancer. 
Cancer Res 61(8): 3225-3229.

Fabrizio P., Liou L.L., Moy V.N., Diaspro A., Valentine J.S., Gralla E.B. et al. (2003) SOD2 functions downstream of 
Sch9 to extend longevity in yeast. Genetics 163(1): 35-46.

Fabrizio P., Battistella L., Vardavas R., Gattazzo C., Liou L.L., Diaspro A. et al. (2004) Superoxide is a mediator of 
an altruistic aging program in Saccharomyces cerevisiae. J Cell Biol 166(7): 1055-1067.

Fajka-Boja R., Blasko A., Kovacs-Solyom F., Szebeni G.J., Toth G.K. and Monostori E. (2008) Co-localization of 
galectin-1 with GM1 ganglioside in the course of its clathrin- and raft-dependent endocytosis. Cell Mol Life 
Sci 65(16): 2586-2593.

Fang X., Yu S., Eder A., Mao M., Bast R.C., Jr., Boyd D. et al. (1999) Regulation of BAD phosphorylation at serine 
112 by the Ras-mitogen-activated protein kinase pathway. Oncogene 18(48): 6635-6640.

Fannjiang Y., Cheng W.C., Lee S.J., Qi B., Pevsner J., McCaffery J.M. et al. (2004) Mitochondrial fission proteins 
regulate programmed cell death in yeast. Genes Dev 18(22): 2785-2797.

Farnworth S.L., Henderson N.C., Mackinnon A.C., Atkinson K.M., Wilkinson T., Dhaliwal K. et al. (2008) Galectin-3 
reduces the severity of Pneumococcal pneumonia by augmenting neutrophil function. Am J Pathol 172(2): 
395-405.

Feramisco J.R., Gross M., Kamata T., Rosenberg M. and Sweet R.W. (1984) Microinjection of the oncogene form 
of the human H-ras (T-24) protein results in rapid proliferation of quiescent cells. Cell 38(1): 109-117.

Ferguson S.B., Anderson E.S., Harshaw R.B., Thate T., Craig N.L. and Nelson H.C. (2005) Protein kinase A regulates 
constitutive expression of small heat-shock genes in an Msn2/4p-independent and Hsf1p-dependent 
manner in Saccharomyces cerevisiae. Genetics 169(3): 1203-1214.

Fernandez G.C., Ilarregui J.M., Rubel C.J., Toscano M.A., Gomez S.A., Beigier Bompadre M. et al. (2005) 
Galectin-3 and soluble fibrinogen act in concert to modulate neutrophil activation and survival: involvement 
of alternative MAPK pathways. Glycobiology 15(5): 519-527.

Feuerstein J., Goody R.S. and Wittinghofer A. (1987) Preparation and characterization of nucleotide-free and 
metal ion-free p21 “apoprotein”. J Biol Chem 262(18): 8455-8458.

Feuk-Lagerstedt E., Jordan E.T., Leffler H., Dahlgren C. and Karlsson A. (1999) Identification of CD66a and CD66b 
as the major galectin-3 receptor candidates in human neutrophils. J Immunol 163(10): 5592-5598.

Fields S. and Song O. (1989) A novel genetic system to detect protein-protein interactions. Nature 340(6230): 
245-246.

Fields S. and Jang S.K. (1990) Presence of a potent transcription activating sequence in the p53 protein. Science 
249(4972): 1046-1049.

Fields S. and Johnston M. (2005) Cell biology. Whither model organism research? Science 307(5717): 1885-
1886.

Fields S. (2009) Interactive learning: lessons from two hybrids over two decades. Proteomics 9(23): 5209-5213.

Fingerman I., Nagaraj V., Norris D. and Vershon A.K. (2003) Sfp1 plays a key role in yeast ribosome biogenesis. 
Eukaryot Cell 2(5): 1061-1068.

Flattery-O’Brien J.A., Grant C.M. and Dawes I.W. (1997) Stationary-phase regulation of the Saccharomyces 
cerevisiae SOD2 gene is dependent on additive effects of HAP2/3/4/5- and STRE-binding elements. Mol 
Microbiol 23(2): 303-312.

Flotte T.J., Springer T.A. and Thorbecke G.J. (1983) Dendritic cell and macrophage staining by monoclonal 
antibodies in tissue sections and epidermal sheets. Am J Pathol 111(1): 112-124.



113113

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Forbes S., Clements J., Dawson E., Bamford S., Webb T., Dogan A. et al. (2006) COSMIC 2005. Br J Cancer 94(2): 
318-322.

Forbes S.A., Bindal N., Bamford S., Cole C., Kok C.Y., Beare D. et al. (2011) COSMIC: mining complete cancer 
genomes in the Catalogue of Somatic Mutations in Cancer. Nucleic Acids Res 39(Database issue): D945-950.

Fordyce C., Fessenden T., Pickering C., Jung J., Singla V., Berman H. et al. (2010) DNA damage drives an activin 
a-dependent induction of cyclooxygenase-2 in premalignant cells and lesions. Cancer Prev Res (Phila) 3(2): 
190-201.

Fouillit M., Joubert-Caron R., Poirier F., Bourin P., Monostori E., Levi-Strauss M. et al. (2000) Regulation of CD45-
induced signaling by galectin-1 in Burkitt lymphoma B cells. Glycobiology 10(4): 413-419.

Foury F. (1997) Human genetic diseases: a cross-talk between man and yeast. Gene 195(1): 1-10.

Fowler M., Thomas R.J., Atherton J., Roberts I.S. and High N.J. (2006) Galectin-3 binds to Helicobacter pylori 
O-antigen: it is upregulated and rapidly secreted by gastric epithelial cells in response to H. pylori adhesion. 
Cell Microbiol 8(1): 44-54.

Fradin C., Poulain D. and Jouault T. (2000) b-1,2-linked oligomannosides from Candida albicans bind to a 
32-kilodalton macrophage membrane protein homologous to the mammalian lectin galectin-3. Infect 
Immun 68(8): 4391-4398.

Fraenkel D.G. (1985) On ras gene function in yeast. Proc Natl Acad Sci U S A 82(14): 4740-4744.

Francois J., Van Schaftingen E. and Hers H.G. (1984) The mechanism by which glucose increases fructose 
2,6-bisphosphate concentration in Saccharomyces cerevisiae. A cyclic-AMP-dependent activation of 
phosphofructokinase 2. Eur J Biochem 145(1): 187-193.

Francois J. and Hers H.G. (1988) The control of glycogen metabolism in yeast. 2. A kinetic study of the two forms 
of glycogen synthase and of glycogen phosphorylase and an investigation of their interconversion in a cell-
free extract. Eur J Biochem 174(3): 561-567.

Franken S.M., Scheidig A.J., Krengel U., Rensland H., Lautwein A., Geyer M. et al. (1993) Three-dimensional 
structures and properties of a transforming and a nontransforming glycine-12 mutant of p21H-ras. 
Biochemistry 32(33): 8411-8420.

Frattini M., Saletti P., Romagnani E., Martin V., Molinari F., Ghisletta M. et al. (2007) PTEN loss of expression 
predicts cetuximab efficacy in metastatic colorectal cancer patients. Br J Cancer 97(8): 1139-1145.

Frigeri L.G., Zuberi R.I. and Liu F.T. (1993) eBP, a b-galactoside-binding animal lectin, recognizes IgE receptor 
(FceRI) and activates mast cells. Biochemistry 32(30): 7644-7649.

Frohlich K.U., Fussi H. and Ruckenstuhl C. (2007) Yeast apoptosis - from genes to pathways. Semin Cancer Biol 
17(2): 112-121.

Fronza G., Inga A., Monti P., Scott G., Campomenosi P., Menichini P. et al. (2000) The yeast p53 functional assay: 
a new tool for molecular epidemiology. Hopes and facts. Mutat Res 462(2-3): 293-301.

Fueyo J., Gomez-Manzano C., Bruner J.M., Saito Y., Zhang B., Zhang W. et al. (1996) Hypermethylation of the 
CpG island of p16/CDKN2 correlates with gene inactivation in gliomas. Oncogene 13(8): 1615-1619.

Fujita M., Enomoto T., Haba T., Nakashima R., Sasaki M., Yoshino K. et al. (1997) Alteration of p16 and p15 genes 
in common epithelial ovarian tumors. Int J Cancer 74(2): 148-155.

Fujiyama A. and Tamanoi F. (1986) Processing and fatty acid acylation of RAS1 and RAS2 proteins in Saccharomyces 
cerevisiae. Proc Natl Acad Sci U S A 83(5): 1266-1270.

Fujiyama A. and Tamanoi F. (1990) RAS2 protein of Saccharomyces cerevisiae undergoes removal of methionine 
at N terminus and removal of three amino acids at C terminus. J Biol Chem 265(6): 3362-3368.

Fujiyama A., Tsunasawa S., Tamanoi F. and Sakiyama F. (1991) S-farnesylation and methyl esterification of 
C-terminal domain of yeast RAS2 protein prior to fatty acid acylation. J Biol Chem 266(27): 17926-17931.

Fukui Y. and Kaziro Y. (1985) Molecular cloning and sequence analysis of a ras gene from Schizosaccharomyces 
pombe. Embo J 4(3): 687-691.



114114

General introduction - references

Fukui Y., Kozasa T., Kaziro Y., Takeda T. and Yamamoto M. (1986) Role of a ras homolog in the life cycle of 
Schizosaccharomyces pombe. Cell 44(2): 329-336.

Fukumori T., Takenaka Y., Yoshii T., Kim H.R., Hogan V., Inohara H. et al. (2003) CD29 and CD7 mediate galectin-
3-induced type II T-cell apoptosis. Cancer Res 63(23): 8302-8311.

Fukumori T., Takenaka Y., Oka N., Yoshii T., Hogan V., Inohara H. et al. (2004) Endogenous galectin-3 determines 
the routing of CD95 apoptotic signaling pathways. Cancer Res 64(10): 3376-3379.

Fukumori T., Oka N., Takenaka Y., Nangia-Makker P., Elsamman E., Kasai T. et al. (2006) Galectin-3 regulates 
mitochondrial stability and antiapoptotic function in response to anticancer drug in prostate cancer. Cancer 
Res 66(6): 3114-3119.

Fukushi J., Makagiansar I.T. and Stallcup W.B. (2004) NG2 proteoglycan promotes endothelial cell motility and 
angiogenesis via engagement of galectin-3 and α3b1 integrin. Mol Biol Cell 15(8): 3580-3590.

Funasaka T., Raz A. and Nangia-Makker P. (2014) Galectin-3 in angiogenesis and metastasis. Glycobiology 
24(10): 886-891.

Furtak V., Hatcher F. and Ochieng J. (2001) Galectin-3 mediates the endocytosis of b-1 integrins by breast 
carcinoma cells. Biochem Biophys Res Commun 289(4): 845-850.

Furuta S., Hidaka E., Ogata A., Yokota S. and Kamata T. (2004) Ras is involved in the negative control of autophagy 
through the class I PI3-kinase. Oncogene 23(22): 3898-3904.

Gabius H.J. (2000) Biological information transfer beyond the genetic code: the sugar code. Naturwissenschaften 
87(3): 108-121.

Gabius H.J., André S., Kaltner H. and Siebert H.C. (2002) The sugar code: functional lectinomics. Biochim Biophys 
Acta 1572(2-3): 165-177.

Gabius H.J., Siebert H.C., André S., Jimenez-Barbero J. and Rudiger H. (2004) Chemical biology of the sugar 
code. Chembiochem 5(6): 740-764.

Gabius H.J., André S., Jimenez-Barbero J., Romero A. and Solis D. (2011) From lectin structure to functional 
glycomics: principles of the sugar code. Trends Biochem Sci 36(6): 298-313.

Gabius H.J. and Kayser K. (2014) Introduction to glycopathology: the concept, the tools and the perspectives. 
Diagn Pathol 9: 4.

Gancedo J.M. (2008) The early steps of glucose signalling in yeast. FEMS Microbiol Rev 32(4): 673-704.

Garay E., Campos S.E., González de la Cruz J., Gaspar A.P., Jinich A. and DeLuna A. (2014) High-resolution 
profiling of stationary-phase survival reveals yeast longevity factors and their genetic interactions. PLOS 
Genet 10(2): e1004168.

Garin J., Diez R., Kieffer S., Dermine J.F., Duclos S., Gagnon E. et al. (2001) The phagosome proteome: insight 
into phagosome functions. J Cell Biol 152(1): 165-180.

Garmendia-Torres C., Goldbeter A. and Jacquet M. (2007) Nucleocytoplasmic oscillations of the yeast 
transcription factor Msn2: evidence for periodic PKA activation. Curr Biol 17(12): 1044-1049.

Garner O.B. and Baum L.G. (2008) Galectin-glycan lattices regulate cell-surface glycoprotein organization and 
signalling. Biochem Soc Trans 36(6): 1472-1477.

Gasch A.P., Spellman P.T., Kao C.M., Carmel-Harel O., Eisen M.B., Storz G. et al. (2000) Genomic expression 
programs in the response of yeast cells to environmental changes. Mol Biol Cell 11(12): 4241-4257.

Gauthier S., Pelletier I., Ouellet M., Vargas A., Tremblay M.J., Sato S. et al. (2008) Induction of galectin-1 
expression by HTLV-I Tax and its impact on HTLV-I infectivity. Retrovirology 5: 105.

Geballe A.P. and Morris D.R. (1994) Initiation codons within 5’-leaders of mRNAs as regulators of translation. 
Trends Biochem Sci 19(4): 159-164.

Geradts J., Kratzke R.A., Niehans G.A. and Lincoln C.E. (1995) Immunohistochemical detection of the cyclin-
dependent kinase inhibitor 2/multiple tumor suppressor gene 1 (CDKN2/MTS1) product p16INK4A in 
archival human solid tumors: correlation with retinoblastoma protein expression. Cancer Res 55(24): 6006-
6011.



115115

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Ghaemmaghami S., Huh W.K., Bower K., Howson R.W., Belle A., Dephoure N. et al. (2003) Global analysis of 
protein expression in yeast. Nature 425(6959): 737-741.

Giaever G., Shoemaker D.D., Jones T.W., Liang H., Winzeler E.A., Astromoff A. et al. (1999) Genomic profiling of 
drug sensitivities via induced haploinsufficiency. Nat Genet 21(3): 278-283.

Giaever G., Chu A.M., Ni L., Connelly C., Riles L., Veronneau S. et al. (2002) Functional profiling of the 
Saccharomyces cerevisiae genome. Nature 418(6896): 387-391.

Gibbs J.B., Schaber M.D., Allard W.J., Sigal I.S. and Scolnick E.M. (1988) Purification of ras GTPase activating 
protein from bovine brain. Proc Natl Acad Sci U S A 85(14): 5026-5030.

Gibbs J.B. and Marshall M.S. (1989) The ras oncogene--an important regulatory element in lower eucaryotic 
organisms. Microbiol Rev 53(2): 171-185.

Gigoux V., L’Hoste S., Raynaud F., Camonis J. and Garbay C. (2002) Identification of Aurora kinases as RasGAP Src 
homology 3 domain-binding proteins. J Biol Chem 277(26): 23742-23746.

Gille H. and Downward J. (1999) Multiple ras effector pathways contribute to G(1) cell cycle progression. J Biol 
Chem 274(31): 22033-22040.

Gire V., Marshall C. and Wynford-Thomas D. (2000) PI-3-kinase is an essential anti-apoptotic effector in the 
proliferative response of primary human epithelial cells to mutant RAS. Oncogene 19(19): 2269-2276.

Gitt M.A., Wiser M.F., Leffler H., Herrmann J., Xia Y.R., Massa S.M. et al. (1995) Sequence and mapping of 
galectin-5, a b-galactoside-binding lectin, found in rat erythrocytes. J Biol Chem 270(10): 5032-5038.

Glinskii O.V., Huxley V.H., Glinsky G.V., Pienta K.J., Raz A. and Glinsky V.V. (2005) Mechanical entrapment is 
insufficient and intercellular adhesion is essential for metastatic cell arrest in distant organs. Neoplasia 7(5): 
522-527.

Glinskii O.V., Sud S., Mossine V.V., Mawhinney T.P., Anthony D.C., Glinsky G.V. et al. (2012) Inhibition of prostate 
cancer bone metastasis by synthetic TF antigen mimic/galectin-3 inhibitor lactulose-L-leucine. Neoplasia 
14(1): 65-73.

Glinsky V.V., Glinsky G.V., Rittenhouse-Olson K., Huflejt M.E., Glinskii O.V., Deutscher S.L. et al. (2001) The role of 
Thomsen-Friedenreich antigen in adhesion of human breast and prostate cancer cells to the endothelium. 
Cancer Res 61(12): 4851-4857.

Goetz J.G., Joshi B., Lajoie P., Strugnell S.S., Scudamore T., Kojic L.D. et al. (2008) Concerted regulation of focal 
adhesion dynamics by galectin-3 and tyrosine-phosphorylated caveolin-1. J Cell Biol 180(6): 1261-1275.

Goffeau A., Barrell B.G., Bussey H., Davis R.W., Dujon B., Feldmann H. et al. (1996) Life with 6000 genes. Science 
274(5287): 546, 563-547.

Gonsalves W.I., Mahoney M.R., Sargent D.J., Nelson G.D., Alberts S.R., Sinicrope F.A. et al. (2014) Patient and 
tumor characteristics and BRAF and KRAS mutations in colon cancer, NCCTG/Alliance N0147. J Natl Cancer 
Inst 106(7).

Gonzalez S. and Serrano M. (2006) A new mechanism of inactivation of the INK4/ARF locus. Cell Cycle 5(13): 
1382-1384.

Goodman L.E., Judd S.R., Farnsworth C.C., Powers S., Gelb M.H., Glomset J.A. et al. (1990) Mutants of 
Saccharomyces cerevisiae defective in the farnesylation of Ras proteins. Proc Natl Acad Sci U S A 87(24): 
9665-9669.

Goodwin J.S., Drake K.R., Rogers C., Wright L., Lippincott-Schwartz J., Philips M.R. et al. (2005) Depalmitoylated 
Ras traffics to and from the Golgi complex via a nonvesicular pathway. J Cell Biol 170(2): 261-272.

Gorner W., Durchschlag E., Martinez-Pastor M.T., Estruch F., Ammerer G., Hamilton B. et al. (1998) Nuclear 
localization of the C2H2 zinc finger protein Msn2p is regulated by stress and protein kinase A activity. Genes 
Dev 12(4): 586-597.

Gorner W., Durchschlag E., Wolf J., Brown E.L., Ammerer G., Ruis H. et al. (2002) Acute glucose starvation 
activates the nuclear localization signal of a stress-specific yeast transcription factor. Embo J 21(1-2): 135-
144.



116116

General introduction - references

Gourlay C.W., Carpp L.N., Timpson P., Winder S.J. and Ayscough K.R. (2004) A role for the actin cytoskeleton in 
cell death and aging in yeast. J Cell Biol 164(6): 803-809.

Gourlay C.W. and Ayscough K.R. (2005a) The actin cytoskeleton: a key regulator of apoptosis and ageing? Nat 
Rev Mol Cell Biol 6(7): 583-589.

Gourlay C.W. and Ayscough K.R. (2005b) Identification of an upstream regulatory pathway controlling actin-
mediated apoptosis in yeast. J Cell Sci 118(10): 2119-2132.

Gourlay C.W. and Ayscough K.R. (2006) Actin-induced hyperactivation of the Ras signaling pathway leads to 
apoptosis in Saccharomyces cerevisiae. Mol Cell Biol 26(17): 6487-6501.

Gourlay C.W., Du W. and Ayscough K.R. (2006) Apoptosis in yeast--mechanisms and benefits to a unicellular 
organism. Mol Microbiol 62(6): 1515-1521.

Graus-Porta D., Beerli R.R., Daly J.M. and Hynes N.E. (1997) ErbB-2, the preferred heterodimerization partner 
of all ErbB receptors, is a mediator of lateral signaling. EMBO J 16(7): 1647-1655.

Gready J. and Zelensky A.N. (2009) Routes in lectin evolution: case study of the C-type lectin-like domains. The 
Sugar Code: fundamentals of Glycosciences. Gabius, H.-J. Weinheim, Germany, Wiley-Blackwell: 329–346.

Gremer L., Gilsbach B., Ahmadian M.R. and Wittinghofer A. (2008) Fluoride complexes of oncogenic Ras 
mutants to study the Ras-RasGap interaction. Biol Chem 389(9): 1163-1171.

Guan K.L., Jenkins C.W., Li Y., O’Keefe C.L., Noh S., Wu X. et al. (1996) Isolation and characterization of p19INK4d, 
a p16-related inhibitor specific to CDK6 and CDK4. Mol Biol Cell 7(1): 57-70.

Guan R.J., Fu Y., Holt P.R. and Pardee A.B. (1999) Association of K-ras mutations with p16 methylation in human 
colon cancer. Gastroenterology 116(5): 1063-1071.

Guaragnella N., Palermo V., Galli A., Moro L., Mazzoni C. and Giannattasio S. (2014) The expanding role of yeast 
in cancer research and diagnosis: insights into the function of the oncosuppressors p53 and BRCA1/2. FEMS 
Yeast Res 14(1): 2-16.

Guha P., Bandyopadhyaya G., Polumuri S.K., Chumsri S., Gade P., Kalvakolanu D.V. et al. (2014) Nicotine promotes 
apoptosis resistance of breast cancer cells and enrichment of side population cells with cancer stem cell-like 
properties via a signaling cascade involving galectin-3, α9 nicotinic acetylcholine receptor and STAT3. Breast 
Cancer Res Treat 145(1): 5-22.

Guo J.Y., Chen H.Y., Mathew R., Fan J., Strohecker A.M., Karsli-Uzunbas G. et al. (2011) Activated Ras requires 
autophagy to maintain oxidative metabolism and tumorigenesis. Genes Dev 25(5): 460-470.

Gupta S.K., Masinick S., Garrett M. and Hazlett L.D. (1997) Pseudomonas aeruginosa lipopolysaccharide binds 
galectin-3 and other human corneal epithelial proteins. Infect Immun 65(7): 2747-2753.

Hahn J.S., Hu Z., Thiele D.J. and Iyer V.R. (2004) Genome-wide analysis of the biology of stress responses through 
heat shock transcription factor. Mol Cell Biol 24(12): 5249-5256.

Hall M., Bates S. and Peters G. (1995) Evidence for different modes of action of cyclin-dependent kinase 
inhibitors: p15 and p16 bind to kinases, p21 and p27 bind to cyclins. Oncogene 11(8): 1581-1588.

Hamann K.K., Cowles E.A., Wang J.L. and Anderson R.L. (1991) Expression of carbohydrate binding protein 
35 in human fibroblasts: variations in the levels of mRNA, protein, and isoelectric species as a function of 
replicative competence. Exp Cell Res 196(1): 82-91.

Han M. and Sternberg P.W. (1990) let-60, a gene that specifies cell fates during C. elegans vulval induction, 
encodes a ras protein. Cell 63(5): 921-931.

Hanada M., Aime-Sempe C., Sato T. and Reed J.C. (1995) Structure-function analysis of Bcl-2 protein. 
Identification of conserved domains important for homodimerization with Bcl-2 and heterodimerization 
with Bax. J Biol Chem 270(20): 11962-11969.

Hancock J.F., Magee A.I., Childs J.E. and Marshall C.J. (1989) All ras proteins are polyisoprenylated but only 
some are palmitoylated. Cell 57(7): 1167-1177.

Hancock J.F., Paterson H. and Marshall C.J. (1990) A polybasic domain or palmitoylation is required in addition 
to the CAAX motif to localize p21ras to the plasma membrane. Cell 63(1): 133-139.



117117

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Hancock J.F. (2003) Ras proteins: different signals from different locations. Nat Rev Mol Cell Biol 4(5): 373-384.

Hancock J.F. and Parton R.G. (2005) Ras plasma membrane signalling platforms. Biochem J 389(1): 1-11.

Hannon G.J. and Beach D. (1994) p15INK4B is a potential effector of TGF-b-induced cell cycle arrest. Nature 
371(6494): 257-261.

Hara E., Smith R., Parry D., Tahara H., Stone S. and Peters G. (1996) Regulation of p16CDKN2 expression and its 
implications for cell immortalization and senescence. Mol Cell Biol 16(3): 859-867.

Harding A.S. and Hancock J.F. (2008) Using plasma membrane nanoclusters to build better signaling circuits. 
Trends Cell Biol 18(8): 364-371.

Hardonk M.J. and Scholtens H.B. (1980) A histochemical study about the zonal distribution of the galactose-
binding protein in rat liver. Histochemistry 69(3): 289-297.

Harduin-Lepers A., Vallejo-Ruiz V., Krzewinski-Recchi M.A., Samyn-Petit B., Julien S. and Delannoy P. (2001) The 
human sialyltransferase family. Biochimie 83(8): 727-737.

Harris H. (1988) The analysis of malignancy by cell fusion: the position in 1988. Cancer Res 48(12): 3302-3306.

Hartwell L.H. and Unger M.W. (1977) Unequal division in Saccharomyces cerevisiae and its implications for the 
control of cell division. J Cell Biol 75(2): 422-435.

Hayashi H., Cuddy M., Shu V.C., Yip K.W., Madiraju C., Diaz P. et al. (2009) Versatile assays for high throughput 
screening for activators or inhibitors of intracellular proteases and their cellular regulators. PLoS One 4(10): 
e7655.

Haziot A., Hijiya N., Gangloff S.C., Silver J. and Goyert S.M. (2001) Induction of a novel mechanism of accelerated 
bacterial clearance by lipopolysaccharide in CD14-deficient and Toll-like receptor 4-deficient mice. J 
Immunol 166(2): 1075-1078.

He J. and Baum L.G. (2006) Endothelial cell expression of galectin-1 induced by prostate cancer cells inhibits 
T-cell transendothelial migration. Lab Invest 86(6): 578-590.

Hebert E. and Monsigny M. (1994) Galectin-3 mRNA level depends on transformation phenotype in ras-
transformed NIH 3T3 cells. Biol Cell 81(1): 73-76.

Heinicke S., Livstone M.S., Lu C., Oughtred R., Kang F., Angiuoli S.V. et al. (2007) The Princeton Protein Orthology 
Database (P-POD): a comparative genomics analysis tool for biologists. PLoS One 2(8): e766.

Herbert T.P., Tee A.R. and Proud C.G. (2002) The extracellular signal-regulated kinase pathway regulates the 
phosphorylation of 4E-BP1 at multiple sites. J Biol Chem 277(13): 11591-11596.

Herker E., Jungwirth H., Lehmann K.A., Maldener C., Frohlich K.U., Wissing S. et al. (2004) Chronological aging 
leads to apoptosis in yeast. J Cell Biol 164(4): 501-507.

Herman J.G., Merlo A., Mao L., Lapidus R.G., Issa J.P., Davidson N.E. et al. (1995) Inactivation of the CDKN2/p16/
MTS1 gene is frequently associated with aberrant DNA methylation in all common human cancers. Cancer 
Res 55(20): 4525-4530.

Herrmann C. (2003) Ras-effector interactions: after one decade. Curr Opin Struct Biol 13(1): 122-129.

Hibbs M.A., Hess D.C., Myers C.L., Huttenhower C., Li K. and Troyanskaya O.G. (2007) Exploring the functional 
landscape of gene expression: directed search of large microarray compendia. Bioinformatics 23(20): 2692-
2699.

Hikita C., Vijayakumar S., Takito J., Erdjument-Bromage H., Tempst P. and Al-Awqati Q. (2000) Induction of 
terminal differentiation in epithelial cells requires polymerization of hensin by galectin 3. J Cell Biol 151(6): 
1235-1246.

Hirabayashi H., Fujii Y., Sakaguchi M., Tanaka H., Yoon H.E., Komoto Y. et al. (1997) p16INK4, pRB, p53 and cyclin 
D1 expression and hypermethylation of CDKN2 gene in thymoma and thymic carcinoma. Int J Cancer 73(5): 
639-644.

Hirabayashi J. and Kasai K. (1993) The family of metazoan metal-independent b-galactoside-binding lectins: 
structure, function and molecular evolution. Glycobiology 3(4): 297-304.



118118

General introduction - references

Hirabayashi J., Hashidate T., Arata Y., Nishi N., Nakamura T., Hirashima M. et al. (2002) Oligosaccharide specificity 
of galectins: a search by frontal affinity chromatography. Biochim Biophys Acta 1572(2-3): 232-254.

Hirama T. and Koeffler H.P. (1995) Role of the cyclin-dependent kinase inhibitors in the development of cancer. 
Blood 86(3): 841-854.

Hittelet A., Legendre H., Nagy N., Bronckart Y., Pector J.C., Salmon I. et al. (2003) Upregulation of galectins-1 and 
-3 in human colon cancer and their role in regulating cell migration. Int J Cancer 103(3): 370-379.

Hlavata L., Aguilaniu H., Pichova A. and Nystrom T. (2003) The oncogenic RAS2val19 mutation locks respiration, 
independently of PKA, in a mode prone to generate ROS. Embo J 22(13): 3337-3345.

Ho J. and Bretscher A. (2001) Ras regulates the polarity of the yeast actin cytoskeleton through the stress 
response pathway. Mol Biol Cell 12(6): 1541-1555.

Ho J.E., Liu C., Lyass A., Courchesne P., Pencina M.J., Vasan R.S. et al. (2012) Galectin-3, a marker of cardiac 
fibrosis, predicts incident heart failure in the community. J Am Coll Cardiol 60(14): 1249-1256.

Ho M.K. and Springer T.A. (1982) Mac-2, a novel 32,000 Mr mouse macrophage subpopulation-specific antigen 
defined by monoclonal antibodies. J Immunol 128(3): 1221-1228.

Hofer F., Fields S., Schneider C. and Martin G.S. (1994) Activated Ras interacts with the Ral guanine nucleotide 
dissociation stimulator. Proc Natl Acad Sci U S A 91(23): 11089-11093.

Hollstein M., Sidransky D., Vogelstein B. and Harris C.C. (1991) p53 mutations in human cancers. Science 
253(5015): 49-53.

Honjo Y., Nangia-Makker P., Inohara H. and Raz A. (2001) Down-regulation of galectin-3 suppresses tumorigenicity 
of human breast carcinoma cells. Clin Cancer Res 7(3): 661-668.

Horiguchi N., Arimoto K., Mizutani A., Endo-Ichikawa Y., Nakada H. and Taketani S. (2003) Galectin-1 induces 
cell adhesion to the extracellular matrix and apoptosis of non-adherent human colon cancer Colo201 cells. 
J Biochem 134(6): 869-874.

Hotta K., Funahashi T., Matsukawa Y., Takahashi M., Nishizawa H., Kishida K. et al. (2001) Galectin-12, an adipose-
expressed galectin-like molecule possessing apoptosis-inducing activity. J Biol Chem 276(36): 34089-34097.

Hoyer K.K., Pang M., Gui D., Shintaku I.P., Kuwabara I., Liu F.T. et al. (2004) An anti-apoptotic role for galectin-3 
in diffuse large B-cell lymphomas. Am J Pathol 164(3): 893-902.

Hsieh C.J., Klump B., Holzmann K., Borchard F., Gregor M. and Porschen R. (1998) Hypermethylation of the 
p16INK4a promoter in colectomy specimens of patients with long-standing and extensive ulcerative colitis. 
Cancer Res 58(17): 3942-3945.

Hsieh S.H., Ying N.W., Wu M.H., Chiang W.F., Hsu C.L., Wong T.Y. et al. (2008) Galectin-1, a novel ligand of 
neuropilin-1, activates VEGFR-2 signaling and modulates the migration of vascular endothelial cells. 
Oncogene 27(26): 3746-3753.

Hsu D.K., Zuberi R.I. and Liu F.T. (1992) Biochemical and biophysical characterization of human recombinant 
IgE-binding protein, an S-type animal lectin. J Biol Chem 267(20): 14167-14174.

Hsu D.K., Hammes S.R., Kuwabara I., Greene W.C. and Liu F.T. (1996) Human T lymphotropic virus-I infection 
of human T lymphocytes induces expression of the b-galactoside-binding lectin, galectin-3. Am J Pathol 
148(5): 1661-1670.

Hsu D.K., Dowling C.A., Jeng K.C., Chen J.T., Yang R.Y. and Liu F.T. (1999) Galectin-3 expression is induced in 
cirrhotic liver and hepatocellular carcinoma. Int J Cancer 81(4): 519-526.

Hsu D.K., Chernyavsky A.I., Chen H.Y., Yu L., Grando S.A. and Liu F.T. (2009) Endogenous galectin-3 is localized in 
membrane lipid rafts and regulates migration of dendritic cells. J Invest Dermatol 129(3): 573-583.

Hsu Y.L., Wu C.Y., Hung J.Y., Lin Y.S., Huang M.S. and Kuo P.L. (2013) Galectin-1 promotes lung cancer tumor 
metastasis by potentiating integrin α6b4 and Notch1/Jagged2 signaling pathway. Carcinogenesis 34(6): 
1370-1381.

http://www.functionalglycomics.org.

http://www.yeastgenome.org/.



119119

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Hu J., Ma X., Lindner D.J., Karra S., Hofmann E.R., Reddy S.P. et al. (2001) Modulation of p53 dependent 
gene expression and cell death through thioredoxin-thioredoxin reductase by the Interferon-Retinoid 
combination. Oncogene 20(31): 4235-4248.

Huang E.Y., Chen Y.F., Chen Y.M., Lin I.H., Wang C.C., Su W.H. et al. (2012) A novel radioresistant mechanism of 
galectin-1 mediated by H-Ras-dependent pathways in cervical cancer cells. Cell Death Dis 3: e251.

Hubler L., Bradshaw-Rouse J. and Heideman W. (1993) Connections between the Ras-cyclic AMP pathway and 
G1 cyclin expression in the budding yeast Saccharomyces cerevisiae. Mol Cell Biol 13(10): 6274-6282.

Huff J.L., Hansen L.M. and Solnick J.V. (2004) Gastric transcription profile of Helicobacter pylori infection in the 
rhesus macaque. Infect Immun 72(9): 5216-5226.

Hughes R.C. (1997) The galectin family of mammalian carbohydrate-binding molecules. Biochem Soc Trans 
25(4): 1194-1198.

Hughes R.C. (1999) Secretion of the galectin family of mammalian carbohydrate-binding proteins. Biochim 
Biophys Acta 1473(1): 172-185.

Huh W.K., Falvo J.V., Gerke L.C., Carroll A.S., Howson R.W., Weissman J.S. et al. (2003) Global analysis of protein 
localization in budding yeast. Nature 425(6959): 686-691.

Ideo H., Seko A., Ishizuka I. and Yamashita K. (2003) The N-terminal carbohydrate recognition domain of 
galectin-8 recognizes specific glycosphingolipids with high affinity. Glycobiology 13(10): 713-723.

Ideo H., Seko A. and Yamashita K. (2005) Galectin-4 binds to sulfated glycosphingolipids and carcinoembryonic 
antigen in patches on the cell surface of human colon adenocarcinoma cells. J Biol Chem 280(6): 4730-4737.

Ideo H., Seko A. and Yamashita K. (2007) Recognition mechanism of galectin-4 for cholesterol 3-sulfate. J Biol 
Chem 282(29): 21081-21089.

Iijima Y., Laser M., Shiraishi H., Willey C.D., Sundaravadivel B., Xu L. et al. (2002) c-Raf/MEK/ERK pathway 
controls protein kinase C-mediated p70S6K activation in adult cardiac muscle cells. J Biol Chem 277(25): 
23065-23075.

Imamura T., Takase M., Nishihara A., Oeda E., Hanai J., Kawabata M. et al. (1997) Smad6 inhibits signalling by 
the TGF-b superfamily. Nature 389(6651): 622-626.

Imazu H. and Sakurai H. (2005) Saccharomyces cerevisiae heat shock transcription factor regulates cell wall 
remodeling in response to heat shock. Eukaryot Cell 4(6): 1050-1056.

Imberty A. and Perez S. (2000) Structure, conformation, and dynamics of bioactive oligosaccharides: theoretical 
approaches and experimental validations. Chem Rev 100(12): 4567-4588.

Inagaki Y., Higashi K., Kushida M., Hong Y.Y., Nakao S., Higashiyama R. et al. (2008) Hepatocyte growth factor 
suppresses profibrogenic signal transduction via nuclear export of Smad3 with galectin-7. Gastroenterology 
134(4): 1180-1190.

Ingolia N.T., Ghaemmaghami S., Newman J.R. and Weissman J.S. (2009) Genome-wide analysis in vivo of 
translation with nucleotide resolution using ribosome profiling. Science 324(5924): 218-223.

Inufusa H., Nakamura M., Adachi T., Aga M., Kurimoto M., Nakatani Y. et al. (2001) Role of galectin-3 in 
adenocarcinoma liver metastasis. Int J Oncol 19(5): 913-919.

Irani K., Xia Y., Zweier J.L., Sollott S.J., Der C.J., Fearon E.R. et al. (1997) Mitogenic signaling mediated by oxidants 
in Ras-transformed fibroblasts. Science 275(5306): 1649-1652.

Irie A., Yamauchi A., Kontani K., Kihara M., Liu D., Shirato Y. et al. (2005) Galectin-9 as a prognostic factor with 
antimetastatic potential in breast cancer. Clin Cancer Res 11(8): 2962-2968.

Irimura T., Matsushita Y., Sutton R.C., Carralero D., Ohannesian D.W., Cleary K.R. et al. (1991) Increased content 
of an endogenous lactose-binding lectin in human colorectal carcinoma progressed to metastatic stages. 
Cancer Res 51(1): 387-393.

Ishiguro A., Takahata T., Saito M., Yoshiya G., Tamura Y., Sasaki M. et al. (2006) Influence of methylated p15 and 
p16 genes on clinicopathological features in colorectal cancer. J Gastroenterol Hepatol 21(8): 1334-1339.



120120

General introduction - references

Ishioka C., Frebourg T., Yan Y.X., Vidal M., Friend S.H., Schmidt S. et al. (1993) Screening patients for heterozygous 
p53 mutations using a functional assay in yeast. Nat Genet 5(2): 124-129.

Ito K., Scott S.A., Cutler S., Dong L.F., Neuzil J., Blanchard H. et al. (2011) Thiodigalactoside inhibits murine 
cancers by concurrently blocking effects of galectin-1 on immune dysregulation, angiogenesis and protection 
against oxidative stress. Angiogenesis 14(3): 293-307.

Ito T., Chiba T., Ozawa R., Yoshida M., Hattori M. and Sakaki Y. (2001) A comprehensive two-hybrid analysis to 
explore the yeast protein interactome. Proc Natl Acad Sci U S A 98(8): 4569-4574.

Iurisci I., Tinari N., Natoli C., Angelucci D., Cianchetti E. and Iacobelli S. (2000) Concentrations of galectin-3 in the 
sera of normal controls and cancer patients. Clin Cancer Res 6(4): 1389-1393.

Iyer V.R., Horak C.E., Scafe C.S., Botstein D., Snyder M. and Brown P.O. (2001) Genomic binding sites of the yeast 
cell-cycle transcription factors SBF and MBF. Nature 409(6819): 533-538.

James G.L., Goldstein J.L., Brown M.S., Rawson T.E., Somers T.C., McDowell R.S. et al. (1993) Benzodiazepine 
peptidomimetics: potent inhibitors of Ras fanesylation in animal cells. Science 260(1984): 1937-1942.

Janeway C.A., Jr. (1989) Approaching the asymptote? Evolution and revolution in immunology. Cold Spring Harb 
Symp Quant Biol 54(1): 1-13.

Jeng K.C., Frigeri L.G. and Liu F.T. (1994) An endogenous lectin, galectin-3 (eBP/Mac-2), potentiates IL-1 
production by human monocytes. Immunol Lett 42(3): 113-116.

Jensen-Jarolim E., Neumann C., Oberhuber G., Gscheidlinger R., Neuchrist C., Reinisch W. et al. (2001) Anti-
Galectin-3 IgG autoantibodies in patients with Crohn’s disease characterized by means of phage display 
peptide libraries. J Clin Immunol 21(5): 348-356.

Jiang H.B., Xu M. and Wang X.P. (2008) Pancreatic stellate cells promote proliferation and invasiveness of human 
pancreatic cancer cells via galectin-3. World J Gastroenterol 14(13): 2023-2028.

John C.M., Jarvis G.A., Swanson K.V., Leffler H., Cooper M.D., Huflejt M.E. et al. (2002) Galectin-3 binds 
lactosaminylated lipooligosaccharides from Neisseria gonorrhoeae and is selectively expressed by mucosal 
epithelial cells that are infected. Cell Microbiol 4(10): 649-662.

John C.M., Leffler H., Kahl-Knutsson B., Svensson I. and Jarvis G.A. (2003) Truncated galectin-3 inhibits tumor 
growth and metastasis in orthotopic nude mouse model of human breast cancer. Clin Cancer Res 9(6): 
2374-2383.

Johnson L., Greenbaum D., Cichowski K., Mercer K., Murphy E., Schmitt E. et al. (1997) K-ras is an essential gene 
in the mouse with partial functional overlap with N-ras. Genes Dev 11(19): 2468-2481.

Johnson M.L., Rizvi N.A., Ginsberg M.S., Miller V.A., Kris M.G., Pao W. et al. (2009) A phase II trial of salirasib in 
patients with stage IIIB/IV lung adenocarcinoma enriched for KRAS mutations [abstract]. J Clin Oncol 27(15S; 
abstr 8012).

Johnston G.C., Pringle J.R. and Hartwell L.H. (1977) Coordination of growth with cell division in the yeast 
Saccharomyces cerevisiae. Exp Cell Res 105(1): 79-98.

Johnston G.C., Ehrhardt C.W., Lorincz A. and Carter B.L. (1979) Regulation of cell size in the yeast Saccharomyces 
cerevisiae. J Bacteriol 137(1): 1-5.

Joneson T. and Bar-Sagi D. (1999) Suppression of Ras-induced apoptosis by the Rac GTPase. Mol Cell Biol 19(9): 
5892-5901.

Joo H.G., Goedegebuure P.S., Sadanaga N., Nagoshi M., von Bernstorff W. and Eberlein T.J. (2001) Expression 
and function of galectin-3, a b-galactoside-binding protein in activated T lymphocytes. J Leukoc Biol 69(4): 
555-564.

Jorgensen P., Nishikawa J.L., Breitkreutz B.J. and Tyers M. (2002) Systematic identification of pathways that 
couple cell growth and division in yeast. Science 297(5580): 395-400.

Jorgensen P., Rupes I., Sharom J.R., Schneper L., Broach J.R. and Tyers M. (2004) A dynamic transcriptional 
network communicates growth potential to ribosome synthesis and critical cell size. Genes Dev 18(20): 
2491-2505.



121121

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Jouault T., El Abed-El Behi M., Martinez-Esparza M., Breuilh L., Trinel P.A., Chamaillard M. et al. (2006) Specific 
recognition of Candida albicans by macrophages requires galectin-3 to discriminate Saccharomyces 
cerevisiae and needs association with TLR2 for signaling. J Immunol 177(7): 4679-4687.

Jung E.J., Moon H.G., Cho B.I., Jeong C.Y., Joo Y.T., Lee Y.J. et al. (2007) Galectin-1 expression in cancer-associated 
stromal cells correlates tumor invasiveness and tumor progression in breast cancer. Int J Cancer 120(11): 
2331-2338.

Jung T.Y., Jung S., Ryu H.H., Jeong Y.I., Jin Y.H., Jin S.G. et al. (2008) Role of galectin-1 in migration and invasion of 
human glioblastoma multiforme cell lines. J Neurosurg 109(2): 273-284.

Kadrofske M.M., Openo K.P. and Wang J.L. (1998) The human LGALS3 (galectin-3) gene: determination of the 
gene structure and functional characterization of the promoter. Arch Biochem Biophys 349(1): 7-20.

Kageshita T., Kashio Y., Yamauchi A., Seki M., Abedin M.J., Nishi N. et al. (2002) Possible role of galectin-9 in cell 
aggregation and apoptosis of human melanoma cell lines and its clinical significance. Int J Cancer 99(6): 
809-816.

Kamada S., Kusano H., Fujita H., Ohtsu M., Koya R.C., Kuzumaki N. et al. (1998) A cloning method for caspase 
substrates that uses the yeast two-hybrid system: cloning of the antiapoptotic gene gelsolin. Proc Natl Acad 
Sci U S A 95(15): 8532-8537.

Kang J.J., Schaber M.D., Srinivasula S.M., Alnemri E.S., Litwack G., Hall D.J. et al. (1999) Cascades of mammalian 
caspase activation in the yeast Saccharomyces cerevisiae. J Biol Chem 274(5): 3189-3198.

Kang J.S. and Krauss R.S. (1996) Ras induces anchorage-independent growth by subverting multiple adhesion-
regulated cell cycle events. Mol Cell Biol 16(7): 3370-3380.

Kanuma T., Nishida J.-i., Gima T., Barrett J.C. and Wake N. (1997) Alterations of the p16INK4A gene in human 
ovarian cancers. Mol Carcinog 18(3): 134-141.

Karapetis  C.S., Khambata-Ford  S., Jonker  D.J., O’Callaghan  C.J., Tu  D., Tebbutt  N.C. et al. (2008) K-ras mutations 
and benefit from cetuximab in advanced colorectal cancer. N Engl J Med 359(17): 1757-1765.

Karlsson A., Follin P., Leffler H. and Dahlgren C. (1998) Galectin-3 activates the NADPH-oxidase in exudated but 
not peripheral blood neutrophils. Blood 91(9): 3430-3438.

Karlsson A., Christenson K., Matlak M., Bjorstad A., Brown K.L., Telemo E. et al. (2009) Galectin-3 functions as 
an opsonin and enhances the macrophage clearance of apoptotic neutrophils. Glycobiology 19(1): 16-20.

Kasai K. and Hirabayashi J. (1996) Galectins: a family of animal lectins that decipher glycocodes. J Biochem 
119(1): 1-8.

Kasamatsu A., Uzawa K., Nakashima D., Koike H., Shiiba M., Bukawa H. et al. (2005) Galectin-9 as a regulator of 
cellular adhesion in human oral squamous cell carcinoma cell lines. Int J Mol Med 16(2): 269-273.

Kasper M. and Hughes R.C. (1996) Immunocytochemical evidence for a modulation of galectin 3 (Mac-2), a 
carbohydrate binding protein, in pulmonary fibrosis. J Pathol 179(3): 309-316.

Kataoka T., Powers S., McGill C., Fasano O., Strathern J., Broach J. et al. (1984) Genetic analysis of yeast RAS1 
and RAS2 genes. Cell 37(2): 437-445.

Kataoka T., Powers S., Cameron S., Fasano O., Goldfarb M., Broach J. et al. (1985) Functional homology of 
mammalian and yeast RAS genes. Cell 40(1): 19-26.

Kato S., Han S.Y., Liu W., Otsuka K., Shibata H., Kanamaru R. et al. (2003) Understanding the function-structure 
and function-mutation relationships of p53 tumor suppressor protein by high-resolution missense mutation 
analysis. Proc Natl Acad Sci U S A 100(14): 8424-8429.

Keku T.O., Dulal S., Deveaux A., Jovov B. and Han X. (2015) The gastrointestinal microbiota and colorectal cancer. 
Am J Physiol Gastrointest Liver Physiol 308(5): G351-G363.

Khaldoyanidi S.K., Glinsky V.V., Sikora L., Glinskii A.B., Mossine V.V., Quinn T.P. et al. (2003) MDA-MB-435 
human breast carcinoma cell homo- and heterotypic adhesion under flow conditions is mediated in part by 
Thomsen-Friedenreich antigen-galectin-3 interactions. J Biol Chem 278(6): 4127-4134.



122122

General introduction - references

Khambata-Ford S., Garrett C.R., Meropol N.J., Basik M., Harbison C.T., Wu S. et al. (2007) Expression of epiregulin 
and amphiregulin and K-ras mutation status predict disease control in metastatic colorectal cancer patients 
treated with cetuximab. J Clin Oncol 25(22): 3230-3237.

Khan F., Khan R.H., Sherwani A., Mohmood S. and Azfer M.A. (2002) Lectins as markers for blood grouping. Med 
Sci Monit 8(12): Ra293-300.

Khokhlatchev A., Rabizadeh S., Xavier R., Nedwidek M., Chen T., Zhang X.F. et al. (2002) Identification of a novel 
Ras-regulated proapoptotic pathway. Curr Biol 12(4): 253-265.

Kholodenko B.N., Hancock J.F. and Kolch W. (2010) Signalling ballet in space and time. Nat Rev Mol Cell Biol 
11(6): 414-426.

Kido M., Shima F., Satoh T., Asato T., Kariya K. and Kataoka T. (2002) Critical function of the Ras-associating 
domain as a primary Ras-binding site for regulation of Saccharomyces cerevisiae adenylyl cyclase. J Biol 
Chem 277(5): 3117-3123.

Kikuchi A., Demo S.D., Ye Z.H., Chen Y.W. and Williams L.T. (1994) ralGDS family members interact with the 
effector loop of ras p21. Mol Cell Biol 14(11): 7483-7491.

Kilpatrick D.C. and Green C. (1992) Lectins as blood typing reagents. Adv Lectin Res 5: 51-94.

Kim B.N., Yamamoto H., Ikeda K., Damdinsuren B., Sugita Y., Ngan C.Y. et al. (2005) Methylation and expression 
of p16INK4 tumor suppressor gene in primary colorectal cancer tissues. Int J Oncol 26(5): 1217-1226.

Kim H.J., Jeon H.K., Cho Y.J., Park Y.A., Choi J.J., Do I.G. et al. (2012) High galectin-1 expression correlates with 
poor prognosis and is involved in epithelial ovarian cancer proliferation and invasion. Eur J Cancer 48(12): 
1914-1921.

Kim H.J., Jeon H.K., Lee J.K., Sung C.O., Do I.G., Choi C.H. et al. (2013a) Clinical significance of galectin-7 in 
epithelial ovarian cancer. Anticancer Res 33(4): 1555-1561.

Kim H.J., Do I.G., Jeon H.K., Cho Y.J., Park Y.A., Choi J.J. et al. (2013b) Galectin 1 expression is associated with 
tumor invasion and metastasis in stage IB to IIA cervical cancer. Hum Pathol 44(1): 62-68.

Kim H.R., Lin H.M., Biliran H. and Raz A. (1999) Cell cycle arrest and inhibition of anoikis by galectin-3 in human 
breast epithelial cells. Cancer Res 59(16): 4148-4154.

Kim J.H. and Johnston M. (2006) Two glucose-sensing pathways converge on Rgt1 to regulate expression of 
glucose transporter genes in Saccharomyces cerevisiae. J Biol Chem 281(36): 26144-26149.

Kim J.H., Kim H.Y., Lee Y.K., Yoon Y.S., Xu W.G., Yoon J.K. et al. (2011a) Involvement of mitophagy in oncogenic 
K-Ras-induced transformation: overcoming a cellular energy deficit from glucose deficiency. Autophagy 
7(10): 1187-1198.

Kim M.J., Woo S.J., Yoon C.H., Lee J.S., An S., Choi Y.H. et al. (2011b) Involvement of autophagy in oncogenic 
K-Ras-induced malignant cell transformation. J Biol Chem 286(15): 12924-12932.

Kim M.K., Sung C.O., Do I.G., Jeon H.K., Song T.J., Park H.S. et al. (2011c) Overexpression of Galectin-3 and its 
clinical significance in ovarian carcinoma. Int J Clin Oncol 16(4): 352-358.

Kim S.J., Choi I.J., Cheong T.C., Lee S.J., Lotan R., Park S.H. et al. (2010) Galectin-3 increases gastric cancer cell 
motility by up-regulating fascin-1 expression. Gastroenterology 138(3): 1035-1045.e1031-1032.

Kim S.J., Shin J.Y., Lee K.D., Bae Y.K., Choi I.J., Park S.H. et al. (2011d) Galectin-3 facilitates cell motility in gastric 
cancer by up-regulating protease-activated receptor-1 (PAR-1) and matrix metalloproteinase-1 (MMP-1). 
PLoS One 6(9): e25103.

Kim S.J., Hwang J.A., Ro J.Y., Lee Y.S. and Chun K.H. (2013c) Galectin-7 is epigenetically-regulated tumor 
suppressor in gastric cancer. Oncotarget 4(9): 1461-1471.

Kim S.W., Park K.C., Jeon S.M., Ohn T.B., Kim T.I., Kim W.H. et al. (2013d) Abrogation of galectin-4 expression 
promotes tumorigenesis in colorectal cancer. Cell Oncol (Dordr) 36(2): 169-178.

Kinoshita I., Dosaka-Akita H., Mishina T., Akie K., Nishi M., Hiroumi H. et al. (1996) Altered p16ink4 and 
retinoblastoma protein status in non-small cell lung cancer: potential synergistic effect with altered p53 
protein on proliferative activity. Cancer Res 56(24): 5557-5562.



123123

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Kleijn M., Scheper G.C., Voorma H.O. and Thomas A.A. (1998) Regulation of translation initiation factors by 
signal transduction. Eur J Biochem 253(3): 531-544.

Klinger H.P. (1982) Suppression of tumorigenicity. Cytogenet Cell Genet 32(1-4): 68-84.

Kobayashi T., Kuroda J., Ashihara E., Oomizu S., Terui Y., Taniyama A. et al. (2010) Galectin-9 exhibits anti-
myeloma activity through JNK and p38 MAP kinase pathways. Leukemia 24(4): 843-850.

Kobayashi T., Shimura T., Yajima T., Kubo N., Araki K., Wada W. et al. (2011) Transient silencing of galectin-3 
expression promotes both in vitro and in vivo drug-induced apoptosis of human pancreatic carcinoma cells. 
Clin Exp Metastasis 28(4): 367-376.

Koera K., Nakamura K., Nakao K., Miyoshi J., Toyoshima K., Hatta T. et al. (1997) K-ras is essential for the 
development of the mouse embryo. Oncogene 15(10): 1151-1159.

Kohatsu L., Hsu D.K., Jegalian A.G., Liu F.T. and Baum L.G. (2006) Galectin-3 induces death of Candida species 
expressing specific b-1,2-linked mannans. J Immunol 177(7): 4718-4726.

Konishi N., Hiasa Y., Tsuzuki T., Matsuda H., Tao M., Nakamura M. et al. (1996) Detection of RB, p16/CDKN2 and 
p15INK4B gene alterations with immunohistochemical studies in human prostate carcinomas. Int J Oncol 8(1): 
107-112.

Kono H. and Rock K.L. (2008) How dying cells alert the immune system to danger. Nat Rev Immunol 8(4): 279-
289.

Kopitz J., von Reitzenstein C., André S., Kaltner H., Uhl J., Ehemann V. et al. (2001) Negative regulation of 
neuroblastoma cell growth by carbohydrate-dependent surface binding of galectin-1 and functional 
divergence from galectin-3. J Biol Chem 276(38): 35917-35923.

Kopitz J., André S., von Reitzenstein C., Versluis K., Kaltner H., Pieters R.J. et al. (2003) Homodimeric galectin-7 
(p53-induced gene 1) is a negative growth regulator for human neuroblastoma cells. Oncogene 22(40): 
6277-6288.

Kopitz J., Ballikaya S., André S. and Gabius H.J. (2012) Ganglioside GM1/galectin-dependent growth regulation 
in human neuroblastoma cells: special properties of bivalent galectin-4 and significance of linker length for 
ligand selection. Neurochem Res 37(6): 1267-1276.

Kops G.J., de Ruiter N.D., De Vries-Smits A.M., Powell D.R., Bos J.L. and Burgering B.M. (1999) Direct control of 
the Forkhead transcription factor AFX by protein kinase B. Nature 398(6728): 630-634.

Kozak M. (1987) An analysis of 5’-noncoding sequences from 699 vertebrate messenger RNAs. Nucleic Acids 
Res 15(20): 8125-8148.

Kozak M. (1991) An analysis of vertebrate mRNA sequences: intimations of translational control. J Cell Biol 
115(4): 887-903.

Kozak M. (1992) Regulation of translation in eukaryotic systems. Annu Rev Cell Biol 8: 197-225.

Kratzke R.A., Greatens T.M., Rubins J.B., Maddaus M.A., Niewoehner D.E., Niehans G.A. et al. (1996) Rb and 
p16INK4a expression in resected non-small cell lung tumors. Cancer Res 56(15): 3415-3420.

Krogan N.J., Cagney G., Yu H., Zhong G., Guo X., Ignatchenko A. et al. (2006) Global landscape of protein 
complexes in the yeast Saccharomyces cerevisiae. Nature 440(7084): 637-643.

Krzeslak A. and Lipinska A. (2004) Galectin-3 as a multifunctional protein. Cell Mol Biol Lett 9(2): 305-328.

Ksiazek K., Piwocka K., Brzezinska A., Sikora E., Zabel M., Breborowicz A. et al. (2006) Early loss of proliferative 
potential of human peritoneal mesothelial cells in culture: the role of p16INK4a-mediated premature 
senescence. J Appl Physiol (1985) 100(3): 988-995.

Kuklinski S., Vladimirova V., Waha A., Kamata H., Pesheva P. and Probstmeier R. (2003) Expression of galectin-3 
in neuronally differentiating PC12 cells is regulated both via Ras/MAPK-dependent and -independent 
signalling pathways. J Neurochem 87(5): 1112-1124.

Kuroda J., Yamamoto M., Nagoshi H., Kobayashi T., Sasaki N., Shimura Y. et al. (2010) Targeting activating 
transcription factor 3 by Galectin-9 induces apoptosis and overcomes various types of treatment resistance 
in chronic myelogenous leukemia. Mol Cancer Res 8(7): 994-1001.



124124

General introduction - references

Kusumi A., Nakada C., Ritchie K., Murase K., Suzuki K., Murakoshi H. et al. (2005) Paradigm shift of the plasma 
membrane concept from the two-dimensional continuum fluid to the partitioned fluid: high-speed single-
molecule tracking of membrane molecules. Annu Rev Biophys Biomol Struct 34: 351-378.

Kuwabara I. and Liu F.T. (1996) Galectin-3 promotes adhesion of human neutrophils to laminin. J Immunol 
156(10): 3939-3944.

Kuwabara I., Kuwabara Y., Yang R.Y., Schuler M., Green D.R., Zuraw B.L. et al. (2002) Galectin-7 (PIG1) exhibits 
pro-apoptotic function through JNK activation and mitochondrial cytochrome c release. J Biol Chem 277(5): 
3487-3497.

LaBaer J., Garrett M.D., Stevenson L.F., Slingerland J.M., Sandhu C., Chou H.S. et al. (1997) New functional 
activities for the p21 family of CDK inhibitors. Genes Dev 11(7): 847-862.

Laderach D.J., Gentilini L.D., Giribaldi L., Delgado V.C., Nugnes L., Croci D.O. et al. (2013) A unique galectin 
signature in human prostate cancer progression suggests galectin-1 as a key target for treatment of 
advanced disease. Cancer Res 73(1): 86-96.

Lagana A., Goetz J.G., Cheung P., Raz A., Dennis J.W. and Nabi I.R. (2006) Galectin binding to Mgat5-modified 
N-glycans regulates fibronectin matrix remodeling in tumor cells. Mol Cell Biol 26(8): 3181-3193.

Laine R.A. (1996) The information-storing potential of the sugar code. Glycosciences: Status and Perspectives. 
Gabius, H.J. and Gabius, S. Weinheim, Germany, Wiley-VCH Verlag GmbH.

Laing J.G. and Wang J.L. (1988) Identification of carbohydrate binding protein 35 in heterogeneous nuclear 
ribonucleoprotein complex. Biochemistry 27(14): 5329-5334.

Lambert J.M., Lambert Q.T., Reuther G.W., Malliri A., Siderovski D.P., Sondek J. et al. (2002) Tiam1 mediates Ras 
activation of Rac by a PI(3)K-independent mechanism. Nat Cell Biol 4(8): 621-625.

LaPak K.M. and Burd C.E. (2014) The molecular balancing act of p16INK4a in cancer and aging. Mol Cancer Res 
12(2): 167-183.

Larsen M., Artym V.V., Green J.A. and Yamada K.M. (2006) The matrix reorganized: extracellular matrix 
remodeling and integrin signaling. Curr Opin Cell Biol 18(5): 463-471.

Lastauskiene E., Zinkeviciene A. and Citavicius D. (2014) Ras/PKA signal transduction pathway participates in the 
regulation of Saccharomyces cerevisiae cell apoptosis in an acidic environment. Biotechnol Appl Biochem 
61(1): 3-10.

Laun P., Ramachandran L., Jarolim S., Herker E., Liang P., Wang J. et al. (2005) A comparison of the aging and 
apoptotic transcriptome of Saccharomyces cerevisiae. FEMS Yeast Res 5(12): 1261-1272.

Laurent J.M., Young J.H., Kachroo A.H. and Marcotte E.M. (2016) Efforts to make and apply humanized yeast. 
Brief Funct Genomics 15(2): 155-163.

Lavoie J.N., L’Allemain G., Brunet A., Muller R. and Pouyssegur J. (1996) Cyclin D1 expression is regulated 
positively by the p42/p44MAPK and negatively by the p38/HOGMAPK pathway. J Biol Chem 271(34): 20608-
20616.

Lavra L., Ulivieri A., Rinaldo C., Dominici R., Volante M., Luciani E. et al. (2009) Gal-3 is stimulated by gain-of-
function p53 mutations and modulates chemoresistance in anaplastic thyroid carcinomas. J Pathol 218(1): 
66-75.

Le Gall M., Chambard J.C., Breittmayer J.P., Grall D., Pouyssegur J. and Van Obberghen-Schilling E. (2000) The 
p42/p44 MAP kinase pathway prevents apoptosis induced by anchorage and serum removal. Mol Biol Cell 
11(3): 1103-1112.

Le Mercier M., Lefranc F., Mijatovic T., Debeir O., Haibe-Kains B., Bontempi G. et al. (2008a) Evidence of 
galectin-1 involvement in glioma chemoresistance. Toxicol Appl Pharmacol 229(2): 172-183.

Le Mercier M., Mathieu V., Haibe-Kains B., Bontempi G., Mijatovic T., Decaestecker C. et al. (2008b) Knocking 
down galectin 1 in human hs683 glioblastoma cells impairs both angiogenesis and endoplasmic reticulum 
stress responses. J Neuropathol Exp Neurol 67(5): 456-469.

Lee E.C., Woo H.J., Korzelius C.A., Steele G.D., Jr. and Mercurio A.M. (1991) Carbohydrate-binding protein 35 is 
the major cell-surface laminin-binding protein in colon carcinoma. Arch Surg 126(12): 1498-1502.



125125

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Lee K.E. and Bar-Sagi D. (2010) Oncogenic KRas suppresses inflammation-associated senescence of pancreatic 
ductal cells. Cancer Cell 18(5): 448-458.

Lee K.K., Ohyama T., Yajima N., Tsubuki S. and Yonehara S. (2001) MST, a physiological caspase substrate, highly 
sensitizes apoptosis both upstream and downstream of caspase activation. J Biol Chem 276(22): 19276-
19285.

Lee R.T. and Lee Y.C. (2000) Affinity enhancement by multivalent lectin-carbohydrate interaction. Glycoconj J 
17(7-9): 543-551.

Leffler H. and Barondes S.H. (1986) Specificity of binding of three soluble rat lung lectins to substituted and 
unsubstituted mammalian b-galactosides. J Biol Chem 261(22): 10119-10126.

Legendre H., Decaestecker C., Nagy N., Hendlisz A., Schuring M.P., Salmon I. et al. (2003) Prognostic values of 
galectin-3 and the macrophage migration inhibitory factor (MIF) in human colorectal cancers. Mod Pathol 
16(5): 491-504.

Leon J., Guerrero I. and Pellicer A. (1987) Differential expression of the ras gene family in mice. Mol Cell Biol 
7(4): 1535-1540.

Leslie A., Carey F.A., Pratt N.R. and Steele R.J. (2002) The colorectal adenoma-carcinoma sequence. Br J Surg 
89(7): 845-860.

Levroney E.L., Aguilar H.C., Fulcher J.A., Kohatsu L., Pace K.E., Pang M. et al. (2005) Novel innate immune 
functions for galectin-1: galectin-1 inhibits cell fusion by Nipah virus envelope glycoproteins and augments 
dendritic cell secretion of proinflammatory cytokines. J Immunol 175(1): 413-420.

Levy R., Grafi-Cohen M., Kraiem Z. and Kloog Y. (2010) Galectin-3 promotes chronic activation of K-Ras and 
differentiation block in malignant thyroid carcinomas. Mol Cancer Ther 9(8): 2208-2219.

Levy R., Biran A., Poirier F., Raz A. and Kloog Y. (2011) Galectin-3 mediates cross-talk between K-Ras and Let-7c 
tumor suppressor microRNA. PLoS One 6(11): e27490.

Levy Y., Ronen D., Bershadsky A.D. and Zick Y. (2003) Sustained induction of ERK, protein kinase B, and p70 S6 
kinase regulates cell spreading and formation of F-actin microspikes upon ligation of integrins by galectin-8, 
a mammalian lectin. J Biol Chem 278(16): 14533-14542.

Li J., Poi M.J. and Tsai M.D. (2011) Regulatory mechanisms of tumor suppressor P16INK4A and their relevance to 
cancer. Biochemistry 50(25): 5566-5582.

Li W., Jian-jun W., Xue-Feng Z. and Feng Z. (2010) CD133(+) human pulmonary adenocarcinoma cells induce 
apoptosis of CD8(+) T cells by highly expressed galectin-3. Clin Invest Med 33(1): E44-53.

Lieb J.D., Liu X., Botstein D. and Brown P.O. (2001) Promoter-specific binding of Rap1 revealed by genome-wide 
maps of protein-DNA association. Nat Genet 28(4): 327-334.

Lievre A., Bachet J.B., Le Corre D., Boige V., Landi B., Emile J.F. et al. (2006) KRAS mutation status is predictive of 
response to cetuximab therapy in colorectal cancer. Cancer Res 66(8): 3992-3995.

Lievre A., Bachet J.B., Boige V., Cayre A., Le Corre D., Buc E. et al. (2008) KRAS mutations as an independent 
prognostic factor in patients with advanced colorectal cancer treated with cetuximab. J Clin Oncol 26(3): 
374-379.

Lim J.W., Kim H. and Kim K.H. (2003) Cell adhesion-related gene expression by Helicobacter pylori in gastric 
epithelial AGS cells. Int J Biochem Cell Biol 35(8): 1284-1296.

Lim Y., Lee D.Y., Lee S., Park S.Y., Kim J., Cho B. et al. (2002) Identification of autoantibodies associated with 
systemic lupus erythematosus. Biochem Biophys Res Commun 295(1): 119-124.

Lin C.I., Whang E.E., Abramson M.A., Donner D.B., Bertagnolli M.M., Moore F.D., Jr. et al. (2009a) Galectin-3 
regulates apoptosis and doxorubicin chemoresistance in papillary thyroid cancer cells. Biochem Biophys Res 
Commun 379(2): 626-631.

Lin C.I., Whang E.E., Donner D.B., Jiang X., Price B.D., Carothers A.M. et al. (2009b) Galectin-3 targeted therapy 
with a small molecule inhibitor activates apoptosis and enhances both chemosensitivity and radiosensitivity 
in papillary thyroid cancer. Mol Cancer Res 7(10): 1655-1662.



126126

General introduction - references

Lin H.M., Moon B.K., Yu F. and Kim H.R. (2000) Galectin-3 mediates genistein-induced G(2)/M arrest and inhibits 
apoptosis. Carcinogenesis 21(11): 1941-1945.

Lin S.Y., Makino K., Xia W., Matin a., Wen Y., Kwong K.Y. et al. (2001) Nuclear localization of EGF receptor and its 
potential new role as a transcription factor. Nature cell biology 3(September): 802-808.

Lin T.A., Kong X., Saltiel A.R., Blackshear P.J. and Lawrence J.C., Jr. (1995) Control of PHAS-I by insulin in 3T3-L1 
adipocytes. Synthesis, degradation, and phosphorylation by a rapamycin-sensitive and mitogen-activated 
protein kinase-independent pathway. J Biol Chem 270(31): 18531-18538.

Linden J.R., De Paepe M.E., Laforce-Nesbitt S.S. and Bliss J.M. (2013a) Galectin-3 plays an important role in 
protection against disseminated candidiasis. Med Mycol 51(6): 641-651.

Linden J.R., Kunkel D., Laforce-Nesbitt S.S. and Bliss J.M. (2013b) The role of galectin-3 in phagocytosis of 
Candida albicans and Candida parapsilosis by human neutrophils. Cell Microbiol 15(7): 1127-1142.

Liu F.T., Albrandt K., Mendel E., Kulczycki A., Jr. and Orida N.K. (1985) Identification of an IgE-binding protein by 
molecular cloning. Proc Natl Acad Sci U S A 82(12): 4100-4104.

Liu F.T., Hsu D.K., Zuberi R.I., Kuwabara I., Chi E.Y. and Henderson W.R., Jr. (1995) Expression and function of 
galectin-3, a b-galactoside-binding lectin, in human monocytes and macrophages. Am J Pathol 147(4): 
1016-1028.

Liu F.T., Patterson R.J. and Wang J.L. (2002) Intracellular functions of galectins. Biochim Biophys Acta 1572(2-3): 
263-273.

Liu F.T. and Rabinovich G.A. (2005) Galectins as modulators of tumour progression. Nat Rev Cancer 5(1): 29-41.

Liu H.Y., Huang Z.L., Yang G.H., Lu W.Q. and Yu N.R. (2008a) Inhibitory effect of modified citrus pectin on liver 
metastases in a mouse colon cancer model. World J Gastroenterol 14(48): 7386-7391.

Liu L., Sakai T., Sano N. and Fukui K. (2004) Nucling mediates apoptosis by inhibiting expression of galectin-3 
through interference with nuclear factor κB signalling. Biochem J 380(1): 31-41.

Liu L., Zhu S., Gong Z. and Low B.C. (2008b) K-ras/PI3K-Akt signaling is essential for zebrafish hematopoiesis and 
angiogenesis. PLoS One 3(8): e2850.

Liu Y., Martindale J.L., Gorospe M. and Holbrook N.J. (1996) Regulation of p21WAF1/CIP1 expression through 
mitogen-activated protein kinase signaling pathway. Cancer Res 56(1): 31-35.

Lobo S., Greentree W.K., Linder M.E. and Deschenes R.J. (2002) Identification of a Ras palmitoyltransferase in 
Saccharomyces cerevisiae. J Biol Chem 277(43): 41268-41273.

Lock R., Roy S., Kenific C.M., Su J.S., Salas E., Ronen S.M. et al. (2011) Autophagy facilitates glycolysis during 
Ras-mediated oncogenic transformation. Mol Biol Cell 22(2): 165-178.

Lockyer P.J., Kupzig S. and Cullen P.J. (2001) CAPRI regulates Ca2+-dependent inactivation of the Ras-MAPK 
pathway. Curr Biol 11(12): 981-986.

Loewith R., Jacinto E., Wullschleger S., Lorberg A., Crespo J.L., Bonenfant D. et al. (2002) Two TOR complexes, 
only one of which is rapamycin sensitive, have distinct roles in cell growth control. Mol Cell 10(3): 457-468.

Loirand G., Sauzeau V. and Pacaud P. (2013) Small G proteins in the cardiovascular system: physiological and 
pathological aspects. Physiol Rev 93(4): 1659.

Longo V.D. (2003) The Ras and Sch9 pathways regulate stress resistance and longevity. Exp Gerontol 38(7): 
807-811.

Longo V.D. (2004) Ras: the other pro-aging pathway. Sci Aging Knowledge Environ 2004(39): pe36.

Longo V.D. and Fabrizio P. (2012) Chronological aging in Saccharomyces cerevisiae. Subcell Biochem 57: 101-
121.

Lopez-Boado Y.S., Herrero P., Gascon S. and Moreno F. (1987) Catabolite inactivation of isocitrate lyase from 
Saccharomyces cerevisiae. Arch Microbiol 147(3): 231-234.

Lord P.G. and Wheals A.E. (1983) Rate of cell cycle initiation of yeast cells when cell size is not a rate-determining 
factor. J Cell Sci 59: 183-201.



127127

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Loris R. (2002) Principles of structures of animal and plant lectins. Biochim Biophys Acta 1572(2-3): 198-208.

Lorusso P.M., Adjei A.A., Varterasian M., Gadgeel S., Reid J., Mitchell D.Y. et al. (2005) Phase I and pharmacodynamic 
study of the oral MEK inhibitor CI-1040 in patients with advanced malignancies. J Clin Oncol 23(23): 5281-
5293.

Loughran O., Malliri A., Owens D., Gallimore P.H., Stanley M.A., Ozanne B. et al. (1996) Association of CDKN2A/
p16INK4A with human head and neck keratinocyte replicative senescence: relationship of dysfunction to 
immortality and neoplasia. Oncogene 13(3): 561-568.

Ludovico P., Sousa M.J., Silva M.T., Leao C. and Corte-Real M. (2001) Saccharomyces cerevisiae commits to a 
programmed cell death process in response to acetic acid. Microbiology 147(9): 2409-2415.

Lukas J., Parry D., Aagaard L., Mann D.J., Bartkova J., Strauss M. et al. (1995) Retinoblastoma-protein-dependent 
cell-cycle inhibition by the tumour suppressor p16. Nature 375(6531): 503-506.

Lum P.Y., Armour C.D., Stepaniants S.B., Cavet G., Wolf M.K., Butler J.S. et al. (2004) Discovering modes of action 
for therapeutic compounds using a genome-wide screen of yeast heterozygotes. Cell 116(1): 121-137.

Ma B., Simala-Grant J.L. and Taylor D.E. (2006) Fucosylation in prokaryotes and eukaryotes. Glycobiology 16(12): 
158r-184r.

Ma P., Wera S., Van Dijck P. and Thevelein J.M. (1999) The PDE1-encoded low-affinity phosphodiesterase in the 
yeast Saccharomyces cerevisiae has a specific function in controlling agonist-induced cAMP signaling. Mol 
Biol Cell 10(1): 91-104.

Machado C.M., Andrade L.N., Teixeira V.R., Costa F.F., Melo C.M., dos Santos S.N. et al. (2014) Galectin-3 
disruption impaired tumoral angiogenesis by reducing VEGF secretion from TGFb1-induced macrophages. 
Cancer Med 3(2): 201-214.

Madeo F., Frohlich E., Ligr M., Grey M., Sigrist S.J., Wolf D.H. et al. (1999) Oxygen stress: a regulator of apoptosis 
in yeast. J Cell Biol 145(4): 757-767.

Maeda N., Kawada N., Seki S., Arakawa T., Ikeda K., Iwao H. et al. (2003) Stimulation of proliferation of rat 
hepatic stellate cells by galectin-1 and galectin-3 through different intracellular signaling pathways. J Biol 
Chem 278(21): 18938-18944.

Magee A.I., Gutierrez L., McKay I.A., Marshall C.J. and Hall A. (1987) Dynamic fatty acylation of p21N-ras. Embo 
J 6(11): 3353-3357.

Mager W.H. and Winderickx J. (2005) Yeast as a model for medical and medicinal research. Trends Pharmacol 
Sci 26(5): 265-273.

Magnaldo T., Bernerd F. and Darmon M. (1995) Galectin-7, a human 14-kDa S-lectin, specifically expressed in 
keratinocytes and sensitive to retinoic acid. Dev Biol 168(2): 259-271.

Magnaldo T., Fowlis D. and Darmon M. (1998) Galectin-7, a marker of all types of stratified epithelia. 
Differentiation 63(3): 159-168.

Maitra A., Molberg K., Albores-Saavedra J. and Lindberg G. (2000) Loss of Dpc4 expression in colonic 
adenocarcinomas correlates with the presence of metastatic disease. Am J Pathol 157(4): 1105-1111.

Malik R.K., Ghurye R.R., Lawrence-Watt D.J. and Stewart H.J. (2009) Galectin-1 stimulates monocyte chemotaxis 
via the p44/42 MAP kinase pathway and a pertussis toxin-sensitive pathway. Glycobiology 19(12): 1402-
1407.

Malumbres M. and Barbacid M. (2003) RAS oncogenes: the first 30 years. Nat Rev Cancer 3(6): 459-465.

Mamillapalli R., Gavrilova N., Mihaylova V.T., Tsvetkov L.M., Wu H., Zhang H. et al. (2001) PTEN regulates the 
ubiquitin-dependent degradation of the CDK inhibitor p27KIP1 through the ubiquitin E3 ligase SCFSKP2. Curr 
Biol 11(4): 263-267.

Mandrell R.E., Apicella M.A., Lindstedt R. and Leffler H. (1994) Possible interaction between animal lectins and 
bacterial carbohydrates. Methods Enzymol 236: 231-254.

Marek A. and Korona R. (2013) Restricted pleiotropy facilitates mutational erosion of major life-history traits. 
Evolution 67(11): 3077-3086.



128128

General introduction - references

Marion R.M., Regev A., Segal E., Barash Y., Koller D., Friedman N. et al. (2004) Sfp1 is a stress- and nutrient-
sensitive regulator of ribosomal protein gene expression. Proc Natl Acad Sci U S A 101(40): 14315-14322.

Markowska A.I., Liu F.T. and Panjwani N. (2010) Galectin-3 is an important mediator of VEGF- and bFGF-mediated 
angiogenic response. J Exp Med 207(9): 1981-1993.

Marshall M.S., Gibbs J.B., Scolnick E.M. and Sigal I.S. (1987) Regulatory function of the Saccharomyces cerevisiae 
RAS C-terminus. Mol Cell Biol 7(7): 2309-2315.

Martin D.E., Soulard A. and Hall M.N. (2004) TOR regulates ribosomal protein gene expression via PKA and the 
Forkhead transcription factor FHL1. Cell 119(7): 969-979.

Martin K.A., Schalm S.S., Romanelli A., Keon K.L. and Blenis J. (2001) Ribosomal S6 kinase 2 inhibition by a 
potent C-terminal repressor domain is relieved by mitogen-activated protein-extracellular signal-regulated 
kinase kinase-regulated phosphorylation. J Biol Chem 276(11): 7892-7898.

Martinelli E., De Palma R., Orditura M., De Vita F. and Ciardiello F. (2009) Anti-epidermal growth factor receptor 
monoclonal antibodies in cancer therapy. Clin Exp Immunol 158(1): 1-9.

Martinez-Pastor M.T., Marchler G., Schuller C., Marchler-Bauer A., Ruis H. and Estruch F. (1996) The 
Saccharomyces cerevisiae zinc finger proteins Msn2p and Msn4p are required for transcriptional induction 
through the stress response element (STRE). Embo J 15(9): 2227-2235.

Massa S.M., Cooper D.N., Leffler H. and Barondes S.H. (1993) L-29, an endogenous lectin, binds to glycoconjugate 
ligands with positive cooperativity. Biochemistry 32(1): 260-267.

Massaous J. and Hata A. (1997) TGF-b signalling through the Smad pathway. Trends Cell Biol 7(5): 187-192.

Masuda T., Kariya K., Shinkai M., Okada T. and Kataoka T. (1995) Protein kinase Byr2 is a target of Ras1 in the 
fission yeast Schizosaccharomyces pombe. J Biol Chem 270(5): 1979-1982.

Matarrese P., Fusco O., Tinari N., Natoli C., Liu F.T., Semeraro M.L. et al. (2000) Galectin-3 overexpression 
protects from apoptosis by improving cell adhesion properties. Int J Cancer 85(4): 545-554.

Matheu A., Pantoja C., Efeyan A., Criado L.M., Martin-Caballero J., Flores J.M. et al. (2004) Increased gene 
dosage of Ink4a/Arf results in cancer resistance and normal aging. Genes Dev 18(22): 2736-2746.

Matsui Y., Ueda S., Watanabe J., Kuwabara I., Ogawa O. and Nishiyama H. (2007) Sensitizing effect of galectin-7 
in urothelial cancer to cisplatin through the accumulation of intracellular reactive oxygen species. Cancer 
Res 67(3): 1212-1220.

Matsumoto K., Uno I., Oshima Y. and Ishikawa T. (1982) Isolation and characterization of yeast mutants deficient 
in adenylate cyclase and cAMP-dependent protein kinase. Proc Natl Acad Sci U S A 79(7): 2355-2359.

Matsumoto K., Uno I. and Ishikawa T. (1983a) Control of cell division in Saccharomyces cerevisiae mutants 
defective in adenylate cyclase and cAMP-dependent protein kinase. Exp Cell Res 146(1): 151-161.

Matsumoto K., Uno I. and Ishikawa T. (1983b) Initiation of meiosis in yeast mutants defective in adenylate 
cyclase and cyclic AMP-dependent protein kinase. Cell 32(2): 417-423.

Matsuura A., Tsukada J., Mizobe T., Higashi T., Mouri F., Tanikawa R. et al. (2009) Intracellular galectin-9 activates 
inflammatory cytokines in monocytes. Genes Cells 14(4): 511-521.

Matuo R., Sousa F.G., Soares D.G., Bonatto D., Saffi J., Escargueil A.E. et al. (2012) Saccharomyces cerevisiae as 
a model system to study the response to anticancer agents. Cancer Chemother Pharmacol 70(4): 491-502.

Matzinger P. (1994) Tolerance, danger, and the extended family. Annu Rev Immunol 12: 991-1045.

Matzinger P. (2002a) The danger model: a renewed sense of self. Science 296(5566): 301-305.

Matzinger P. (2002b) An innate sense of danger. Ann N Y Acad Sci 961: 341-342.

Matzinger P. (2007) Friendly and dangerous signals: is the tissue in control? Nat Immunol 8(1): 11-13.

Mayo M.W., Wang C.Y., Cogswell P.C., Rogers-Graham K.S., Lowe S.W., Der C.J. et al. (1997) Requirement of 
NF-κB activation to suppress p53-independent apoptosis induced by oncogenic Ras. Science 278(5344): 
1812-1815.



129129

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Mayo M.W. and Baldwin A.S. (2000) The transcription factor NF-κB: control of oncogenesis and cancer therapy 
resistance. Biochim Biophys Acta 1470(2): M55-62.

Mazurek N., Byrd J.C., Sun Y., Hafley M., Ramirez K., Burks J. et al. (2012) Cell-surface galectin-3 confers 
resistance to TRAIL by impeding trafficking of death receptors in metastatic colon adenocarcinoma cells. 
Cell Death Differ 19(3): 523-533.

Mbonyi K., van Aelst L., Arguelles J.C., Jans A.W. and Thevelein J.M. (1990) Glucose-induced hyperaccumulation 
of cyclic AMP and defective glucose repression in yeast strains with reduced activity of cyclic AMP-dependent 
protein kinase. Mol Cell Biol 10(9): 4518-4523.

McDonald C.M., Wagner M., Dunham M.J., Shin M.E., Ahmed N.T. and Winter E. (2009) The Ras/cAMP pathway 
and the CDK-like kinase Ime2 regulate the MAPK Smk1 and spore morphogenesis in Saccharomyces 
cerevisiae. Genetics 181(2): 511-523.

Medema R.H., Kops G.J., Bos J.L. and Burgering B.M. (2000) AFX-like Forkhead transcription factors mediate 
cell-cycle regulation by Ras and PKB through p27kip1. Nature 404(6779): 782-787.

Medzhitov R. and Janeway C.A., Jr. (2002) Decoding the patterns of self and nonself by the innate immune 
system. Science 296(5566): 298-300.

Mehul B., Bawumia S., Martin S.R. and Hughes R.C. (1994) Structure of baby hamster kidney carbohydrate-
binding protein CBP30, an S-type animal lectin. J Biol Chem 269(27): 18250-18258.

Mehul B., Bawumia S. and Hughes R.C. (1995) Cross-linking of galectin 3, a galactose-binding protein of 
mammalian cells, by tissue-type transglutaminase. FEBS Lett 360(2): 160-164.

Mehul B. and Hughes R.C. (1997) Plasma membrane targetting, vesicular budding and release of galectin 3 
from the cytoplasm of mammalian cells during secretion. J Cell Sci 110(10): 1169-1178.

Menacho-Marquez M. and Murguia J.R. (2007) Yeast on drugs: Saccharomyces cerevisiae as a tool for anticancer 
drug research. Clin Transl Oncol 9(4): 221-228.

Mendenhall M.D. and Hodge A.E. (1998) Regulation of Cdc28 cyclin-dependent protein kinase activity during 
the cell cycle of the yeast Saccharomyces cerevisiae. Microbiol Mol Biol Rev 62(4): 1191-1243.

Menini S., Iacobini C., Blasetti Fantauzzi C., Pesce C.M. and Pugliese G. (2016) Role of galectin-3 in obesity and 
impaired glucose homeostasis. Oxid Med Cell Longev 2016: 9618092.

Menon R.P. and Hughes R.C. (1999) Determinants in the N-terminal domains of galectin-3 for secretion by a 
novel pathway circumventing the endoplasmic reticulum-Golgi complex. Eur J Biochem 264(2): 569-576.

Merlin J., Stechly L., de Beauce S., Monte D., Leteurtre E., van Seuningen I. et al. (2011) Galectin-3 regulates 
MUC1 and EGFR cellular distribution and EGFR downstream pathways in pancreatic cancer cells. Oncogene 
30(22): 2514-2525.

Merlo A., Herman J.G., Mao L., Lee D.J., Gabrielson E., Burger P.C. et al. (1995) 5’ CpG island methylation is 
associated with transcriptional silencing of the tumour suppressor p16/CDKN2/MTS1 in human cancers. 
Nat Med 1(7): 686-692.

Messa C., Russo F., Caruso M.G. and Di Leo a. (1998) EGF, TGF-α, and EGF-R in human colorectal adenocarcinoma. 
Acta Oncol 37(January): 285-289.

Mey A., Leffler H., Hmama Z., Normier G. and Revillard J.P. (1996) The animal lectin galectin-3 interacts with 
bacterial lipopolysaccharides via two independent sites. J Immunol 156(4): 1572-1577.

Milburn M.V., Tong L., deVos A.M., Brunger A., Yamaizumi Z., Nishimura S. et al. (1990) Molecular switch 
for signal transduction: structural differences between active and inactive forms of protooncogenic ras 
proteins. Science 247(4945): 939-945.

Miller M.P. and Kumar S. (2001) Understanding human disease mutations through the use of interspecific 
genetic variation. Hum Mol Genet 10(21): 2319-2328.

Misaki R., Morimatsu M., Uemura T., Waguri S., Miyoshi E., Taniguchi N. et al. (2010) Palmitoylated Ras proteins 
traffic through recycling endosomes to the plasma membrane during exocytosis. J Cell Biol 191(1): 23-29.

Missotten M., Nichols A., Rieger K. and Sadoul R. (1999) Alix, a novel mouse protein undergoing calcium-
dependent interaction with the apoptosis-linked-gene 2 (ALG-2) protein. Cell Death Differ 6(2): 124-129.



130130

General introduction - references

Mitchison J.M. (1971) The biology of the cell cycle. Cambridge University Press.

Mitin N., Rossman K.L. and Der C.J. (2005) Signaling interplay in Ras superfamily function. Curr Biol 15(14): 
R563-574.

Mitomi H., Fukui N., Tanaka N., Kanazawa H., Saito T., Matsuoka T. et al. (2010) Aberrant p16INK4a methylation 
is a frequent event in colorectal cancers: prognostic value and relation to mRNA expression and 
immunoreactivity. J Cancer Res Clin Oncol 136(2): 323-331.

Mitsui K., Nakagawa D., Nakamura M., Okamoto T. and Tsurugi K. (2005) Valproic acid induces apoptosis 
dependent of Yca1p at concentrations that mildly affect the proliferation of yeast. FEBS Lett 579(3): 723-
727.

Mitsuzawa H. (1994) Increases in cell size at START caused by hyperactivation of the cAMP pathway in 
Saccharomyces cerevisiae. Mol Gen Genet 243(2): 158-165.

Mittnacht S., Paterson H., Olson M.F. and Marshall C.J. (1997) Ras signalling is required for inactivation of the 
tumour suppressor pRb cell-cycle control protein. Curr Biol 7(3): 219-221.

Miyaki M., Iijima T., Konishi M., Sakai K., Ishii A., Yasuno M. et al. (1999) Higher frequency of Smad4 gene 
mutation in human colorectal cancer with distant metastasis. Oncogene 18(20): 3098-3103.

Mizunuma M., Tsubakiyama R., Ogawa T., Shitamukai A., Kobayashi Y., Inai T. et al. (2013) Ras/cAMP-dependent 
protein kinase (PKA) regulates multiple aspects of cellular events by phosphorylating the Whi3 cell cycle 
regulator in budding yeast. J Biol Chem 288(15): 10558-10566.

Moir R.D., Lee J., Haeusler R.A., Desai N., Engelke D.R. and Willis I.M. (2006) Protein kinase A regulates RNA 
polymerase III transcription through the nuclear localization of Maf1. Proc Natl Acad Sci U S A 103(41): 
15044-15049.

Moisan S., Demers M., Mercier J., Magnaldo T., Potworowski E.F. and St-Pierre Y. (2003) Upregulation of 
galectin-7 in murine lymphoma cells is associated with progression toward an aggressive phenotype. 
Leukemia 17(4): 751-759.

Mokdad-Gargouri R., Belhadj K. and Gargouri A. (2001) Translational control of human p53 expression in yeast 
mediated by 5’-UTR-ORF structural interaction. Nucleic Acids Res 29(5): 1222-1227.

Molenaar C.M., Prange R. and Gallwitz D. (1988) A carboxyl-terminal cysteine residue is required for palmitic 
acid binding and biological activity of the ras-related yeast YPT1 protein. Embo J 7(4): 971-976.

Mollapour M., Phelan J.P., Millson S.H., Piper P.W. and Cooke F.T. (2006) Weak acid and alkali stress regulate 
phosphatidylinositol bisphosphate synthesis in Saccharomyces cerevisiae. Biochem J 395(1): 73-80.

Moon B.K., Lee Y.J., Battle P., Jessup J.M., Raz A. and Kim H.R. (2001) Galectin-3 protects human breast 
carcinoma cells against nitric oxide-induced apoptosis: implication of galectin-3 function during metastasis. 
Am J Pathol 159(3): 1055-1060.

Morone N., Fujiwara T., Murase K., Kasai R.S., Ike H., Yuasa S. et al. (2006) Three-dimensional reconstruction 
of the membrane skeleton at the plasma membrane interface by electron tomography. J Cell Biol 174(6): 
851-862.

Moroni M., Veronese S., Benvenuti S., Marrapese G., Sartore-Bianchi A., Di Nicolantonio F. et al. (2005) Gene 
copy number for epidermal growth factor receptor (EGFR) and clinical response to antiEGFR treatment in 
colorectal cancer: a cohort study. Lancet Oncol 6(5): 279-286.

Morris D.R. (1995) Growth control of translation in mammalian cells. Prog Nucleic Acid Res Mol Biol 51: 339-
363.

Morris D.R. and Geballe A.P. (2000) Upstream open reading frames as regulators of mRNA translation. Mol Cell 
Biol 20(23): 8635-8642.

Morris S., Ahmad N., André S., Kaltner H., Gabius H.J., Brenowitz M. et al. (2004) Quaternary solution structures 
of galectins-1, -3, and -7. Glycobiology 14(3): 293-300.

Moskvina E., Schuller C., Maurer C.T., Mager W.H. and Ruis H. (1998) A search in the genome of Saccharomyces 
cerevisiae for genes regulated via stress response elements. Yeast 14(11): 1041-1050.



131131

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Mourad-Zeidan A.A., Melnikova V.O., Wang H., Raz A. and Bar-Eli M. (2008) Expression profiling of Galectin-3-
depleted melanoma cells reveals its major role in melanoma cell plasticity and vasculogenic mimicry. Am J 
Pathol 173(6): 1839-1852.

Moutsatsos I.K., Wade M., Schindler M. and Wang J.L. (1987) Endogenous lectins from cultured cells: nuclear 
localization of carbohydrate-binding protein 35 in proliferating 3T3 fibroblasts. Proc Natl Acad Sci U S A 
84(18): 6452-6456.

Mudassar S., Khan M.S., Khan N.P., Hussain M.u.-. and Andrabi K.I. (2014) Possible role of proto-oncogenes in 
colorectal cancer — A population based study.

Mulcahy L.S., Smith M.R. and Stacey D.W. (1985) Requirement for ras proto-oncogene function during serum-
stimulated growth of NIH 3T3 cells. Nature 313(5999): 241-243.

Müller G. and Bandlow W. (1987) cAMP-dependent protein kinase activity in yeast mitochondria. Z Naturforsch 
C 42(11-12): 1291-1302.

Muller R., Slamon D.J., Adamson E.D., Tremblay J.M., Muller D., Cline M.J. et al. (1983) Transcription of c-onc 
genes c-rasKi and c-fms during mouse development. Mol Cell Biol 3(6): 1062-1069.

Murase K., Fujiwara T., Umemura Y., Suzuki K., Iino R., Yamashita H. et al. (2004) Ultrafine membrane 
compartments for molecular diffusion as revealed by single molecule techniques. Biophys J 86(6): 4075-
4093.

Murphy P.V., Andre S. and Gabius H.J. (2013) The third dimension of reading the sugar code by lectins: design of 
glycoclusters with cyclic scaffolds as tools with the aim to define correlations between spatial presentation 
and activity. Molecules 18(4): 4026-4053.

Murray D., Arbuzova A., Hangyas-Mihalyne G., Gambhir A., Ben-Tal N., Honig B. et al. (1999) Electrostatic 
properties of membranes containing acidic lipids and adsorbed basic peptides: theory and experiment. 
Biophys J 77(6): 3176-3188.

Mushegian A. and Medzhitov R. (2001) Evolutionary perspective on innate immune recognition. J Cell Biol 
155(5): 705-710.

Myers C.L., Robson D., Wible A., Hibbs M.A., Chiriac C., Theesfeld C.L. et al. (2005) Discovery of biological 
networks from diverse functional genomic data. Genome Biol 6(13): R114.

Nagy N., Bronckart Y., Camby I., Legendre H., Lahm H., Kaltner H. et al. (2002) Galectin-8 expression decreases 
in cancer compared with normal and dysplastic human colon tissue and acts significantly on human colon 
cancer cell migration as a suppressor. Gut 50(3): 392-401.

Nakahara S., Oka N. and Raz A. (2005) On the role of galectin-3 in cancer apoptosis. Apoptosis 10(2): 267-275.

Nakamura M., Konishi N., Hiasa Y., Tsunoda S., Fukushima Y., Tsuzuki T. et al. (1996) Immunohistochemical 
detection of CDKN2, retinoblastoma and p53 gene products in primary astrocytic tumors. Int J Oncol 8(5): 
889-893.

Nalca A., Qiu S.G., El-Guendy N., Krishnan S. and Rangnekar V.M. (1999) Oncogenic Ras sensitizes cells to 
apoptosis by Par-4. J Biol Chem 274(42): 29976-29983.

Nangia-Makker P., Honjo Y., Sarvis R., Akahani S., Hogan V., Pienta K.J. et al. (2000) Galectin-3 induces endothelial 
cell morphogenesis and angiogenesis. Am J Pathol 156(3): 899-909.

Nangia-Makker P., Balan V. and Raz A. (2008) Regulation of tumor progression by extracellular galectin-3. Cancer 
Microenviron 1(1): 43-51.

Narasimhan M.L., Damsz B., Coca M.A., Ibeas J.I., Yun D.J., Pardo J.M. et al. (2001) A plant defense response 
effector induces microbial apoptosis. Mol Cell 8(4): 921-930.

Navarro P., Valverde A.M., Benito M. and Lorenzo M. (1999) Activated Ha-ras induces apoptosis by association 
with phosphorylated Bcl-2 in a mitogen-activated protein kinase-independent manner. J Biol Chem 274(27): 
18857-18863.

Neuman-Silberberg F.S., Schejter E., Hoffmann F.M. and Shilo B.Z. (1984) The Drosophila ras oncogenes: 
structure and nucleotide sequence. Cell 37(3): 1027-1033.



132132

General introduction - references

Newlaczyl A.U. and Yu L.G. (2011) Galectin-3--a jack-of-all-trades in cancer. Cancer Lett 313(2): 123-128.

Nickel W. (2003) The mystery of nonclassical protein secretion. A current view on cargo proteins and potential 
export routes. Eur J Biochem 270(10): 2109-2119.

Nigro J.M., Sikorski R., Reed S.I. and Vogelstein B. (1992) Human p53 and CDC2Hs genes combine to inhibit the 
proliferation of Saccharomyces cerevisiae. Mol Cell Biol 12(3): 1357-1365.

Nikawa J., Sass P. and Wigler M. (1987a) Cloning and characterization of the low-affinity cyclic AMP 
phosphodiesterase gene of Saccharomyces cerevisiae. Mol Cell Biol 7(10): 3629-3636.

Nikawa J., Cameron S., Toda T., Ferguson K.M. and Wigler M. (1987b) Rigorous feedback control of cAMP levels 
in Saccharomyces cerevisiae. Genes Dev 1(9): 931-937.

Nikzad H., Haddad Kashani H., Kabir-Salmani M., Akimoto Y. and Iwashita M. (2013) Expression of galectin-8 on 
human endometrium: Molecular and cellular aspects. Iran J Reprod Med 11(1): 65-70.

Nishiwaki E., Turner S.L., Harju S., Miyazaki S., Kashiwagi M., Koh J. et al. (2000) Regulation of CDK7–Carboxyl-
Terminal Domain Kinase Activity by the Tumor Suppressor p16INK4A Contributes to Cell Cycle Regulation. 
Mol Cellular Biol 20(20): 7726-7734.

Nitiss J.L. and Heitman J.E. (2007) Yeast as a tool in cancer research, Springer Netherlands.

Niv H., Gutman O., Kloog Y. and Henis Y.I. (2002) Activated K-Ras and H-Ras display different interactions with 
saturable nonraft sites at the surface of live cells. J Cell Biol 157(5): 865-872.

Nobumoto A., Nagahara K., Oomizu S., Katoh S., Nishi N., Takeshita K. et al. (2008) Galectin-9 suppresses tumor 
metastasis by blocking adhesion to endothelium and extracellular matrices. Glycobiology 18(9): 735-744.

Norambuena A., Metz C., Vicuna L., Silva A., Pardo E., Oyanadel C. et al. (2009) Galectin-8 induces apoptosis 
in Jurkat T cells by phosphatidic acid-mediated ERK1/2 activation supported by protein kinase A down-
regulation. J Biol Chem 284(19): 12670-12679.

Normanno N., Tejpar S., Morgillo F., De Luca A., Van Cutsem E. and Ciardiello F. (2009) Implications for KRAS 
status and EGFR-targeted therapies in metastatic CRC. Nat Rev Clin Oncol 6(9): 519-527.

Norrie M.W., Hawkins N.J., Todd A.V., Meagher A.P., O’Connor T.W. and Ward R.L. (2003) Inactivation of p16INK4a 
by CpG hypermethylation is not a frequent event in colorectal cancer. J Surg Oncol 84(3): 143-150.

Novick P., Osmond B.C. and Botstein D. (1989) Suppressors of yeast actin mutations. Genetics 121(4): 659-674.

O’Driscoll L., Linehan R., Liang Y.H., Joyce H., Oglesby I. and Clynes M. (2002) Galectin-3 expression alters 
adhesion, motility and invasion in a lung cell line (DLKP), in vitro. Anticancer Res 22(6a): 3117-3125.

Ochieng J., Leite-Browning M.L. and Warfield P. (1998) Regulation of cellular adhesion to extracellular matrix 
proteins by galectin-3. Biochem Biophys Res Commun 246(3): 788-791.

Ochieng J., Warfield P., Green-Jarvis B. and Fentie I. (1999) Galectin-3 regulates the adhesive interaction 
between breast carcinoma cells and elastin. J Cell Biochem 75(3): 505-514.

Ochieng J., Furtak V. and Lukyanov P. (2004) Extracellular functions of galectin-3. Glycoconj J 19(7-9): 527-535.

Oficjalska-Pham D., Harismendy O., Smagowicz W.J., Gonzalez de Peredo A., Boguta M., Sentenac A. et al. 
(2006) General repression of RNA polymerase III transcription is triggered by protein phosphatase type 
2A-mediated dephosphorylation of Maf1. Mol Cell 22(5): 623-632.

Ohannesian D.W., Lotan D. and Lotan R. (1994) Concomitant increases in galectin-1 and its glycoconjugate 
ligands (carcinoembryonic antigen, lamp-1, and lamp-2) in cultured human colon carcinoma cells by sodium 
butyrate. Cancer Res 54(22): 5992-6000.

Ohhara M., Esumi M. and Kurosu Y. (1996) Activation but not inactivation of the MTS1 gene is associated with 
primary colorectal carcinomas. Biochem Biophys Res Commun 226(3): 791-795.

Ohshima S., Kuchen S., Seemayer C.A., Kyburz D., Hirt A., Klinzing S. et al. (2003) Galectin 3 and its binding 
protein in rheumatoid arthritis. Arthritis Rheum 48(10): 2788-2795.

Oishi T., Itamochi H., Kigawa J., Kanamori Y., Shimada M., Takahashi M. et al. (2007) Galectin-3 may contribute 
to Cisplatin resistance in clear cell carcinoma of the ovary. Int J Gynecol Cancer 17(5): 1040-1046.



133133

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Oka N., Nakahara S., Takenaka Y., Fukumori T., Hogan V., Kanayama H.O. et al. (2005) Galectin-3 inhibits tumor 
necrosis factor-related apoptosis-inducing ligand-induced apoptosis by activating Akt in human bladder 
carcinoma cells. Cancer Res 65(17): 7546-7553.

Oka T., Murakami S., Arata Y., Hirabayashi J., Kasai K., Wada Y. et al. (1999) Identification and cloning of rat 
galectin-2: expression is predominantly in epithelial cells of the stomach. Arch Biochem Biophys 361(2): 
195-201.

Omerovic J., Laude A.J. and Prior I.A. (2007) Ras proteins: paradigms for compartmentalised and isoform-
specific signalling. Cell Mol Life Sci 64(19-20): 2575-2589.

Omerovic J., Hammond D.E., Clague M.J. and Prior I.A. (2008) Ras isoform abundance and signalling in human 
cancer cell lines. Oncogene 27(19): 2754-2762.

Openo K.P., Kadrofske M.M., Patterson R.J. and Wang J.L. (2000) Galectin-3 expression and subcellular 
localization in senescent human fibroblasts. Exp Cell Res 255(2): 278-290.

Oriol R., Mollicone R., Cailleau A., Balanzino L. and Breton C. (1999) Divergent evolution of fucosyltransferase 
genes from vertebrates, invertebrates, and bacteria. Glycobiology 9(4): 323-334.

Ortega S., Malumbres M. and Barbacid M. (2002) Cyclin D-dependent kinases, INK4 inhibitors and cancer. 
Biochim Biophys Acta 1602(1): 73-87.

Ortiz-Vega S., Khokhlatchev A., Nedwidek M., Zhang X.F., Dammann R., Pfeifer G.P. et al. (2002) The putative 
tumor suppressor RASSF1A homodimerizes and heterodimerizes with the Ras-GTP binding protein Nore1. 
Oncogene 21(9): 1381-1390.

Ortiz C.H., Maia J.C., Tenan M.N., Braz-Padrao G.R., Mattoon J.R. and Panek A.D. (1983) Regulation of yeast 
trehalase by a monocyclic, cyclic AMP-dependent phosphorylation-dephosphorylation cascade system. J 
Bacteriol 153(2): 644-651.

Ortner D., Grabher D., Hermann M., Kremmer E., Hofer S. and Heufler C. (2011) The adaptor protein Bam32 in 
human dendritic cells participates in the regulation of MHC class I-induced CD8+ T cell activation. J Immunol 
187(8): 3972-3978.

Outeiro T.F. and Lindquist S. (2003) Yeast cells provide insight into α-synuclein biology and pathobiology. Science 
302(5651): 1772-1775.

Outeiro T.F. and Muchowski P.J. (2004) Molecular genetics approaches in yeast to study amyloid diseases. J Mol 
Neurosci 23(1-2): 49-60.

Ozcan S. and Johnston M. (1999) Function and regulation of yeast hexose transporters. Microbiol Mol Biol Rev 
63(3): 554-569.

Ozeki Y., Matsui T., Yamamoto Y., Funahashi M., Hamako J. and Titani K. (1995) Tissue fibronectin is an 
endogenous ligand for galectin-1. Glycobiology 5(2): 255-261.

Palmero I., McConnell B., Parry D., Brookes S., Hara E., Bates S. et al. (1997) Accumulation of p16INK4a in mouse 
fibroblasts as a function of replicative senescence and not of retinoblastoma gene status. Oncogene 15(5): 
495-503.

Palmqvist R., Rutegard J.N., Bozoky B., Landberg G. and Stenling R. (2000) Human colorectal cancers with an 
intact p16/cyclin D1/pRb pathway have up-regulated p16 expression and decreased proliferation in small 
invasive tumor clusters. Am J Pathol 157(6): 1947-1953.

Palomino A., Herrero P. and Moreno F. (2006) Tpk3 and Snf1 protein kinases regulate Rgt1 association with 
Saccharomyces cerevisiae HXK2 promoter. Nucleic Acids Res 34(5): 1427-1438.

Pan X. and Heitman J. (2002) Protein kinase A operates a molecular switch that governs yeast pseudohyphal 
differentiation. Mol Cell Biol 22(12): 3981-3993.

Papageorge A.G., Defeo-Jones D., Robinson P., Temeles G. and Scolnick E.M. (1984) Saccharomyces cerevisiae 
synthesizes proteins related to the p21 gene product of ras genes found in mammals. Mol Cell Biol 4(1): 
23-29.

Park J.E., Chang W.Y. and Cho M. (2009) Induction of matrix metalloproteinase-9 by galectin-7 through p38 
MAPK signaling in HeLa human cervical epithelial adenocarcinoma cells. Oncol Rep 22(6): 1373-1379.



134134

General introduction - references

Park J.W., Voss P.G., Grabski S., Wang J.L. and Patterson R.J. (2001) Association of galectin-1 and galectin-3 with 
Gemin4 in complexes containing the SMN protein. Nucleic Acids Res 29(17): 3595-3602.

Paron I., Scaloni A., Pines A., Bachi A., Liu F.T., Puppin C. et al. (2003) Nuclear localization of Galectin-3 in 
transformed thyroid cells: a role in transcriptional regulation. Biochem Biophys Res Commun 302(3): 545-
553.

Parry D., Bates S., Mann D.J. and Peters G. (1995) Lack of cyclin D-Cdk complexes in Rb-negative cells correlates 
with high levels of p16INK4/MTS1 tumour suppressor gene product. Embo J 14(3): 503-511.

Pascual-Ahuir A. and Proft M. (2007) The Sch9 kinase is a chromatin-associated transcriptional activator of 
osmostress-responsive genes. Embo J 26(13): 3098-3108.

Passegue E. and Wagner E.F. (2000) JunB suppresses cell proliferation by transcriptional activation of p16INK4a 
expression. Embo J 19(12): 2969-2979.

Pavelka M. (1996) Topology of glycosylation — a histochemist’s view. Glycosciences: Status and Perspectives. 
Gabius, H.J. and Gabius, S. Weinheim, Germany, Wiley-VCH Verlag GmbH.

Paz A., Haklai R., Elad-Sfadia G., Ballan E. and Kloog Y. (2001) Galectin-1 binds oncogenic H-Ras to mediate Ras 
membrane anchorage and cell transformation. Oncogene 20(51): 7486-7493.

Pearson G.D. and Merrill G.F. (1998) Deletion of the Saccharomyces cerevisiae TRR1 gene encoding thioredoxin 
reductase inhibits p53-dependent reporter gene expression. J Biol Chem 273(10): 5431-5434.

Pedruzzi I., Burckert N., Egger P. and De Virgilio C. (2000) Saccharomyces cerevisiae Ras/cAMP pathway controls 
post-diauxic shift element-dependent transcription through the zinc finger protein Gis1. Embo J 19(11): 
2569-2579.

Pedruzzi I., Dubouloz F., Cameroni E., Wanke V., Roosen J., Winderickx J. et al. (2003) TOR and PKA signaling 
pathways converge on the protein kinase Rim15 to control entry into G0. Mol Cell 12(6): 1607-1613.

Peeper D.S., Upton T.M., Ladha M.H., Neuman E., Zalvide J., Bernards R. et al. (1997) Ras signalling linked to the 
cell-cycle machinery by the retinoblastoma protein. Nature 386(6621): 177-181.

Pelletier I. and Sato S. (2002) Specific recognition and cleavage of galectin-3 by Leishmania major through 
species-specific polygalactose epitope. J Biol Chem 277(20): 17663-17670.

Peng W., Wang H.Y., Miyahara Y., Peng G. and Wang R.F. (2008) Tumor-associated galectin-3 modulates the 
function of tumor-reactive T cells. Cancer Res 68(17): 7228-7236.

Pereira C., Coutinho I., Soares J., Bessa C., Leao M. and Saraiva L. (2012) New insights into cancer-related 
proteins provided by the yeast model. FEBS J 279(5): 697-712.

Perillo N.L., Uittenbogaart C.H., Nguyen J.T. and Baum L.G. (1997) Galectin-1, an endogenous lectin produced by 
thymic epithelial cells, induces apoptosis of human thymocytes. J Exp Med 185(10): 1851-1858.

Perillo N.L., Marcus M.E. and Baum L.G. (1998) Galectins: versatile modulators of cell adhesion, cell proliferation, 
and cell death. J Mol Med (Berl) 76(6): 402-412.

Perkins E., Sun D., Nguyen A., Tulac S., Francesco M., Tavana H. et al. (2001) Novel inhibitors of poly(ADP-ribose) 
polymerase/PARP1 and PARP2 identified using a cell-based screen in yeast. Cancer Res 61(10): 4175-4183.

Pfeifer G.P., Yoon J.H., Liu L., Tommasi S., Wilczynski S.P. and Dammann R. (2002) Methylation of the RASSF1A 
gene in human cancers. Biol Chem 383(6): 907-914.

Phillips A.J., Crowe J.D. and Ramsdale M. (2006) Ras pathway signaling accelerates programmed cell death in 
the pathogenic fungus Candida albicans. Proc Natl Acad Sci U S A 103(3): 726-731.

Pichova A., Vondrakova D. and Breitenbach M. (1997) Mutants in the Saccharomyces cerevisiae RAS2 gene 
influence life span, cytoskeleton, and regulation of mitosis. Can J Microbiol 43(8): 774-781.

Pienta K.J., Naik H., Akhtar A., Yamazaki K., Replogle T.S., Lehr J. et al. (1995) Inhibition of spontaneous metastasis 
in a rat prostate cancer model by oral administration of modified citrus pectin. J Natl Cancer Inst 87(5): 348-
353.

Plath T., Detjen K., Welzel M., von Marschall Z., Murphy D., Schirner M. et al. (2000) A novel function for the 
tumor suppressor p16INK4a: induction of anoikis via upregulation of the α5b1 fibronectin receptor. J Cell Biol 



135135

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

150(6): 1467-1478.

Plowman S.J., Muncke C., Parton R.G. and Hancock J.F. (2005) H-ras, K-ras, and inner plasma membrane raft 
proteins operate in nanoclusters with differential dependence on the actin cytoskeleton. Proc Natl Acad Sci 
U S A 102(43): 15500-15505.

Plowman S.J. and Hancock J.F. (2005) Ras signaling from plasma membrane and endomembrane microdomains. 
Biochim Biophys Acta 1746(3): 274-283.

Plowman S.J., Ariotti N., Goodall A., Parton R.G. and Hancock J.F. (2008) Electrostatic interactions positively 
regulate K-Ras nanocluster formation and function. Mol Cell Biol 28(13): 4377-4385.

Pohlig G. and Holzer H. (1985) Phosphorylation and inactivation of yeast fructose-1,6-bisphosphatase by cyclic 
AMP-dependent protein kinase from yeast. J Biol Chem 260(25): 13818-13823.

Poirier F., Bourin P., Bladier D., Joubert-Caron R. and Caron M. (2001) Effect of 5-azacytidine and galectin-1 on 
growth and differentiation of the human b lymphoma cell line bl36. Cancer Cell Int 1(1): 2.

Porro D., Brambilla L. and Alberghina L. (2003) Glucose metabolism and cell size in continuous cultures of 
Saccharomyces cerevisiae. FEMS Microbiol Lett 229(2): 165-171.

Powers S., Kataoka T., Fasano O., Goldfarb M., Strathern J., Broach J. et al. (1984) Genes in S. cerevisiae encoding 
proteins with domains homologous to the mammalian ras proteins. Cell 36(3): 607-612.

Prahallad A., Sun C., Huang S., Di Nicolantonio F., Salazar R., Zecchin D. et al. (2012) Unresponsiveness of colon 
cancer to BRAF(V600E) inhibition through feedback activation of EGFR. Nature 483(7387): 100-103.

Prenzel N., Zwick E., Daub H., Leserer M., Abraham R., Wallasch C. et al. (1999) EGF receptor transactivation by 
G-protein-coupled receptors requires metalloproteinase cleavage of proHB-EGF. Nature 402(December): 
884-888.

Prior I.A., Harding A., Yan J., Sluimer J., Parton R.G. and Hancock J.F. (2001) GTP-dependent segregation of H-ras 
from lipid rafts is required for biological activity. Nat Cell Biol 3(4): 368-375.

Prior I.A., Muncke C., Parton R.G. and Hancock J.F. (2003a) Direct visualization of Ras proteins in spatially distinct 
cell surface microdomains. J Cell Biol 160(2): 165-170.

Prior I.A., Parton R.G. and Hancock J.F. (2003b) Observing cell surface signaling domains using electron 
microscopy. Sci STKE 2003(177): Pl9.

Prior I.A., Lewis P.D. and Mattos C. (2012) A comprehensive survey of Ras mutations in cancer. Cancer Res 
72(10): 2457-2467.

Prior I.A. and Hancock J.F. (2012) Ras trafficking, localization and compartmentalized signalling. Semin Cell Dev 
Biol 23(2): 145-153.

Probstmeier R., Montag D. and Schachner M. (1995) Galectin-3, a b-galactoside-binding animal lectin, binds to 
neural recognition molecules. J Neurochem 64(6): 2465-2472.

Proft M., Pascual-Ahuir A., de Nadal E., Arino J., Serrano R. and Posas F. (2001) Regulation of the Sko1 
transcriptional repressor by the Hog1 MAP kinase in response to osmotic stress. Embo J 20(5): 1123-1133.

Pruitt K., Pestell R.G. and Der C.J. (2000) Ras inactivation of the retinoblastoma pathway by distinct mechanisms 
in NIH 3T3 fibroblast and RIE-1 epithelial cells. J Biol Chem 275(52): 40916-40924.

Pruitt K. and Der C.J. (2001) Ras and Rho regulation of the cell cycle and oncogenesis. Cancer Lett 171(1): 1-10.

Qin X., Jiang B. and Zhang Y. (2016) 4E-BP1, a multifactor regulated multifunctional protein. Cell Cycle 15(6): 
781-786.

Quattroni P., Li Y., Lucchesi D., Lucas S., Hood D.W., Herrmann M. et al. (2012) Galectin-3 binds Neisseria 
meningitidis and increases interaction with phagocytic cells. Cell Microbiol 14(11): 1657-1675.

Quelle D.E., Zindy F., Ashmun R.A. and Sherr C.J. (1995) Alternative reading frames of the INK4a tumor 
suppressor gene encode two unrelated proteins capable of inducing cell cycle arrest. Cell 83(6): 993-1000.

Quereda V., Martinalbo J., Dubus P., Carnero A. and Malumbres M. (2007) Genetic cooperation between 
p21Cip1 and INK4 inhibitors in cellular senescence and tumor suppression. Oncogene 26(55): 7665-7674.



136136

General introduction - references

Quinlan M.P. and Settleman J. (2008) Explaining the preponderance of Kras mutations in human cancer: An 
isoform-specific function in stem cell expansion. Cell Cycle 7(10): 1332-1335.

Rabien A., Sanchez-Ruderisch H., Schulz P., Otto N., Wimmel A., Wiedenmann B. et al. (2012) Tumor suppressor 
p16INK4a controls oncogenic K-Ras function in human pancreatic cancer cells. Cancer Sci 103(2): 169-175.

Rabinovich G.A. (1999) Galectins: an evolutionarily conserved family of animal lectins with multifunctional 
properties; a trip from the gene to clinical therapy. Cell Death Differ 6(8): 711-721.

Rabinovich G.A., Alonso C.R., Sotomayor C.E., Durand S., Bocco J.L. and Riera C.M. (2000) Molecular mechanisms 
implicated in galectin-1-induced apoptosis: activation of the AP-1 transcription factor and downregulation 
of Bcl-2. Cell Death Differ 7(8): 747-753.

Rabinovich G.A. and Toscano M.A. (2009) Turning ‘sweet’ on immunity: galectin-glycan interactions in immune 
tolerance and inflammation. Nat Rev Immunol 9(5): 338-352.

Rabinovich G.A. and Vidal M. (2011) Galectins and microenvironmental niches during hematopoiesis. Curr Opin 
Hematol 18(6): 443-451.

Rabinovich G.A. and Croci D.O. (2012) Regulatory circuits mediated by lectin-glycan interactions in autoimmunity 
and cancer. Immunity 36(3): 322-335.

Radosavljevic G., Jovanovic I., Majstorovic I., Mitrovic M., Lisnic V.J., Arsenijevic N. et al. (2011) Deletion of 
galectin-3 in the host attenuates metastasis of murine melanoma by modulating tumor adhesion and NK 
cell activity. Clin Exp Metastasis 28(5): 451-462.

Radosavljevic G., Volarevic V., Jovanovic I., Milovanovic M., Pejnovic N., Arsenijevic N. et al. (2012) The roles of 
Galectin-3 in autoimmunity and tumor progression. Immunol Res 52(1-2): 100-110.

Raimond J., Zimonjic D.B., Mignon C., Mattei M., Popescu N.C., Monsigny M. et al. (1997) Mapping of the 
galectin-3 gene (LGALS3) to human chromosome 14 at region 14q21-22. Mamm Genome 8(9): 706-707.

Rajalingam K., Schreck R., Rapp U.R. and Albert S. (2007) Ras oncogenes and their downstream targets. Biochim 
Biophys Acta 1773(8): 1177-1195.

Rak J., Mitsuhashi Y., Erdos V., Huang S.N., Filmus J. and Kerbel R.S. (1995) Massive programmed cell death in 
intestinal epithelial cells induced by three-dimensional growth conditions: suppression by mutant c-H-ras 
oncogene expression. J Cell Biol 131(6): 1587-1598.

Raskov H., Pommergaard H.C., Burcharth J. and Rosenberg J. (2014) Colorectal carcinogenesis--update and 
perspectives. World J Gastroenterol 20(48): 18151-18164.

Reales-Calderon J.A., Martinez-Solano L., Martinez-Gomariz M., Nombela C., Molero G. and Gil C. (2012) Sub-
proteomic study on macrophage response to Candida albicans unravels new proteins involved in the host 
defense against the fungus. J Proteomics 75(15): 4734-4746.

Reed A.L., Califano J., Cairns P., Westra W.H., Jones R.M., Koch W. et al. (1996) High frequency of p16 (CDKN2/
MTS-1/INK4A) inactivation in head and neck squamous cell carcinoma. Cancer Res 56(16): 3630-3633.

Reed S.I. (1997) Control of the G1/S transition. Cancer Surv 29: 7-23.

Reinders A., Burckert N., Boller T., Wiemken A. and De Virgilio C. (1998) Saccharomyces cerevisiae cAMP-
dependent protein kinase controls entry into stationary phase through the Rim15p protein kinase. Genes 
Dev 12(18): 2943-2955.

Renkonen K.O. (1948) Studies on the nature of hemagglutinins present in seeds of some representatives of the 
family of leguminosae. Ann Med Exp Biol Fenn 26: 66–72.

Repasky G.A., Chenette E.J. and Der C.J. (2004) Renewing the conspiracy theory debate: does Raf function 
alone to mediate Ras oncogenesis? Trends Cell Biol 14(11): 639-647.

Reuter G. and Gabius H.J. (1999) Eukaryotic glycosylation: whim of nature or multipurpose tool? Cell Mol Life 
Sci 55(3): 368-422.

Reymond A. and Brent R. (1995) p16 proteins from melanoma-prone families are deficient in binding to Cdk4. 
Oncogene 11(6): 1173-1178.



137137

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Reymond C.D., Gomer R.H., Mehdy M.C. and Firtel R.A. (1984) Developmental regulation of a Dictyostelium 
gene encoding a protein homologous to mammalian ras protein. Cell 39(1): 141-148.

Reznikoff C.A., Yeager T.R., Belair C.D., Savelieva E., Puthenveettil J.A. and Stadler W.M. (1996) Elevated p16 
at senescence and loss of p16 at immortalization in human papillomavirus 16 E6, but not E7, transformed 
human uroepithelial cells. Cancer Res 56(13): 2886-2890.

Ries S., Biederer C., Woods D., Shifman O., Shirasawa S., Sasazuki T. et al. (2000) Opposing effects of Ras on p53: 
transcriptional activation of mdm2 and induction of p19ARF. Cell 103(2): 321-330.

Rini J.M. and Lobsanov Y.D. (1999) New animal lectin structures. Curr Opin Struct Biol 9(5): 578-584.

Rittenhouse J., Moberly L. and Marcus F. (1987) Phosphorylation in vivo of yeast (Saccharomyces cerevisiae) 
fructose-1,6-bisphosphatase at the cyclic AMP-dependent site. J Biol Chem 262(21): 10114-10119.

Rivard N., Boucher M.J., Asselin C. and L’Allemain G. (1999) MAP kinase cascade is required for p27 
downregulation and S phase entry in fibroblasts and epithelial cells. Am J Physiol 277(4): C652-664.

Robert V., Michel P., Flaman J.M., Chiron A., Martin C., Charbonnier F. et al. (2000) High frequency in esophageal 
cancers of p53 alterations inactivating the regulation of genes involved in cell cycle and apoptosis. 
Carcinogenesis 21(4): 563-565.

Roberts D.N., Wilson B., Huff J.T., Stewart A.J. and Cairns B.R. (2006) Dephosphorylation and genome-wide 
association of Maf1 with Pol III-transcribed genes during repression. Mol Cell 22(5): 633-644.

Robertson G., Hirst M., Bainbridge M., Bilenky M., Zhao Y., Zeng T. et al. (2007) Genome-wide profiles of STAT1 
DNA association using chromatin immunoprecipitation and massively parallel sequencing. Nat Methods 
4(8): 651-657.

Robertson L.S. and Fink G.R. (1998) The three yeast A kinases have specific signaling functions in pseudohyphal 
growth. Proc Natl Acad Sci U S A 95(23): 13783-13787.

Robertson L.S., Causton H.C., Young R.A. and Fink G.R. (2000) The yeast A kinases differentially regulate iron 
uptake and respiratory function. Proc Natl Acad Sci U S A 97(11): 5984-5988.

Robinson L.C., Gibbs J.B., Marshall M.S., Sigal I.S. and Tatchell K. (1987) CDC25: a component of the RAS-
adenylate cyclase pathway in Saccharomyces cerevisiae. Science 235(4793): 1218-1221.

Rocks O., Gerauer M., Vartak N., Koch S., Huang Z.P., Pechlivanis M. et al. (2010) The palmitoylation machinery 
is a spatially organizing system for peripheral membrane proteins. Cell 141(3): 458-471.

Rödel G., Muller G. and Bandlow W. (1985) Cyclic AMP receptor protein from yeast mitochondria: 
submitochondrial localization and preliminary characterization. J Bacteriol 161(1): 7-12.

Rogge R.D., Karlovich C.A. and Banerjee U. (1991) Genetic dissection of a neurodevelopmental pathway: Son 
of sevenless functions downstream of the sevenless and EGF receptor tyrosine kinases. Cell 64(1): 39-48.

Rolli-Derkinderen M., Machavoine F., Baraban J.M., Grolleau A., Beretta L. and Dy M. (2003) ERK and p38 inhibit 
the expression of 4E-BP1 repressor of translation through induction of Egr-1. J Biol Chem 278(21): 18859-
18867.

Romagosa C., Simonetti S., Lopez-Vicente L., Mazo A., Lleonart M.E., Castellvi J. et al. (2011) p16INK4a 

overexpression in cancer: a tumor suppressor gene associated with senescence and high-grade tumors. 
Oncogene 30(18): 2087-2097.

Romashkova J.A. and Makarov S.S. (1999) NF-κB is a target of AKT in anti-apoptotic PDGF signalling. Nature 
401(6748): 86-90.

Rorive S., Belot N., Decaestecker C., Lefranc F., Gordower L., Micik S. et al. (2001) Galectin-1 is highly expressed 
in human gliomas with relevance for modulation of invasion of tumor astrocytes into the brain parenchyma. 
Glia 33(3): 241-255.

Rosen K., Rak J., Jin J., Kerbel R.S., Newman M.J. and Filmus J. (1998) Downregulation of the pro-apoptotic 
protein Bak is required for the ras-induced transformation of intestinal epithelial cells. Curr Biol 8(24): 1331-
1334.

Rosen K., Rak J., Leung T., Dean N.M., Kerbel R.S. and Filmus J. (2000) Activated Ras prevents downregulation of 
Bcl-X(L) triggered by detachment from the extracellular matrix. A mechanism of Ras-induced resistance to 



138138

General introduction - references

anoikis in intestinal epithelial cells. J Cell Biol 149(2): 447-456.

Roy M.O., Leventis R. and Silvius J.R. (2000) Mutational and biochemical analysis of plasma membrane targeting 
mediated by the farnesylated, polybasic carboxy terminus of K-ras4B. Biochemistry 39(28): 8298-8307.

Roy S., Plowman S., Rotblat B., Prior I.A., Muncke C., Grainger S. et al. (2005) Individual palmitoyl residues serve 
distinct roles in H-ras trafficking, microlocalization, and signaling. Mol Cell Biol 25(15): 6722-6733.

Ruas M. and Peters G. (1998) The p16INK4a/CDKN2A tumor suppressor and its relatives. Biochim Biophys Acta 
1378(2): F115-177.

Ruas M., Brookes S., McDonald N.Q. and Peters G. (1999) Functional evaluation of tumour-specific variants of 
p16INK4a/CDKN2A: correlation with protein structure information. Oncogene 18(39): 5423-5434.

Rüdiger H. and Gabius H.J. (2011a) The biochemical basis and coding capacity of the sugar code. The Sugar 
Code: Fundamentals of Glycosciences. Gabius, H.J. Weinheim, Germany, Wiley: 3–13.

Rüdiger H. and Gabius H.J. (2011b) The history of lectinology. The Sugar Code: Fundamentals of glycosciences. 
Gabius, H.J. Weinheim, Germany, Wiley: 261–268.

Rupes I. (2002) Checking cell size in yeast. Trends Genet 18(9): 479-485.

Ryckaert S., Callewaert N., Jacobs P.P., Dewaele S., Dewerte I. and Contreras R. (2008) Fishing for lectins from 
diverse sequence libraries by yeast surface display - an exploratory study. Glycobiology 18(2): 137-144.

Rytomaa M., Lehmann K. and Downward J. (2000) Matrix detachment induces caspase-dependent cytochrome 
c release from mitochondria: inhibition by PKB/Akt but not Raf signalling. Oncogene 19(39): 4461-4468.

Saada A., Reichert F. and Rotshenker S. (1996) Granulocyte macrophage colony stimulating factor produced in 
lesioned peripheral nerves induces the up-regulation of cell surface expression of MAC-2 by macrophages 
and Schwann cells. J Cell Biol 133(1): 159-167.

Saal I., Nagy N., Lensch M., Lohr M., Manning J.C., Decaestecker C. et al. (2005) Human galectin-2: expression 
profiling by RT-PCR/immunohistochemistry and its introduction as a histochemical tool for ligand localization. 
Histol Histopathol 20(4): 1191-1208.

Sacchettini J.C., Baum L.G. and Brewer C.F. (2001) Multivalent protein-carbohydrate interactions. A new 
paradigm for supermolecular assembly and signal transduction. Biochemistry 40(10): 3009-3015.

Saif M.W. (2010) Colorectal cancer in review: the role of the EGFR pathway. Expert Opin Investig Drugs 19: 357-
369.

Sakaguchi M., Fujii Y., Hirabayashi H., Yoon H.E., Komoto Y., Oue T. et al. (1996) Inversely correlated expression 
of p16 and Rb protein in non-small cell lung cancers: an immunohistochemical study. Int J Cancer 65(4): 
442-445.

Salomon D.S., Brandt R., Ciardiello F. and Normanno N. (1995) Epidermal growth factor-related peptides and 
their receptors in human malignancies. Crit Rev Oncol Hematol 19(94): 183-232.

Sanchez-Ruderisch H., Fischer C., Detjen K.M., Welzel M., Wimmel A., Manning J.C. et al. (2010) Tumor 
suppressor p16 INK4a: Downregulation of galectin-3, an endogenous competitor of the pro-anoikis effector 
galectin-1, in a pancreatic carcinoma model. FEBS J 277(17): 3552-3563.

Sandouk F., Al Jerf F. and Al-Halabi M.H. (2013) Precancerous lesions in colorectal cancer. Gastroenterol Res 
Pract 2013: 457901.

Sanjuan X., Fernandez P.L., Castells A., Castronovo V., van den Brule F., Liu F.T. et al. (1997) Differential expression 
of galectin 3 and galectin 1 in colorectal cancer progression. Gastroenterology 113(6): 1906-1915.

Sano H., Hsu D.K., Yu L., Apgar J.R., Kuwabara I., Yamanaka T. et al. (2000) Human galectin-3 is a novel 
chemoattractant for monocytes and macrophages. J Immunol 165(4): 2156-2164.

Sass P., Field J., Nikawa J., Toda T. and Wigler M. (1986) Cloning and characterization of the high-affinity cAMP 
phosphodiesterase of Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 83(24): 9303-9307.

Satelli A., Rao P.S., Thirumala S. and Rao U.S. (2011) Galectin-4 functions as a tumor suppressor of human 
colorectal cancer. Int J Cancer 129(4): 799-809.



139139

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Sato S. and Hughes R.C. (1992) Binding specificity of a baby hamster kidney lectin for H type I and II chains, 
polylactosamine glycans, and appropriately glycosylated forms of laminin and fibronectin. J Biol Chem 
267(10): 6983-6990.

Sato S., Burdett I. and Hughes R.C. (1993) Secretion of the baby hamster kidney 30-kDa galactose-binding 
lectin from polarized and nonpolarized cells: a pathway independent of the endoplasmic reticulum-Golgi 
complex. Exp Cell Res 207(1): 8-18.

Sato S. and Hughes R.C. (1994) Regulation of secretion and surface expression of Mac-2, a galactoside-binding 
protein of macrophages. J Biol Chem 269(6): 4424-4430.

Sato S., Ouellet N., Pelletier I., Simard M., Rancourt A. and Bergeron M.G. (2002) Role of galectin-3 as an 
adhesion molecule for neutrophil extravasation during Streptococcal pneumonia. J Immunol 168(4): 1813-
1822.

Sato S. and Nieminen J. (2004) Seeing strangers or announcing “danger”: galectin-3 in two models of innate 
immunity. Glycoconj J 19(7-9): 583-591.

Sato S., St-Pierre C., Bhaumik P. and Nieminen J. (2009) Galectins in innate immunity: dual functions of host 
soluble b-galactoside-binding lectins as damage-associated molecular patterns (DAMPs) and as receptors 
for pathogen-associated molecular patterns (PAMPs). Immunol Rev 230(1): 172-187.

Sato S., Ouellet M., St-Pierre C. and Tremblay M.J. (2012) Glycans, galectins, and HIV-1 infection. Ann N Y Acad 
Sci 1253: 133-148.

Sato T., Hanada M., Bodrug S., Irie S., Iwama N., Boise L.H. et al. (1994) Interactions among members of the 
Bcl-2 protein family analyzed with a yeast two-hybrid system. Proc Natl Acad Sci U S A 91(20): 9238-9242.

Scaffidi C., Fulda S., Srinivasan A., Friesen C., Li F., Tomaselli K.J. et al. (1998) Two CD95 (APO-1/Fas) signaling 
pathways. Embo J 17(6): 1675-1687.

Schafer W.R., Kim R., Sterne R., Thorner J., Kim S.H. and Rine J. (1989) Genetic and pharmacological suppression 
of oncogenic mutations in ras genes of yeast and humans. Science 245(4916): 379-385.

Scharer E. and Iggo R. (1992) Mammalian p53 can function as a transcription factor in yeast. Nucleic Acids Res 
20(7): 1539-1545.

Scheffzek K., Lautwein A., Kabsch W., Ahmadian M.R. and Wittinghofer A. (1996) Crystal structure of the GTPase-
activating domain of human p120GAP and implications for the interaction with Ras. Nature 384(6609): 591-
596.

Scheid M.P. and Woodgett J.R. (2001a) Phosphatidylinositol 3’ kinase signaling in mammary tumorigenesis. J 
Mammary Gland Biol Neoplasia 6(1): 83-99.

Scheid M.P. and Woodgett J.R. (2001b) PKB/AKT: functional insights from genetic models. Nat Rev Mol Cell Biol 
2(10): 760-768.

Schlichting I., Almo S.C., Rapp G., Wilson K., Petratos K., Lentfer A. et al. (1990) Time-resolved X-ray crystallographic 
study of the conformational change in Ha-Ras p21 protein on GTP hydrolysis. Nature 345(6273): 309-315.

Schmidt A. and Hall A. (2002) Guanine nucleotide exchange factors for Rho GTPases: turning on the switch. 
Genes Dev 16(13): 1587-1609.

Schmitt C.A., Fridman J.S., Yang M., Lee S., Baranov E., Hoffman R.M. et al. (2002) A senescence program 
controlled by p53 and p16INK4a contributes to the outcome of cancer therapy. Cell 109(3): 335-346.

Schroder H.C., Ushijima H., Theis C., Seve A.P., Hubert J. and Muller W.E. (1995) Expression of nuclear lectin 
carbohydrate-binding protein 35 in human immunodeficiency virus type 1-infected Molt-3 cells. J Acquir 
Immune Defic Syndr Hum Retrovirol 9(4): 340-348.

Schubbert S., Shannon K. and Bollag G. (2007) Hyperactive Ras in developmental disorders and cancer. Nat Rev 
Cancer 7(4): 295-308.

Schulze W.X., Deng L. and Mann M. (2005) Phosphotyrosine interactome of the ErbB-receptor kinase family. 
Mol Syst Biol 1: 2005 0008.

Schwarz H.P. and Dorner F. (2003) Karl Landsteiner and his major contributions to haematology. Br J Haematol 
121(4): 556-565.



140140

General introduction - references

Seguin L., Kato S., Franovic A., Camargo M.F., Lesperance J., Elliott K.C. et al. (2014) An integrin b3-KRAS-RalB 
complex drives tumour stemness and resistance to EGFR inhibition. Nat Cell Biol 16(5): 457-468.

Sekigawa M., Kunoh T., Wada S., Mukai Y., Ohshima K., Ohta S. et al. (2010) Comprehensive screening of human 
genes with inhibitory effects on yeast growth and validation of a yeast cell-based system for screening 
chemicals. J Biomol Screen 15(4): 368-378.

Serizawa H. (1998) Cyclin-dependent kinase inhibitor p16INK4A inhibits phosphorylation of RNA polymerase II 
by general transcription factor TFIIH. J Biol Chem 273(10): 5427-5430.

Serrano M., Gomez-Lahoz E., DePinho R.A., Beach D. and Bar-Sagi D. (1995) Inhibition of ras-induced proliferation 
and cellular transformation by p16INK4. Science 267(5195): 249-252.

Serrano M., Lee H., Chin L., Cordon-Cardo C., Beach D. and DePinho R.A. (1996) Role of the INK4a locus in tumor 
suppression and cell mortality. Cell 85(1): 27-37.

Serrano M., Lin A.W., McCurrach M.E., Beach D. and Lowe S.W. (1997) Oncogenic ras provokes premature cell 
senescence associated with accumulation of p53 and p16INK4a. Cell 88(5): 593-602.

Shalom-Feuerstein R., Cooks T., Raz A. and Kloog Y. (2005) Galectin-3 regulates a molecular switch from N-Ras 
to K-Ras usage in human breast carcinoma cells. Cancer Res 65(16): 7292-7300.

Shalom-Feuerstein R., Plowman S.J., Rotblat B., Ariotti N., Tian T., Hancock J.F. et al. (2008) K-ras nanoclustering 
is subverted by overexpression of the scaffold protein galectin-3. Cancer Res 68(16): 6608-6616.

Shankar J., Wiseman S.M., Meng F., Kasaian K., Strugnell S., Mofid A. et al. (2012) Coordinated expression of 
galectin-3 and caveolin-1 in thyroid cancer. J Pathol 228(1): 56-66.

Sharpless N.E., Ramsey M.R., Balasubramanian P., Castrillon D.H. and DePinho R.A. (2004) The differential 
impact of p16INK4a or p19ARF deficiency on cell growth and tumorigenesis. Oncogene 23(2): 379-385.

Shekhar M.P., Nangia-Makker P., Tait L., Miller F. and Raz A. (2004) Alterations in galectin-3 expression and 
distribution correlate with breast cancer progression: functional analysis of galectin-3 in breast epithelial-
endothelial interactions. Am J Pathol 165(6): 1931-1941.

Sherr C.J. and Roberts J.M. (1999) CDK inhibitors: positive and negative regulators of G1-phase progression. 
Genes Dev 13(12): 1501-1512.

Shi Y., He B., Kuchenbecker K.M., You L., Xu Z., Mikami I. et al. (2007) Inhibition of Wnt-2 and galectin-3 
synergistically destabilizes b-catenin and induces apoptosis in human colorectal cancer cells. Int J Cancer 
121(6): 1175-1181.

Shields J.M., Pruitt K., McFall A., Shaub A. and Der C.J. (2000) Understanding Ras: ‘it ain’t over ‘til it’s over’. 
Trends Cell Biol 10(4): 147-154.

Shih T.Y., Weeks M.O., Young H.A. and Scholnick E.M. (1979) Identification of a sarcoma virus-coded 
phosphoprotein in nonproducer cells transformed by Kirsten or Harvey murine sarcoma virus. Virology 
96(1): 64-79.

Shima K., Nosho K., Baba Y., Cantor M., Meyerhardt J.A., Giovannucci E.L. et al. (2011) Prognostic significance 
of CDKN2A (p16) promoter methylation and loss of expression in 902 colorectal cancers: Cohort study and 
literature review. Int J Cancer 128(5): 1080-1094.

Shimura T., Takenaka Y., Tsutsumi S., Hogan V., Kikuchi A. and Raz A. (2004) Galectin-3, a novel binding partner 
of b-catenin. Cancer Res 64(18): 6363-6367.

Shimura T., Takenaka Y., Fukumori T., Tsutsumi S., Okada K., Hogan V. et al. (2005) Implication of galectin-3 in 
Wnt signaling. Cancer Res 65(9): 3535-3537.

Shou C., Farnsworth C.L., Neel B.G. and Feig L.A. (1992) Molecular cloning of cDNAs encoding a guanine-
nucleotide-releasing factor for Ras p21. Nature 358(6384): 351-354.

Silva R.D., Sotoca R., Johansson B., Ludovico P., Sansonetty F., Silva M.T. et al. (2005) Hyperosmotic stress 
induces metacaspase- and mitochondria-dependent apoptosis in Saccharomyces cerevisiae. Mol Microbiol 
58(3): 824-834.

Silvius J.R., Bhagatji P., Leventis R. and Terrone D. (2006) K-ras4B and prenylated proteins lacking “second 
signals” associate dynamically with cellular membranes. Mol Biol Cell 17(1): 192-202.



141141

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Simon J.A. and Bedalov A. (2004) Yeast as a model system for anticancer drug discovery. Nat Rev Cancer 4(6): 
481-492.

Slattery M.G., Liko D. and Heideman W. (2008) Protein kinase A, TOR, and glucose transport control the response 
to nutrient repletion in Saccharomyces cerevisiae. Eukaryot Cell 7(2): 358-367.

Smetana K., Holikova Z., Klubal R., Bovin N.V., Dvorankova B., Bartunkova J. et al. (1999) Coexpression of binding 
sites for A(B) histo-blood group trisaccharides with galectin-3 and Lag antigen in human Langerhans cells. J 
Leukoc Biol 66(4): 644-649.

Smith A., Ward M.P. and Garrett S. (1998) Yeast PKA represses Msn2p/Msn4p-dependent gene expression to 
regulate growth, stress response and glycogen accumulation. Embo J 17(13): 3556-3564.

Smith B.J. and Yaffe M.P. (1991) A mutation in the yeast heat-shock factor gene causes temperature-sensitive 
defects in both mitochondrial protein import and the cell cycle. Mol Cell Biol 11(5): 2647-2655.

Smith G., Carey F.A., Beattie J., Wilkie M.J., Lightfoot T.J., Coxhead J. et al. (2002) Mutations in APC, Kirsten-ras, 
and p53--alternative genetic pathways to colorectal cancer. Proc Natl Acad Sci U S A 99(14): 9433-9438.

Smith J.R. and Pereira-Smith O.M. (1996) Replicative senescence: implications for in vivo aging and tumor 
suppression. Science 273(5271): 63-67.

Solis D., Bovin N.V., Davis A.P., Jimenez-Barbero J., Romero A., Roy R. et al. (2015) A guide into glycosciences: 
How chemistry, biochemistry and biology cooperate to crack the sugar code. Biochim Biophys Acta 1850(1): 
186-235.

Song L., Tang J.W., Owusu L., Sun M.Z., Wu J. and Zhang J. (2014) Galectin-3 in cancer. Clin Chim Acta 431: 185-
191.

Song S., Mazurek N., Liu C., Sun Y., Ding Q.Q., Liu K. et al. (2009) Galectin-3 mediates nuclear b-catenin 
accumulation and Wnt signaling in human colon cancer cells by regulation of glycogen synthase kinase-3b 
activity. Cancer Res 69(4): 1343-1349.

Song S., Ji B., Ramachandran V., Wang H., Hafley M., Logsdon C. et al. (2012) Overexpressed galectin-3 in 
pancreatic cancer induces cell proliferation and invasion by binding Ras and activating Ras signaling. PLoS 
One 7(8): e42699.

Spaargaren M. and Bischoff J.R. (1994) Identification of the guanine nucleotide dissociation stimulator for Ral as 
a putative effector molecule of R-ras, H-ras, K-ras, and Rap. Proc Natl Acad Sci U S A 91(26): 12609-12613.

Spano D., Russo R., Di Maso V., Rosso N., Terracciano L.M., Roncalli M. et al. (2010) Galectin-1 and its involvement 
in hepatocellular carcinoma aggressiveness. Mol Med 16(3-4): 102-115.

Spano J.P., Lagorce C., Atlan D., Milano G., Domont J., Benamouzig R. et al. (2005) Impact of EGFR expression 
on colorectal cancer patient prognosis and survival. Ann Oncol 16(1): 102-108.

Spath G.F., Garraway L.A., Turco S.J. and Beverley S.M. (2003) The role(s) of lipophosphoglycan (LPG) in the 
establishment of Leishmania major infections in mammalian hosts. Proc Natl Acad Sci U S A 100(16): 9536-
9541.

Sridharan M., Hubbard J.M. and Grothey A. (2014) Colorectal cancer: how emerging molecular understanding 
affects treatment decisions. Oncology 28(2): 110-118.

Srinivasan N., Bane S.M., Ahire S.D., Ingle A.D. and Kalraiya R.D. (2009) Poly N-acetyllactosamine substitutions 
on N- and not O-oligosaccharides or Thomsen-Friedenreich antigen facilitate lung specific metastasis of 
melanoma cells via galectin-3. Glycoconj J 26(4): 445-456.

Srivatsan V., George M. and Shanmugam E. (2015) Utility of galectin-3 as a prognostic biomarker in heart failure: 
where do we stand? Eur J Prev Cardiol 22(9): 1096-1110.

St-Pierre C., Manya H., Ouellet M., Clark G.F., Endo T., Tremblay M.J. et al. (2011) Host-soluble galectin-1 
promotes HIV-1 replication through a direct interaction with glycans of viral gp120 and host CD4. J Virol 
85(22): 11742-11751.

Stierstorfer B., Kaltner H., Neumuller C., Sinowatz F. and Gabius H.J. (2000) Temporal and spatial regulation of 
expression of two galectins during kidney development of the chicken. Histochem J 32(6): 325-336.



142142

General introduction - references

Stowell S.R., Arthur C.M., Mehta P., Slanina K.A., Blixt O., Leffler H. et al. (2008) Galectin-1, -2, and -3 exhibit 
differential recognition of sialylated glycans and blood group antigens. J Biol Chem 283(15): 10109-10123.

Straus W. (1981) Cytochemical detection of mannose-specific receptors for glycoproteins with horseradish 
peroxidase as a ligand. Histochemistry 73(1): 39-47.

Streetly M.J., Maharaj L., Joel S., Schey S.A., Gribben J.G. and Cotter F.E. (2010) GCS-100, a novel galectin-3 
antagonist, modulates MCL-1, NOXA, and cell cycle to induce myeloma cell death. Blood 115(19): 3939-
3948.

Strik H.M., Schmidt K., Lingor P., Tonges L., Kugler W., Nitsche M. et al. (2007) Galectin-1 expression in human 
glioma cells: modulation by ionizing radiation and effects on tumor cell proliferation and migration. Oncol 
Rep 18(2): 483-488.

Sturm A., Lensch M., André S., Kaltner H., Wiedenmann B., Rosewicz S. et al. (2004) Human galectin-2: novel 
inducer of T cell apoptosis with distinct profile of caspase activation. J Immunol 173(6): 3825-3837.

Sulciner D.J., Irani K., Yu Z.X., Ferrans V.J., Goldschmidt-Clermont P. and Finkel T. (1996) rac1 regulates a cytokine-
stimulated, redox-dependent pathway necessary for NF-κB activation. Mol Cell Biol 16(12): 7115-7121.

Sun J., Kale S.P., Childress A.M., Pinswasdi C. and Jazwinski S.M. (1994) Divergent roles of RAS1 and RAS2 in 
yeast longevity. J Biol Chem 269(28): 18638-18645.

Suzuki O. and Abe M. (2008) Cell surface N-glycosylation and sialylation regulate galectin-3-induced apoptosis 
in human diffuse large B cell lymphoma. Oncol Rep 19(3): 743-748.

Swarthout J.T., Lobo S., Farh L., Croke M.R., Greentree W.K., Deschenes R.J. et al. (2005) DHHC9 and GCP16 
constitute a human protein fatty acyltransferase with specificity for H- and N-Ras. J Biol Chem 280(35): 
31141-31148.

Swinnen E., Wanke V., Roosen J., Smets B., Dubouloz F., Pedruzzi I. et al. (2006) Rim15 and the crossroads of 
nutrient signalling pathways in Saccharomyces cerevisiae. Cell Div 1: 3.

Takenaka Y., Inohara H., Yoshii T., Oshima K., Nakahara S., Akahani S. et al. (2003) Malignant transformation of 
thyroid follicular cells by galectin-3. Cancer Lett 195(1): 111-119.

Takeshige K., Baba M., Tsuboi S., Noda T. and Ohsumi Y. (1992) Autophagy in yeast demonstrated with proteinase-
deficient mutants and conditions for its induction. J Cell Biol 119(2): 301-311.

Takuwa N. and Takuwa Y. (1997) Ras activity late in G1 phase required for p27kip1 downregulation, passage 
through the restriction point, and entry into S phase in growth factor-stimulated NIH 3T3 fibroblasts. Mol 
Cell Biol 17(9): 5348-5358.

Tamai R. and Kiyoura Y. (2014) Candida albicans and Candida parapsilosis rapidly up-regulate galectin-3 
secretion by human gingival epithelial cells. Mycopathologia 177(1-2): 75-79.

Tamanoi F. (2011) Ras signaling in yeast. Genes Cancer 2(3): 210-215.

Tan Y., Ruan H., Demeter M.R. and Comb M.J. (1999) p90(RSK) blocks bad-mediated cell death via a protein 
kinase C-dependent pathway. J Biol Chem 274(49): 34859-34867.

Tanaka K., Nakafuku M., Satoh T., Marshall M.S., Gibbs J.B., Matsumoto K. et al. (1990) S. cerevisiae genes IRA1 
and IRA2 encode proteins that may be functionally equivalent to mammalian ras GTPase activating protein. 
Cell 60(5): 803-807.

Tanaka K., Lin B.K., Wood D.R. and Tamanoi F. (1991) IRA2, an upstream negative regulator of RAS in yeast, is a 
RAS GTPase-activating protein. Proc Natl Acad Sci U S A 88(2): 468-472.

Tang D., Yuan Z., Xue X., Lu Z., Zhang Y., Wang H. et al. (2012) High expression of Galectin-1 in pancreatic stellate 
cells plays a role in the development and maintenance of an immunosuppressive microenvironment in 
pancreatic cancer. Int J Cancer 130(10): 2337-2348.

Tanikawa R., Tanikawa T., Okada Y., Nakano K., Hirashima M., Yamauchi A. et al. (2008) Interaction of galectin-9 
with lipid rafts induces osteoblast proliferation through the c-Src/ERK signaling pathway. J Bone Miner Res 
23(2): 278-286.

Tanikawa R., Tanikawa T., Hirashima M., Yamauchi A. and Tanaka Y. (2010) Galectin-9 induces osteoblast 
differentiation through the CD44/Smad signaling pathway. Biochem Biophys Res Commun 394(2): 317-322.



143143

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Tannapfel A., Neid M., Aust D. and Baretton G. (2010) The origins of colorectal carcinoma: specific nomenclature 
for different pathways and precursor lesions. Dtsch Arztebl Int 107(43): 760-766.

Tatchell K., Chaleff D.T., DeFeo-Jones D. and Scolnick E.M. (1984) Requirement of either of a pair of ras-related 
genes of Saccharomyces cerevisiae for spore viability. Nature 309(5968): 523-527.

Tatchell K., Robinson L.C. and Breitenbach M. (1985) RAS2 of Saccharomyces cerevisiae is required for 
gluconeogenic growth and proper response to nutrient limitation. Proc Natl Acad Sci U S A 82(11): 3785-
3789.

Tatchell T. (1993) RAS genes in the budding yeast Saccharomyces cerevisiae. Signal transduction: Prokaryotic 
and simple eukaryotic systems. Kurjan, J. and Taylor, B.L. San Diego Academic Press: 147-188.

Telli M.L. (2011) PARP inhibitors in cancer: moving beyond BRCA. Lancet Oncol 12(9): 827-828.

Than N.G., Pick E., Bellyei S., Szigeti A., Burger O., Berente Z. et al. (2004) Functional analyses of placental 
protein 13/galectin-13. Eur J Biochem 271(6): 1065-1078.

Thery C., Boussac M., Veron P., Ricciardi-Castagnoli P., Raposo G., Garin J. et al. (2001) Proteomic analysis of 
dendritic cell-derived exosomes: a secreted subcellular compartment distinct from apoptotic vesicles. J 
Immunol 166(12): 7309-7318.

Thevelein J.M. (1992) The RAS-adenylate cyclase pathway and cell cycle control in Saccharomyces cerevisiae. 
Antonie Van Leeuwenhoek 62(1-2): 109-130.

Thevelein J.M. (1994) Signal transduction in yeast. Yeast 10(13): 1753-1790.

Thevelein J.M. and de Winde J.H. (1999) Novel sensing mechanisms and targets for the cAMP-protein kinase A 
pathway in the yeast Saccharomyces cerevisiae. Mol Microbiol 33(5): 904-918.

Thissen J.A., Gross J.M., Subramanian K., Meyer T. and Casey P.J. (1997) Prenylation-dependent association of 
Ki-Ras with microtubules. Evidence for a role in subcellular trafficking. J Biol Chem 272(48): 30362-30370.

Tian T., Harding A., Inder K., Plowman S., Parton R.G. and Hancock J.F. (2007) Plasma membrane nanoswitches 
generate high-fidelity Ras signal transduction. Nat Cell Biol 9(8): 905-914.

Tinari N., Kuwabara I., Huflejt M.E., Shen P.F., Iacobelli S. and Liu F.T. (2001) Glycoprotein 90K/MAC-2BP interacts 
with galectin-1 and mediates galectin-1-induced cell aggregation. Int J Cancer 91(2): 167-172.

Tocque B., Delumeau I., Parker F., Maurier F., Multon M.C. and Schweighoffer F. (1997) Ras-GTPase activating 
protein (GAP): a putative effector for Ras. Cell Signal 9(2): 153-158.

Toda T., Uno I., Ishikawa T., Powers S., Kataoka T., Broek D. et al. (1985) In yeast, RAS proteins are controlling 
elements of adenylate cyclase. Cell 40(1): 27-36.

Toda T., Broek D., Field J., Michaeli T., Cameron S., Nikawa J. et al. (1986) Exploring the function of RAS oncogenes 
by studying the yeast Saccharomyces cerevisiae. Princess Takamatsu Symp 17: 253-260.

Toda T., Cameron S., Sass P., Zoller M., Scott J.D., McMullen B. et al. (1987a) Cloning and characterization of 
BCY1, a locus encoding a regulatory subunit of the cyclic AMP-dependent protein kinase in Saccharomyces 
cerevisiae. Mol Cell Biol 7(4): 1371-1377.

Toda T., Cameron S., Sass P., Zoller M. and Wigler M. (1987b) Three different genes in S. cerevisiae encode the 
catalytic subunits of the cAMP-dependent protein kinase. Cell 50(2): 277-287.

Togayachi A. and Narimatsu H. (2012) Functional Analysis of b1,3-N-acetylglucosaminyltransferases and 
regulation of immunological function by polylactosamine. Trends Glycosci Glyc 24(137): 95-111.

Tognon C.E., Kirk H.E., Passmore L.A., Whitehead I.P., Der C.J. and Kay R.J. (1998) Regulation of RasGRP via a 
phorbol ester-responsive C1 domain. Mol Cell Biol 18(12): 6995-7008.

Tokiwa G., Tyers M., Volpe T. and Futcher B. (1994) Inhibition of G1 cyclin activity by the Ras/cAMP pathway in 
yeast. Nature 371(6495): 342-345.

Tominaga O., Nita M.E., Nagawa H., Fujii S., Tsuruo T. and Muto T. (1997) Expressions of cell cycle regulators in 
human colorectal cancer cell lines. Jpn J Cancer Res 88(9): 855-860.

Tong A.H., Lesage G., Bader G.D., Ding H., Xu H., Xin X. et al. (2004) Global mapping of the yeast genetic 
interaction network. Science 303(5659): 808-813.



144144

General introduction - references

Torgler C.N., de Tiani M., Raven T., Aubry J.P., Brown R. and Meldrum E. (1997) Expression of bak in S. pombe 
results in a lethality mediated through interaction with the calnexin homologue Cnx1. Cell Death Differ 4(4): 
263-271.

Trahey M. and McCormick F. (1987) A cytoplasmic protein stimulates normal N-ras p21 GTPase, but does not 
affect oncogenic mutants. Science 238(4826): 542-545.

Treinies I., Paterson H.F., Hooper S., Wilson R. and Marshall C.J. (1999) Activated MEK stimulates expression 
of AP-1 components independently of phosphatidylinositol 3-kinase (PI3-kinase) but requires a PI3-kinase 
signal to stimulate DNA synthesis. Mol Cell Biol 19(1): 321-329.

Trentin G.A., Yin X., Tahir S., Lhotak S., Farhang-Fallah J., Li Y. et al. (2001) A mouse homologue of the Drosophila 
tumor suppressor l(2)tid gene defines a novel Ras GTPase-activating protein (RasGAP)-binding protein. J 
Biol Chem 276(16): 13087-13095.

Tribulatti M.V., Mucci J., Cattaneo V., Aguero F., Gilmartin T., Head S.R. et al. (2007) Galectin-8 induces apoptosis 
in the CD4highCD8high thymocyte subpopulation. Glycobiology 17(12): 1404-1412.

Truong M.J., Gruart V., Kusnierz J.P., Papin J.P., Loiseau S., Capron A. et al. (1993a) Human neutrophils express 
immunoglobulin E (IgE)-binding proteins (Mac-2/eBP) of the S-type lectin family: role in IgE-dependent 
activation. J Exp Med 177(1): 243-248.

Truong M.J., Gruart V., Liu F.T., Prin L., Capron A. and Capron M. (1993b) IgE-binding molecules (Mac-2/eBP) 
expressed by human eosinophils. Implication in IgE-dependent eosinophil cytotoxicity. Eur J Immunol 
23(12): 3230-3235.

Truong M.J., Liu F.T. and Capron M. (1994) Human granulocytes express functional IgE-binding molecules, Mac-
2/eBP. Ann N Y Acad Sci 725: 234-246.

Tsuchida T., Kijima H., Hori S., Oshika Y., Tokunaga T., Kawai K. et al. (2000) Adenovirus-mediated anti-K-ras 
ribozyme induces apoptosis and growth suppression of human pancreatic carcinoma. Cancer Gene Ther 
7(3): 373-383.

Ueda S., Kuwabara I. and Liu F.T. (2004) Suppression of tumor growth by galectin-7 gene transfer. Cancer Res 
64(16): 5672-5676.

Uetz P., Giot L., Cagney G., Mansfield T.A., Judson R.S., Knight J.R. et al. (2000) A comprehensive analysis of 
protein-protein interactions in Saccharomyces cerevisiae. Nature 403(6770): 623-627.

Umanoff H., Edelmann W., Pellicer A. and Kucherlapati R. (1995) The murine N-ras gene is not essential for 
growth and development. Proc Natl Acad Sci U S A 92(5): 1709-1713.

Umemoto K., Leffler H., Venot A., Valafar H. and Prestegard J.H. (2003) Conformational differences in liganded 
and unliganded states of Galectin-3. Biochemistry 42(13): 3688-3695.

Uno I., Matsumoto K., Adachi K. and Ishikawa T. (1983) Genetic and biochemical evidence that trehalase is a 
substrate of cAMP-dependent protein kinase in yeast. J Biol Chem 258(18): 10867-10872.

Uno I., Matsumoto K., Hirata A. and Ishikawa T. (1985) Outer plaque assembly and spore encapsulation are 
defective during sporulation of adenylate cyclase-deficient mutants of Saccharomyces cerevisiae. J Cell Biol 
100(6): 1854-1862.

Upadhya R., Lee J. and Willis I.M. (2002) Maf1 is an essential mediator of diverse signals that repress RNA 
polymerase III transcription. Mol Cell 10(6): 1489-1494.

van den Berg T.K., Honing H., Franke N., van Remoortere A., Schiphorst W.E., Liu F.T. et al. (2004) LacdiNAc-
glycans constitute a parasite pattern for galectin-3-mediated immune recognition. J Immunol 173(3): 1902-
1907.

van den Brule F.A., Buicu C., Sobel M.E., Liu F.T. and Castronovo V. (1995) Galectin-3, a laminin binding protein, 
fails to modulate adhesion of human melanoma cells to laminin. Neoplasma 42(5): 215-219.

van den Brule F.A., Liu F.T. and Castronovo V. (1998) Transglutaminase-mediated oligomerization of galectin-3 
modulates human melanoma cell interactions with laminin. Cell Adhes Commun 5(6): 425-435.



145145

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

van den Brule F.A., Waltregny D., Liu F.T. and Castronovo V. (2000) Alteration of the cytoplasmic/nuclear 
expression pattern of galectin-3 correlates with prostate carcinoma progression. Int J Cancer 89(4): 361-
367.

Vanoni M., Vai M., Popolo L. and Alberghina L. (1983) Structural heterogeneity in populations of the budding 
yeast Saccharomyces cerevisiae. J Bacteriol 156(3): 1282-1291.

Vanoni M., Rossi R.L., Querin L., Zinzalla V. and Alberghina L. (2005) Glucose modulation of cell size in yeast. 
Biochem Soc Trans 33(1): 294-296.

Varki A. (1998) Factors controlling the glycosylation potential of the Golgi apparatus. Trends Cell Biol 8(1): 34-
40.

Vasta G.R. (2009) Roles of galectins in infection. Nat Rev Microbiol 7(6): 424-438.

Vasta G.R., Ahmed H., Nita-Lazar M., Banerjee A., Pasek M., Shridhar S. et al. (2012) Galectins as self/non-self 
recognition receptors in innate and adaptive immunity: an unresolved paradox. Front Immunol 3: 199.

Velho S., Moutinho C., Cirnes L., Albuquerque C., Hamelin R., Schmitt F. et al. (2008) BRAF, KRAS and PIK3CA 
mutations in colorectal serrated polyps and cancer: primary or secondary genetic events in colorectal 
carcinogenesis? BMC Cancer 8: 255.

Verwaal R., Paalman J.W., Hogenkamp A., Verkleij A.J., Verrips C.T. and Boonstra J. (2002) HXT5 expression is 
determined by growth rates in Saccharomyces cerevisiae. Yeast 19(12): 1029-1038.

Veschi V., Petroni M., Cardinali B., Dominici C., Screpanti I., Frati L. et al. (2012) Galectin-3 impairment of MYCN-
dependent apoptosis-sensitive phenotype is antagonized by nutlin-3 in neuroblastoma cells. PLoS One 
7(11): e49139.

Villa-Verde D.M., Silva-Monteiro E., Jasiulionis M.G., Farias-De-Oliveira D.A., Brentani R.R., Savino W. et al. (2002) 
Galectin-3 modulates carbohydrate-dependent thymocyte interactions with the thymic microenvironment. 
Eur J Immunol 32(5): 1434-1444.

Villeneuve C., Baricault L., Canelle L., Barboule N., Racca C., Monsarrat B. et al. (2011) Mitochondrial proteomic 
approach reveals galectin-7 as a novel BCL-2 binding protein in human cells. Mol Biol Cell 22(7): 999-1013.

Vinogradov E. and Perry M.B. (2001) Structural analysis of the core region of the lipopolysaccharides from eight 
serotypes of Klebsiella pneumoniae. Carbohydr Res 335(4): 291-296.

Vito P., Pellegrini L., Guiet C. and D’Adamio L. (1999) Cloning of AIP1, a novel protein that associates with the 
apoptosis-linked gene ALG-2 in a Ca2+-dependent reaction. J Biol Chem 274(3): 1533-1540.

Vladoiu M.C., Labrie M. and St-Pierre Y. (2014) Intracellular galectins in cancer cells: potential new targets for 
therapy. Int J Oncol 44(4): 1001-1014.

Vogel A., Tan K.T., Waldmann H., Feller S.E., Brown M.F. and Huster D. (2007) Flexibility of Ras lipid modifications 
studied by 2H solid-state NMR and molecular dynamics simulations. Biophys J 93(8): 2697-2712.

Vojta P.J. and Barrett J.C. (1995) Genetic analysis of cellular senescence. Biochim Biophys Acta 1242(1): 29-41.

Vokhmyanina O.A., Rapoport E.M., André S., Severov V.V., Ryzhov I., Pazynina G.V. et al. (2012) Comparative 
study of the glycan specificities of cell-bound human tandem-repeat-type galectin-4, -8 and -9. Glycobiology 
22(9): 1207-1217.

Volm M., Koomagi R., Stammler G., Rittgen W., Zintl F. and Sauerbrey A. (1997) Prognostic implications of 
cyclins (D1, E, A), cyclin-dependent kinases (CDK2, CDK4) and tumor-suppressor genes (pRB, p16INK4A) in 
childhood acute lymphoblastic leukemia. Int J Cancer 74(5): 508-512.

von der Lieth C.-W., Lang E. and Kozár T. (1997) Carbohydrates: Second-class citizens in biomedicine and in 
bioinformatics? Bioinformatics: German Conference on Bioinformatics, GCB’96 Leipzig, Germany September 
30 – October 2, 1996 Selected Papers. Hofestädt, R., Lengauer, T., Löffler, M. and Schomburg, D. Berlin, 
Heidelberg, Springer Berlin Heidelberg: 147-155.

von der Lieth C., Siebert H., Kozar T., Burchert M., Frank M., Gilleron M. et al. (1998) Lectin ligands: new insights 
into their conformations and their dynamic behavior and the discovery of conformer selection by lectins. 
Acta Anat (Basel) 161(1-4): 91-109.



146146

General introduction - references

von Manteuffel S.R., Gingras A.C., Ming X.F., Sonenberg N. and Thomas G. (1996) 4E-BP1 phosphorylation is 
mediated by the FRAP-p70s6k pathway and is independent of mitogen-activated protein kinase. Proc Natl 
Acad Sci U S A 93(9): 4076-4080.

Vos M.D., Ellis C.A., Bell A., Birrer M.J. and Clark G.J. (2000) Ras uses the novel tumor suppressor RASSF1 as an 
effector to mediate apoptosis. J Biol Chem 275(46): 35669-35672.

Vray B., Camby I., Vercruysse V., Mijatovic T., Bovin N.V., Ricciardi-Castagnoli P. et al. (2004) Up-regulation of 
galectin-3 and its ligands by Trypanosoma cruzi infection with modulation of adhesion and migration of 
murine dendritic cells. Glycobiology 14(7): 647-657.

Vyakarnam A., Dagher S.F., Wang J.L. and Patterson R.J. (1997) Evidence for a role for galectin-1 in pre-mRNA 
splicing. Mol Cell Biol 17(8): 4730-4737.

Vyakarnam A., Lenneman A.J., Lakkides K.M., Patterson R.J. and Wang J.L. (1998) A comparative nuclear 
localization study of galectin-1 with other splicing components. Exp Cell Res 242(2): 419-428.

Wada J., Ota K., Kumar A., Wallner E.I. and Kanwar Y.S. (1997) Developmental regulation, expression, and 
apoptotic potential of galectin-9, a b-galactoside binding lectin. J Clin Invest 99(10): 2452-2461.

Waldner M.J. and Neurath M.F. (2010) The molecular therapy of colorectal cancer. Mol Aspects Med 31(2): 
171-178.

Walzel H., Schulz U., Neels P. and Brock J. (1999) Galectin-1, a natural ligand for the receptor-type protein 
tyrosine phosphatase CD45. Immunol Lett 67(3): 193-202.

Walzel H., Fahmi A.A., Eldesouky M.A., Abou-Eladab E.F., Waitz G., Brock J. et al. (2006) Effects of N-glycan 
processing inhibitors on signaling events and induction of apoptosis in galectin-1-stimulated Jurkat T 
lymphocytes. Glycobiology 16(12): 1262-1271.

Wang J., Gambhir A., Hangyas-Mihalyne G., Murray D., Golebiewska U. and McLaughlin S. (2002a) Lateral 
sequestration of phosphatidylinositol 4,5-bisphosphate by the basic effector domain of myristoylated 
alanine-rich C kinase substrate is due to nonspecific electrostatic interactions. J Biol Chem 277(37): 34401-
34412.

Wang L., Inohara H., Pienta K.J. and Raz A. (1995) Galectin-3 is a nuclear matrix protein which binds RNA. 
Biochem Biophys Res Commun 217(1): 292-303.

Wang L. and Guo X.L. (2016) Molecular regulation of galectin-3 expression and therapeutic implication in 
cancer progression. Biomed Pharmacother 78: 165-171.

Wang L.P., Chen S.W., Zhuang S.M., Li H. and Song M. (2013) Galectin-3 accelerates the progression of oral 
tongue squamous cell carcinoma via a Wnt/b-catenin-dependent pathway. Pathol Oncol Res 19(3): 461-
474.

Wang W., Park J.W., Wang J.L. and Patterson R.J. (2006) Immunoprecipitation of spliceosomal RNAs by antisera 
to galectin-1 and galectin-3. Nucleic Acids Res 34(18): 5166-5174.

Wang X.W. and Zhang Y.J. (2014) Targeting mTOR network in colorectal cancer therapy. World J Gastroenterol 
20(15): 4178-4188.

Wang Y., Liu C.L., Storey J.D., Tibshirani R.J., Herschlag D. and Brown P.O. (2002b) Precision and functional 
specificity in mRNA decay. Proc Natl Acad Sci U S A 99(9): 5860-5865.

Wang Y., Pierce M., Schneper L., Guldal C.G., Zhang X., Tavazoie S. et al. (2004) Ras and Gpa2 mediate one 
branch of a redundant glucose signaling pathway in yeast. PLoS Biol 2(5): E128.

Wang Y., Nangia-Makker P., Tait L., Balan V., Hogan V., Pienta K.J. et al. (2009) Regulation of prostate cancer 
progression by galectin-3. Am J Pathol 174(4): 1515-1523.

Wang Y.G., Kim S.J., Baek J.H., Lee H.W., Jeong S.Y. and Chun K.H. (2012) Galectin-3 increases the motility of 
mouse melanoma cells by regulating matrix metalloproteinase-1 expression. Exp Mol Med 44(6): 387-393.

Warner J.R., Vilardell J. and Sohn J.H. (2001) Economics of ribosome biosynthesis. Cold Spring Harb Symp Quant 
Biol 66: 567-574.

Wei M., Fabrizio P., Hu J., Ge H., Cheng C., Li L. et al. (2008) Life span extension by calorie restriction depends on 
Rim15 and transcription factors downstream of Ras/PKA, Tor, and Sch9. PLoS Genet 4(1): e13.



147147

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Wei W., Mosteller R.D., Sanyal P., Gonzales E., McKinney D., Dasgupta C. et al. (1992) Identification of a 
mammalian gene structurally and functionally related to the CDC25 gene of Saccharomyces cerevisiae. Proc 
Natl Acad Sci U S A 89(15): 7100-7104.

Weinberger M., Ramachandran L., Feng L., Sharma K., Sun X., Marchetti M. et al. (2005) Apoptosis in budding 
yeast caused by defects in initiation of DNA replication. J Cell Sci 118(15): 3543-3553.

Wells V., Davies D. and Mallucci L. (1999) Cell cycle arrest and induction of apoptosis by b galactoside binding 
protein (bGBP) in human mammary cancer cells. A potential new approach to cancer control. Eur J Cancer 
35(6): 978-983.

Wen L.P., Madani K., Martin G.A. and Rosen G.D. (1998) Proteolytic cleavage of ras GTPase-activating protein 
during apoptosis. Cell Death Differ 5(9): 729-734.

Wennerberg K., Rossman K.L. and Der C.J. (2005) The Ras superfamily at a glance. J Cell Sci 118(5): 843-846.

Widmann C., Gibson S. and Johnson G.L. (1998) Caspase-dependent cleavage of signaling proteins during 
apoptosis. A turn-off mechanism for anti-apoptotic signals. J Biol Chem 273(12): 7141-7147.

Wiederrecht G., Seto D. and Parker C.S. (1988) Isolation of the gene encoding the S. cerevisiae heat shock 
transcription factor. Cell 54(6): 841-853.

Wiersma V.R., de Bruyn M., van Ginkel R.J., Sigar E., Hirashima M., Niki T. et al. (2012) The glycan-binding protein 
galectin-9 has direct apoptotic activity toward melanoma cells. J Invest Dermatol 132(9): 2302-2305.

Wigler M., Field J., Powers S., Broek D., Toda T., Cameron S. et al. (1988) Studies of RAS function in the yeast 
Saccharomyces cerevisiae. Cold Spring Harb Symp Quant Biol 53(2): 649-655.

Wilhelm S.M., Carter C., Tang L., Wilkie D., McNabola A., Rong H. et al. (2004) BAY 43-9006 exhibits broad 
spectrum oral antitumor activity and targets the RAF / MEK / ERK pathway and receptor tyrosine kinases 
involved in tumor progression and angiogenesis. Cancer Res 64: 7099-7109.

Willingham S., Outeiro T.F., DeVit M.J., Lindquist S.L. and Muchowski P.J. (2003) Yeast genes that enhance the 
toxicity of a mutant huntingtin fragment or α-synuclein. Science 302(5651): 1769-1772.

Winston J.T., Coats S.R., Wang Y.Z. and Pledger W.J. (1996) Regulation of the cell cycle machinery by oncogenic 
ras. Oncogene 12(1): 127-134.

Winterburn P.J. and Phelps C.F. (1972) The significance of glycosylated proteins. Nature 236(5343): 147-151.

Winzeler E.A., Shoemaker D.D., Astromoff A., Liang H., Anderson K., Andre B. et al. (1999) Functional 
characterization of the S. cerevisiae genome by gene deletion and parallel analysis. Science 285(5429): 
901-906.

Wittinghofer A., Franken S.M., Scheidig A.J., Rensland H., Lautwein A., Pai E.F. et al. (1993) Three-dimensional 
structure and properties of wild-type and mutant H-ras-encoded p21. Ciba Found Symp 176: 6-21; discussion 
21-27.

Wollenberg A., de la Salle H., Hanau D., Liu F.T. and Bieber T. (1993) Human keratinocytes release the endogenous 
b-galactoside-binding soluble lectin immunoglobulin E (IgE-binding protein) which binds to Langerhans cells 
where it modulates their binding capacity for IgE glycoforms. J Exp Med 178(3): 777-785.

Wong H. and Riabowol K. (1996) Differential CDK-inhibitor gene expression in aging human diploid fibroblasts. 
Exp Gerontol 31(1-2): 311-325.

Woodford-Richens K.L., Rowan A.J., Gorman P., Halford S., Bicknell D.C., Wasan H.S. et al. (2001) SMAD4 
mutations in colorectal cancer probably occur before chromosomal instability, but after divergence of the 
microsatellite instability pathway. Proc Natl Acad Sci U S A 98(17): 9719-9723.

Woodward A.M., Mauris J. and Argueso P. (2013) Binding of transmembrane mucins to galectin-3 limits 
herpesvirus 1 infection of human corneal keratinocytes. J Virol 87(10): 5841-5847.

Wright M.E., Han D.K. and Hockenbery D.M. (2000) Caspase-3 and inhibitor of apoptosis protein(s) interactions 
in Saccharomyces cerevisiae and mammalian cells. FEBS Lett 481(1): 13-18.

Wu A.M., Singh T., Wu J.H., Lensch M., André S. and Gabius H.J. (2006) Interaction profile of galectin-5 with free 
saccharides and mammalian glycoproteins: probing its fine specificity and the effect of naturally clustered 
ligand presentation. Glycobiology 16(6): 524-537.



148148

General introduction - references

Wu J., Xue L., Weng M., Sun Y., Zhang Z., Wang W. et al. (2007) Sp1 is essential for p16 expression in human 
diploid fibroblasts during senescence. PLoS One 2(1): e164.

Wu K.L., Huang E.Y., Jhu E.W., Huang Y.H., Su W.H., Chuang P.C. et al. (2013) Overexpression of galectin-3 enhances 
migration of colon cancer cells related to activation of the K-Ras-Raf-Erk1/2 pathway. J Gastroenterol 48(3): 
350-359.

Wu Z.H. and Gan L. (2007) [Association of galectin-3 and E-cadherin expressions with lymph node metastasis of 
colon cancer]. Nan Fang Yi Ke Da Xue Xue Bao 27(11): 1731-1733.

Xu G.F., Lin B., Tanaka K., Dunn D., Wood D., Gesteland R. et al. (1990) The catalytic domain of the neurofibromatosis 
type 1 gene product stimulates ras GTPase and complements ira mutants of S. cerevisiae. Cell 63(4): 835-
841.

Xu N., Loflin P., Chen C.Y. and Shyu A.B. (1998) A broader role for AU-rich element-mediated mRNA turnover 
revealed by a new transcriptional pulse strategy. Nucleic Acids Res 26(2): 558-565.

Xu Q. and Reed J.C. (1998) Bax inhibitor-1, a mammalian apoptosis suppressor identified by functional screening 
in yeast. Mol Cell 1(3): 337-346.

Xu X.C., el-Naggar A.K. and Lotan R. (1995) Differential expression of galectin-1 and galectin-3 in thyroid tumors. 
Potential diagnostic implications. Am J Pathol 147(3): 815-822.

Xu Y., Gu X., Gong M., Guo G., Han K. and An R. (2013) Galectin-3 inhibition sensitizes human renal cell carcinoma 
cells to arsenic trioxide treatment. Cancer Biol Ther 14(10): 897-906.

Xue X., Lu Z., Tang D., Yao J., An Y., Wu J. et al. (2011) Galectin-1 secreted by activated stellate cells in pancreatic 
ductal adenocarcinoma stroma promotes proliferation and invasion of pancreatic cancer cells: an in vitro 
study on the microenvironment of pancreatic ductal adenocarcinoma. Pancreas 40(6): 832-839.

Yamakoshi K., Takahashi A., Hirota F., Nakayama R., Ishimaru N., Kubo Y. et al. (2009) Real-time in vivo imaging 
of p16Ink4a reveals cross talk with p53. J Cell Biol 186(3): 393-407.

Yamamoto-Sugitani M., Kuroda J., Ashihara E., Nagoshi H., Kobayashi T., Matsumoto Y. et al. (2011) Galectin-3 
(Gal-3) induced by leukemia microenvironment promotes drug resistance and bone marrow lodgment in 
chronic myelogenous leukemia. Proc Natl Acad Sci U S A 108(42): 17468-17473.

Yamaoka A., Kuwabara I., Frigeri L.G. and Liu F.T. (1995) A human lectin, galectin-3 (ebp/Mac-2), stimulates 
superoxide production by neutrophils. J Immunol 154(7): 3479-3487.

Yamaoka K., Mishima K., Nagashima Y., Asai A., Sanai Y. and Kirino T. (2000) Expression of galectin-1 mRNA 
correlates with the malignant potential of human gliomas and expression of antisense galectin-1 inhibits 
the growth of 9 glioma cells. J Neurosci Res 59(6): 722-730.

Yamauchi A., Kontani K., Kihara M., Nishi N., Yokomise H. and Hirashima M. (2006) Galectin-9, a novel prognostic 
factor with antimetastatic potential in breast cancer. Breast J 12(5 Suppl 2): S196-200.

Yan J., Roy S., Apolloni A., Lane A. and Hancock J.F. (1998) Ras isoforms vary in their ability to activate Raf-1 and 
phosphoinositide 3-kinase. J Biol Chem 273(37): 24052-24056.

Yang E., Shim J.S., Woo H.J., Kim K.W. and Kwon H.J. (2007) Aminopeptidase N/CD13 induces angiogenesis 
through interaction with a pro-angiogenic protein, galectin-3. Biochem Biophys Res Commun 363(2): 336-
341.

Yang J.J., Kang J.S. and Krauss R.S. (1995) Transformation-restoring factor: a low molecular weight secreted 
factor required for anchorage-independent growth of oncogene-resistant mutant cell lines. Oncogene 
10(7): 1291-1299.

Yang J.Y. and Widmann C. (2001) Antiapoptotic signaling generated by caspase-induced cleavage of RasGAP. 
Mol Cell Biol 21(16): 5346-5358.

Yang R.Y., Hsu D.K. and Liu F.T. (1996) Expression of galectin-3 modulates T-cell growth and apoptosis. Proc Natl 
Acad Sci U S A 93(13): 6737-6742.

Yang R.Y., Hill P.N., Hsu D.K. and Liu F.T. (1998) Role of the carboxyl-terminal lectin domain in self-association of 
galectin-3. Biochemistry 37(12): 4086-4092.



149149

Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

Yang R.Y., Hsu D.K., Yu L., Ni J. and Liu F.T. (2001) Cell cycle regulation by galectin-12, a new member of the 
galectin superfamily. J Biol Chem 276(23): 20252-20260.

Yang R.Y. and Liu F.T. (2003) Galectins in cell growth and apoptosis. Cell Mol Life Sci 60(2): 267-276.

Yang R.Y., Rabinovich G.A. and Liu F.T. (2008) Galectins: structure, function and therapeutic potential. Expert Rev 
Mol Med 10: e17.

Yang Z. and Klionsky D.J. (2010) Mammalian autophagy: core molecular machinery and signaling regulation. 
Curr Opin Cell Biol 22(2): 124-131.

Yokota T. (2012) Are KRAS/BRAF mutations potent prognostic and/or predictive biomarkers in colorectal 
cancers? Anticancer Agents Med Chem 12(2): 163-171.

Yoshii T., Inohara H., Takenaka Y., Honjo Y., Akahani S., Nomura T. et al. (2001) Galectin-3 maintains the 
transformed phenotype of thyroid papillary carcinoma cells. Int J Oncol 18(4): 787-792.

Young A.R., Barcham G.J., Kemp J.M., Dunphy J.L., Nash A. and Meeusen E.N. (2009) Functional characterization 
of an eosinophil-specific galectin, ovine galectin-14. Glycoconj J 26(4): 423-432.

Yousef A.F., Xu G.W., Mendez M., Brandl C.J. and Mymryk J.S. (2008) Coactivator requirements for p53-
dependent transcription in the yeast Saccharomyces cerevisiae. Int J Cancer 122(4): 942-946.

Yu F., Finley R.L., Jr., Raz A. and Kim H.R. (2002) Galectin-3 translocates to the perinuclear membranes and 
inhibits cytochrome c release from the mitochondria. A role for synexin in galectin-3 translocation. J Biol 
Chem 277(18): 15819-15827.

Yu L.G., Andrews N., Zhao Q., McKean D., Williams J.F., Connor L.J. et al. (2007) Galectin-3 interaction with 
Thomsen-Friedenreich disaccharide on cancer-associated MUC1 causes increased cancer cell endothelial 
adhesion. J Biol Chem 282(1): 773-781.

Yu L.G. (2007) The oncofetal Thomsen-Friedenreich carbohydrate antigen in cancer progression. Glycoconj J 
24(8): 411-420.

Yu X., Siegel R. and Roeder R.G. (2006) Interaction of the B cell-specific transcriptional coactivator OCA-B and 
galectin-1 and a possible role in regulating BCR-mediated B cell proliferation. J Biol Chem 281(22): 15505-
15516.

Zabrocki P., Pellens K., Vanhelmont T., Vandebroek T., Griffioen G., Wera S. et al. (2005) Characterization of 
α-synuclein aggregation and synergistic toxicity with protein tau in yeast. FEBS J 272(6): 1386-1400.

Zaia Povegliano L., Oshima C.T., de Oliveira Lima F., Andrade Scherholz P.L. and Manoukian Forones N. (2011) 
Immunoexpression of galectin-3 in colorectal cancer and its relationship with survival. J Gastrointest Cancer 
42(4): 217-221.

Zaman S., Lippman S.I., Zhao X. and Broach J.R. (2008) How Saccharomyces responds to nutrients. Annu Rev 
Genet 42: 27-81.

Zaman S., Lippman S.I., Schneper L., Slonim N. and Broach J.R. (2009) Glucose regulates transcription in yeast 
through a network of signaling pathways. Mol Syst Biol 5: 245.

Zarzov P., Boucherie H. and Mann C. (1997) A yeast heat shock transcription factor (Hsf1) mutant is defective in 
both Hsc82/Hsp82 synthesis and spindle pole body duplication. J Cell Sci 110 (16): 1879-1891.

Zhang D., Chen Z.G., Liu S.H., Dong Z.Q., Dalin M., Bao S.S. et al. (2013) Galectin-3 gene silencing inhibits 
migration and invasion of human tongue cancer cells in vitro via downregulating b-catenin. Acta Pharmacol 
Sin 34(1): 176-184.

Zhang F., Zheng M., Qu Y., Li J., Ji J., Feng B. et al. (2009) Different roles of galectin-9 isoforms in modulating 
E-selectin expression and adhesion function in LoVo colon carcinoma cells. Mol Biol Rep 36(5): 823-830.

Zhang H., Xu Q., Krajewski S., Krajewska M., Xie Z., Fuess S. et al. (2000a) BAR: An apoptosis regulator at the 
intersection of caspases and Bcl-2 family proteins. Proc Natl Acad Sci U S A 97(6): 2597-2602.

Zhang H., Cowan-Jacob S.W., Simonen M., Greenhalf W., Heim J. and Meyhack B. (2000b) Structural basis of 
BFL-1 for its interaction with BAX and its anti-apoptotic action in mammalian and yeast cells. J Biol Chem 
275(15): 11092-11099.



150150

General introduction - references

Zhao Q., Guo X., Nash G.B., Stone P.C., Hilkens J., Rhodes J.M. et al. (2009) Circulating galectin-3 promotes 
metastasis by modifying MUC1 localization on cancer cell surface. Cancer Res 69(17): 6799-6806.

Zhao Q., Barclay M., Hilkens J., Guo X., Barrow H., Rhodes J.M. et al. (2010a) Interaction between circulating 
galectin-3 and cancer-associated MUC1 enhances tumour cell homotypic aggregation and prevents anoikis. 
Mol Cancer 9: 154.

Zhao X.Y., Chen T.T., Xia L., Guo M., Xu Y., Yue F. et al. (2010b) Hypoxia inducible factor-1 mediates expression of 
galectin-1: the potential role in migration/invasion of colorectal cancer cells. Carcinogenesis 31(8): 1367-
1375.

Zhou Q. and Cummings R.D. (1990) The S-type lectin from calf heart tissue binds selectively to the carbohydrate 
chains of laminin. Arch Biochem Biophys 281(1): 27-35.

Zhu H., Wu T.C., Chen W.Q., Zhou L.J., Wu Y., Zeng L. et al. (2013) Roles of galectin-7 and S100A9 in cervical 
squamous carcinoma: Clinicopathological and in vitro evidence. Int J Cancer 132(5): 1051-1059.

Zindy F., Quelle D.E., Roussel M.F. and Sherr C.J. (1997) Expression of the p16INK4a tumor suppressor versus 
other INK4 family members during mouse development and aging. Oncogene 15(2): 203-211.

Zou J., Glinsky V.V., Landon L.A., Matthews L. and Deutscher S.L. (2005) Peptides specific to the galectin-3 
carbohydrate recognition domain inhibit metastasis-associated cancer cell adhesion. Carcinogenesis 26(2): 
309-318.



Aims and Thesis Outline





Study the roles of  human galectin-3 using the yeast Saccharomyces cerevisiae and colorectal cancer cells as 
eukaryotic models

153153

The use of humanized yeast to better understand and study the role of human 

proteins has been well established. Usually the discoveries made in S. cerevisiae 

regarding human proteins are subsequently translated and confirmed in higher eukaryotes. 

Among the proteins studied in yeast, in this work a special focus has been directed to the 

RAS protein family, namely KRAS, which has been extensively characterized both in yeast 

and human cells. An important partner/regulator of the most studied human RAS protein, 

KRAS, is galectin-3, a carbohydrate binding protein belonging to the galectin family. Gal-3 has 

been involved in a variety of different cellular processes, from cell-cell adhesion to cell cycle 

progression and apoptosis evasion. The relationship between KRAS and gal-3 is particularly 

relevant for cell growth and survival, and has a pivotal role in the progression of different 

cancer types.

The work presented in this thesis was in the scope of a wider network, the Marie 

Curie Project GLYCOPHARM, whose general objective was the “development of innovative 

therapeutic agents and strategies, new diagnostic/prognostic tests and new methodologies, 

e.g., for drug screening. GLYCOPHARM focuses on a family of endogenous lectins, the 

galectins, which play key roles in many clinically relevant processes, including cancer and the 

immune and inflammatory processes” (www.glycopharm.eu).

The general aim of this thesis was to deepen the knowledge and understand the functions 

of galectins, in particular gal-3. The work performed examines both the role of galectins in 

the extracellular environment, executed through their CRDs, and the intracellular roles of 

gal-3, mainly occurring through protein-protein interaction. The specific aims of the thesis 

were to i) study of the behaviour and effects of extracellular galectins and to ii) analyse 

intracellular gal-3 and its interaction with RAS proteins. 

For the sake of simplicity, the thesis was divided in 4 chapters according to the specific aims 

established. The study of the behaviour and effects of extracellular galectins is described in 

chapters 1 and 2, and the analysis of intracellular gal-3 and its interaction with RAS proteins 

is described in chapters 3 and 4:
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- Chapter 1:  MOLECULAR RESPONSE OF YEAST TO HUMAN GALECTINS.

The effects of the presence of exogenous galectins (gal-3, gal-4, gal-7 and gal-1) on 

the yeast S. cerevisiae and C. albicans were evaluated.

- Chapter 2: MICROARRAY-BASED STUDY ON THE BINDING INTERACTION BETWEEN 

GALECTINS AND YEAST CELL SURFACE

The binding ability of various galectins, the same used in assessing the effects of 

exogenous galectins on yeasts, to the surface of S. cerevisiae and C. albicans was 

determined.

- Chapter 3: CONSTRUCTION OF A S. CEREVISIAE-BASED PLATFORM EXPRESSING 

HUMAN GALECTIN-3 AND KRAS

A S. cerevisiae-based platform expressing the human protein KRAS and gal-3, both 

alone and in combination was built. To operationalize the platform, the behaviour of 

these proteins expressed in yeast was investigated, so that specific yeast phenotypes 

were identified, exploitable for further screening KRAS and gal-3 interacting drugs 

and proteins. 

- Chapter 4: UNCOVER THE ROLE OF KRAS/GALECTIN-3/p16INK4a AXIS REGULATION IN 

COLORECTAL CANCER.

KRAS/gal-3 interaction and its role in in colorectal cancer survival was unveiled.  

Special attention was given to the mutual interplay between KRAS, gal-3 and the 

tumour suppressor protein p16INK4a.

To achieve these goals, two different yeasts species were used, S. cerevisiae and C. albicans. 

Moreover, two S. cerevisiae genetic backgrounds were necessary (BY4741 and W303-1A) to 

assess the significance of the results, since yeast genetic background often impacts on cell 

responses/phenotyping. The human proteins gal-3 and KRAS were cloned in yeast through 

specific expression vectors. S. cerevisiae wt strains and mutants deleted for either RAS1 

or RAS2 genes were used as recipients. For the experiments done in human cells, mostly 

the CRC-derived cell line SW480 was used. Immunofluorescence was performed in the 

immortalized normal epithelial colon derived cell line NCM460 transformed with FlagKRASwt. 
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The work intended first and foremost to build a yeast-based platform expressing 

human gal-3. For that, it was mandatory to unveil the responses of yeasts to human gal-

3 expressed intracellularly, and compare those with the effect of the same galectin when 

added extracellularly, as well as with the effects of other galectins representing the different 

structural families. Moreover, the yeast-based platform was built bearing in mind the aim 

of expressing gal-3 simultaneously to KRAS. For that purpose, KRAS was also expressed in 

yeast and phenotyped. Simultaneously, human cells were assayed to verify the role of gal-3/

KRAS/p16INK4a interaction, using as model CRC cells. The platform, once finished, will enable 

screening for clinically relevant gal-3 and/or KRAS antagonistic drugs or proteins.





Chapter1
Molecular Responses of Yeasts 

to Human Galectins
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ABSTRACT

Galectins are high affinity β-galactosides-binding lectins that share a conserved carbohydrate-

binding domain. In humans 15 galectins were described, differing in specificity, protein 

structure and ability to multimerize. The most studied is galectin-3, which is ubiquitously 

expressed, both inside and outside the cell and varies in role depending on the subcellular 

localization, the cell type and the proliferation state. Extracellular gal-3 mediates the 

recognition of specific carbohydrate patterns that are important for cell adhesion and 

morphology and for self-molecules discrimination during the immune response. Moreover, 

gal-3 has a role in the recognition of various pathogens, including Candida albicans. 

This study analyses the biological responses of the yeast Saccharomyces cerevisiae to the 

contact with human gal-3. For comparison, gal-1, gal-4 and gal-7 were used. Also the non-

galectin lectin Concanavalin A (ConA) was used as control. The assays were done in parallel 

in a strain of Candida albicans. Parameters associated with viability/cell cycle progression, as 

well as apoptotic/necrotic cell death were assessed. 

Every galectin caused a pattern of effects that varied in type and intensity, depending on the 

yeast specie. This suggests that each galectin may interact with a different ligand, putatively 

located on the yeast cell surface, able to transduce the signal into the cell and stimulate a 

different response pathway. The highly mannosylated proteins located on the outer cell wall 

are probable candidates. Gal-3 showed to affect S. cerevisiae more than the other galectins, 

decreasing cell viability and increasing cell size and reactive oxygen species (ROS) production, 

but not causing an apoptotic-like death. The effects of gal-3 on S. cerevisiae appeared to be 

mostly mediated by the carbohydrate recognition domain (CRD) of the galectin, since the 

yeast phenotype was maintained when using truncated gal-3 (without the CRD). The same 

was not observed using C. albicans. The further use of S. cerevisiae Δras2 mutants suggested 

that the effects observed depended on the RAS/cAMP/PKA pathway, which is known to be 

responsible for cell cycle progression, cell size and proliferation. 
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INTRODUCTION

The galectin family of lectins, or S-type lectins, is characterized by a conserved peptide 

sequence element of about 130 amino acids in the carbohydrate recognition domain 

(CRD) that confers them high affinity and specificity for β-galactosides N- or O-linked to 

proteins (Barondes et al., 1994). Until now, 15 mammalian galectins have been discovered. 

They are subdivided into three groups according to their structure. The proto-type group 

includes gal-1, gal-2, gal-5, gal-7, gal-10, gal-11, gal-13, gal-14 and gal-15 and is characterized 

by a unique CRD with the ability to act as monomer or in complexes (Hirabayashi and Kasai, 

1993; Römer and Elling, 2011). The tandem-repeat type includes gal-4, gal-6, gal-8, gal-9 and 

gal-12, and is defined by the presence of two distinct CRDs connected by a linker polypeptide 

(Hirabayashi and Kasai, 1993; Römer and Elling, 2011). The chimera type comprises a single 

member, gal-3, whose peculiarity is to include two distinct domains: a CRD at the C-terminal 

and a non-carbohydrate-binding arm at the N-terminal, atypically long (Hirabayashi and Kasai, 

1993; Rabinovich, 1999) and rich in proline and glycine (Hsu et al., 1992; Agrwal et al., 1993). 

One of the main characteristic of all galectins, regardless their subtype, is the ability of cross-

linking. Tandem-repeat type galectins can cross-link their targets thanks to the presence of 

two CRDs, while proto-type galectins and chimera type gal-3 form multivalent complexes. 

In particular, gal-3 can form multivalent chimeras through its N-terminal domain. These 

complexes increase the avidity of the galectins binding to their ligands, which compensates 

the affinity, lower compared to protein-protein interactions (Brewer, 2002; Compagno et al., 

2014).

Galectins are not membrane-bound like other lectins. They are present in the soluble 

state (Ho and Springer, 1982) in different localizations, both inside and outside the cells 

(Hughes, 1999). Accordingly, they have multiple biological roles that depend on their 

localization. Intracellularly, they are involved in signalling, regulation of RNA splicing and 

apoptosis. When localized outside the cells, they act on cell-cell adhesion and they are 

important player in immunity defense. They can serve as pathogen recognition receptors 

(PRRs), which specifically bind to pathogen-associated molecular patterns (PAMPs); they can 
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bind to self glycans, stopping or attenuating the immune response, or they can work as 

damage-associate molecular patterns (DAMPs), specific molecules released from the cell 

upon non-programmed cell death, which regulate innate immunity by activating immune 

cells (Perillo et al., 1998; Cooper and Barondes, 1999; Liu et al., 2002; Yang and Liu, 2003; 

Boscher et al., 2011; Compagno et al., 2014).

Gal-3 is the only chimera type member and the most studied among the galectins 

identified in humans. The N-terminal domain is essential for the biological activity of gal-3 

because it promotes oligomerization and consequent multimers formation (Massa et al., 

1993) and it is involved in gal-3 secretion outside the cell (Menon and Hughes, 1999). Gal-3 

has multiple ligands, which differ in both structure and function. The preference of gal-3 for 

a given ligand depends primarily on sugar-binding affinity and on the lectin phosphorylation 

status, but also on the coordinate expression of gal-3 and the ligand (Sato and Hughes, 1992; 

Hirabayashi and Kasai, 1993). The transcription of gal-3 encoding gene, LGALS3 (Raimond 

et al., 1997) is multifactorially modulated, namely according to the proliferation state of 

the cell (Moutsatsos et al., 1987), the presence of infectious agents (Elliott et al., 1991) or 

tumour onset and progression (Hebert and Monsigny, 1994). The biological roles of gal-3 are 

defined by the localization of the galectin and the cell type where it is expressed (Dumic et 

al., 2006). Gal-3 is ubiquitously localized, but it is found in particular in epithelial cells and 

myeloid and amoeboid cells. Importantly, gal-3 is highly expressed in a variety of tumours 

and its expression and localization within the cancer cell vary from the healthy equivalent 

(Cay, 2012). Gal-3 is synthetized in the cytoplasm, but it can localize also in the nucleus, at 

the cell membrane and in the extracellular matrix. In the nucleus, gal-3 is associated with 

the ribonucleoprotein complexes (Laing and Wang, 1988), being involved in the spliceosome 

assembly and in pre-mRNA splicing (Dagher et al., 1995). Cytoplasmic gal-3 is involved in 

various intracellular events, such as the regulation of apoptosis, through the interaction with 

key proteins like Bcl-2 (Yang et al., 1996; Fukumori et al., 2006), CD95 (Fukumori et al., 2004), 

Alix (Liu et al., 2002), Annexin VII (Yu et al., 2002) and Nucling (Liu et al., 2004). Additionally, 

gal-3 is involved in the regulation of cell proliferation and differentiation, influencing cancer 

progression, through the interaction with the oncoprotein KRAS (Shalom-Feuerstein et al., 
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2005; Ashery et al., 2006; Shalom-Feuerstein et al., 2008; Abankwa et al., 2010; Bhagatji et 

al., 2010; Levy et al., 2010; Levy et al., 2011; Song et al., 2012). 

Once secreted in the extracellular space through the leaderless (or alternative) secretory 

pathway, gal-3 is mainly involved in innate immunity. Gal-3 binds primarily to self-glycans, 

i.e. glycans present on the surface of the cells of the organism that produces the galectin 

(Mandrell et al., 1994). When gal-3 cross-links various glycans on the same cell, it forms two- 

and three-dimensional complexes called lattices (Lee and Lee, 2000; Sacchettini et al., 2001), 

which cover large areas of the cell surface due to a high steric dimension. Lattices noticeably 

reduce the lateral mobility of the other proteins present on the cell surface, including the 

receptor responsible to activate the pathway of the innate immunity, raising the threshold 

for ligand-dependent receptor clustering, this way impeding or reducing signal transduction 

(Sacchettini et al., 2001). Gal-3 has also the ability to bind to non-self glycans, i.e. glycans 

present on the surface of pathogens or other microorganisms. In this case, the response 

to gal-3 varies. Gal-3 can actively reduce cell proliferation or even kill the pathogen, as in 

the case of its direct bacteriostatic activity towards Streptococcus pneumonia (Farnworth 

et al., 2008). When gal-3 binds to the O-antigen of Helicobacter pylori or to the LacdiNAc 

glycans of Schistosoma mansoni, it enhances the recruitment of the immunity cells (Lim et 

al., 2003; Huff et al., 2004; van den Berg et al., 2004). In opposition, gal-3 defensive activity 

can be subverted by the microorganisms, which may take advantage of the galectin cross-

linking ability to adhere and invade the host cells. Examples of this behaviour are the parasite 

Trypanosoma cruzi (Vray et al., 2004), the virus Herpex simplex (Woodward et al., 2013) and 

the bacterium Neisseria meningitidis (Quattroni et al., 2012).

It has been reported that gal-3 can bind to glycans on the wall of the human commensal 

and pathogenic yeast Candida albicans. This yeast, as well as other yeast species from 

the same genus, like C. parapsilosis, C. glabrata or C. dublinensis, are very common 

human pathogens. Although most of these species are commensal, their outburst affects 

mucocutaneous surfaces in the body and induces high levels of morbidity and mortality 

in hospitalised patients (Guinea, 2014; Netea et al., 2015). Therefore it is highly relevant 

to study the mechanisms associated with the immune control of these microorganisms 
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proliferation. Gal-3 was reported to recognize specifically β-1,2-linked mannopyranose units 

on the cell wall of C. albicans (Fradin et al., 2000; Jouault et al., 2006; Kohatsu et al., 2006). 

This interaction appeared very specific since it was not observed using gal-1, other Candida 

species, or the common model organism Saccharomyces cerevisiae (Kohatsu et al., 2006). 

The absence of β-1,2-linked mannopyranose from S. cerevisiae cell wall was considered 

the cause for the absence of gal-3 recognition/ligation (Jouault et al., 2006; Kohatsu et al., 

2006). Since gal-3 was found to specifically recognize C. albicans and not S. cerevisiae, it 

was hypothesized to be the protein responsible for discrimination between pathogenic and 

non-pathogenic yeasts and for the onset of an appropriate immune response (Jouault et al., 

2006; Kohatsu et al., 2006).

The binding of gal-3 to C. albicans appears to have a role in this pathogen recognition 

and clearance. This was inferred from the increased gal-3 expression along the maturation 

process of monocyte into macrophages (Jouault et al., 2006; Reales-Calderon et al., 2012) and 

from the morphological changes associated with yeast death caused by gal-3 in C. albicans 

cells (Kohatsu et al., 2006). Various other evidences reinforce the relationship between gal-3 

and the inhibition of C. albicans infection. In human gingival epithelial cell line Ca9-22 and 

in human gingival fibroblasts, gal-3 secretion was found to be upregulated upon C. albicans 

infection (Tamai and Kiyoura, 2014). This increased secretion was verified also in neutrophils 

and caused an enhanced phagocytosis of the pathogens (Linden et al., 2013a). Gal-3 seems 

to be necessary for an appropriate TNF-α production through association with dectin-1, a 

C-type lectin that is the major receptor on macrophages for fungal β-1,3-glucan (Esteban 

et al., 2011). The association of gal-3 with dectin-1 triggers pro-inflammatory response of 

macrophages against pathogenic fungi, and this depends on the recognition of exposed 

yeast cell wall β-glucans (Esteban et al., 2011). In addition, gal-3 is crucial for fungal clearance 

(Linden et al., 2013b). The results obtained using cell cultures model were corroborated 

in gal-3 knocked-out mouse model, which showed increased mortality upon infection with 

C. albicans and an enlarged area of the brain affected by infection (Linden et al., 2013b). 

Taken together, these evidences reveal a clear biological role for gal-3 in the recognition and 

clearance of C. albicans. The same was demonstrated for other equally pathogenic Candida 
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species (Linden et al., 2013a). Still, the mechanisms underlying are mostly unknown. 

S. cerevisiae is the most well-known eukaryotic organism. It is phylogenetically afar and 

biologically different from C. albicans in many ways. Importantly, S. cerevisiae differs from 

C. albicans in the ability to filament into true hyphae forming extremely invasive mycelia. 

Indeed S. cerevisiae can form pseudohyphae, but it does not possess a mechanism for 

yeast/hyphae dimorphic transition. This difference is one of the reason why S. cerevisiae 

is considered a non-pathogenic yeast, although it has been increasingly reported to cause 

systemic infections in immunocompromised patients (de Llanos et al., 2011). 

The organization of the cell wall of S. cerevisiae and C. albicans is very similar (Aguilar-

Uscanga and Francois, 2003; Ruiz-Herrera et al., 2006; Free, 2013). In both yeast species, the 

side closer to the plasma membrane is composed mainly by β-1,3-glucans and, to a lesser 

extent, by β-1,6-glucans, and it includes as well small amount of chitin (Klis et al., 2006; 

Free, 2013). The layer faced outside is richer in highly mannosylated proteins, mainly GPI-

anchored to the glucans network (Gemmill and Trimble, 1999; Klis et al., 2006). Even though 

the basal structure of the wall is very similar between the two yeast species, the specific 

composition in polysaccharides and proteins vary extensively. In particular, differences in 

the side branching of the glucans have been shown (Ruiz-Herrera et al., 2006), as well as a 

great variety in glycoprotein glycan structures (Fukazawa et al., 1995; Gemmill and Trimble, 

1999). For example, all pathogenic Candida albicans produce poly-β-1,2-linked mannose 

chains that bind specifically the organism to the macrophages (Li and Cutler, 1993; Gemmill 

and Trimble, 1999), but these structures may differ among different Candida species and 

even among different serotypes belonging to the same species (Gemmill and Trimble, 1999).

This type of mannosylated structures have not been found in S. cerevisiae (Suzuki, 1997; 

Gemmill and Trimble, 1999; Fradin et al., 2000; Jouault et al., 2006).

The present work aims at identifying the response of yeasts to the presence of extracellular 

galectins. Therefore, living yeast cultures were exposed to purified galectin suspensions. The 

effects of gal-3 were assessed in comparison with galectins from the proto-type and tandem-

repeat groups as well as a non-galectin lectin, ConA. Two very different model yeasts were 

used, S. cerevisiae and C. albicans. Basic aspects of the yeast cell biology, such as viability, 



166

Introduction

cell morphology, cell cycle, ROS level and DNA status, were tested. Results showed that 

one of the S. cerevisiae strains used in this work was sensitive to gal-3, showing decreased 

viability, increased ROS level and altered cell size and only moderate stress symptoms in C. 

albicans, i.e. a small percentage of cells with membrane breakages. Gal-4 and gal-7 produced 

different effects, not altering cell viability but increasing ROS and membrane rupture levels. 

Gal-1 caused no detectable effect. These results suggest that the effects caused by the 

galectins do not relate directly on their structure, since the two proto-type galectins gal-1 

and gal-7 behaved very differently. The effect of gal-3 was found to be largely mediated by 

its CRD, since most of the effects caused by full-length gal-3 were similarly caused, or even 

enhanced, by gal-3 lacking the N-terminal domain. In addition, gal-3 action on S .cerevisiae 

cells seems to depend of the functionality of the Ras/cAMP/PKA pathway. 

In conclusion, this work shows that gal-3 is not exclusively specific for C. albicans and 

that is not the only galectin able to affect yeast behaviour. Our discoveries highlight the 

differences that may be encountered using different yeast genetic background and instil 

doubt that gal-3 may actually be responsible for discriminating between pathogenic and 

non-pathogenic yeasts.
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Strains, growth conditions and treatment with lectins

Microbial strains, maintenance and growth conditions. The yeast strains used in this study 

were Saccharomyces cerevisiae W303-1A wild type (MATa leu2-3,112 ura3-1 trp1-1 his3-

11,15 ade2-1 can1-100) and Δras2 (isogenic to W303-1A but ras2::KanX), BY4741 wild type 

(MATa his3Δ0 leu2Δ0 met15Δ0 ura3Δ0)  and Candida albicans BPW17 (ura3:: imm434/ ura3:: 

imm434iro1/ iro1:: imm434 his1:: hisG/ his1:: hisG  arg4/ arg4). Yeasts were maintained at 

4°C on solid YPD (1% yeast extract, 1% peptone, 2% glucose and 2% agar) and refreshed on 

the same medium for 72 h (S. cerevisiae) and 48 h (C. albicans) before every assay. These were 

used to inoculate YPD batch cultures (liquid:air ratio of 1:2.5 and 200 rpm orbital shaking) at 

O.D.600 0.04 (S. cerevisiae) and 0.02 (C. albicans). These cultures were allowed to multiply up 

to O.D.600 1. S. cerevisiae was cultivated at all times at 30°C and C. albicans at 37°C.

Yeasts exposure to galectins. O.D.600 1 yeast cultures were diluted 1:2 in fresh YPD, 

distributed in 140 μl aliquots, supplemented with 40 μl of galectin-x or ConA suspended 

in PBS (phosphate buffered saline) to a final concentration of 60 μM, and incubated for 

8 h in the same conditions as above. Controls were made using the equivalent volume of 

buffer without any lectin. In the case of flow cytometry assays, a control was made to set 

the analysis parameters of dying cells, which consisted of yeast culture incubated with buffer 

alone and heated for 5 min at 85°C at the end of the 8 h.

Assessment of  yeast viability

Viability was assessed by colony forming units (CFU) assay, using the cells incubated with 

lectins. A sample was taken at T0 and T8h consisting of a 10 μl culture aliquot, which was then 

serially diluted in sterile dH2O 1:10 four times. From the last dilution, 8 drops of 40 μl were 

taken and plated on solid YPD and incubated for 48 h. Viability was quantified as the ratio 

between the mean number of colonies at T8h and at T0. Every assay was repeated 4 to 6 times 

to ensure statistical significance.

MATERIALS AND METHODS
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Fluorescence microscopy

A Leica Microsystems DM-5000B epifluorescence microscope with DIC (differential 

interference contrast) filter setting and a 100x/1.0 oil-immersion objective was used.

Measure of cell size. Cell size analysis was performed using the ImageJ software (http://

imagej.nih.gov/ij/), which estimates the area of each cell in μm2. To ensure statistical 

significance, 300 to 500 cells of each strain/treatment in each of 4-5 independent experiments 

were measured. 

Assessment of DNA alterations. Staining yeast DNA with DAPI (4’,6-diamidino-2-

phenylindole) was performed using 20 μl of cells from T8h lectin-treated cells. These were 

spun down, fixed in 70% ethanol for 10 min and washed 1x in PBS. DAPI was added to a 

final concentration of 50 ng/µl. The cells were incubated in the dark for 15 min, washed 2x 

in dH2O and then observed using fluorescence microscopy with a 100x/1.0 oil-immersion 

objective and appropriate filter settings. 

Mitochondrial membrane integrity. Staining yeast mitochondria membrane with DiOC6 

(3,3’-dihexyloxacarbocyanine iodide) was performed in 20 µl of T8h lectin-treated cells. The 

culture was spun down and washed twice in DiOC6 buffer (10mM MES, 0,1mM MgCl2, 2% 

glucose). DiOC6 was added to the cell suspension to a final concentration of 50 nM, incubated 

for 15 min in the dark, washed twice in dH2O and then observed using fluorescence 

microscopy with a 40x/1.0 objective and appropriate filter settings. In both staining assays, 3 

independent experiments were analysed, each corresponding to 300-400 cells.

Flow cytometry analysis

All flow cytometry data were analysed using the freeware Flowing Software 2. At least 4 

independent replicates of each strain/lectin treatment were analysed.

Quantification of ROS and assessment of plasma membrane integrity. An aliquot of 30 μl 

of T8h culture was subjected to the protocol previously described in Tulha et al. (2012). The 

samples were analysed in an Epics® XL™ (Beckman Coulter) flow cytometer, at 370nm/420nm 

and 535nm/617nm excitation/emission, respectively. 

Cell cycle analysis. This was performed as described in the literature (Fortuna et al., 2001; 
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Haase and Reed, 2002), with some modifications. Briefly, 50 μl of cells at T8h were harvested 

and fixed overnight in 70% ethanol at 4°C. The cells were washed 1x in 50 mM sodium citrate 

buffer pH 7.5, resuspended in 2 mg/ml RNAase A in Tris-EDTA pH 8.0 and incubated at 37°C 

overnight. The cells were incubated in a 5 mg/ml protease K solution (H2O-HCl pH 7.5) for 

45 min at 37°C and resuspended in 50 mM sodium citrate buffer pH 7.5. SYTOX®-Green (Life 

Technologies) probe was added to a final concentration of 10 μM and the cells were incubat-

ed in the dark overnight at 4°C. Finally, 600 μl of Triton X-100 (0.25% v/v in 50mM sodium 

citrate buffer, pH 7.5) was added. The final suspension was sonicated 2x 2 sec at 30 W, incu-

bated on ice in between sonications. The samples were analysed in an Epics® XL™ (Beckman 

Coulter) flow cytometer at 497nm/520nm excitation/emission according to SYTOX®-Green 

manufacturer instructions. 

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 software. To evaluate the statis-

tical significance of results, One-way ANOVA analysis was used. In the case of the comparison 

between the effect of truncated gal-3 and full-length gal-3, the values were compared two 

by two using Student t-test. The difference was considered significant when p-value ≤ 0.05.
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Gal-3, but not gal-4 and gal-7, decreases S. cerevisiae viability

The effect of gal-3 on the growth ability of the model yeast Saccharomyces cerevisiae was 

assessed by CFU assays. Two different gal-3 concentrations, 60 and 100 μM, were tested 

at several exposure times, from 2 to 14 hours (not shown). The 8 h treatment was chosen 

as the minimum amount of time necessary to induce an effect using 60 μM galectin. This 

concentration/exposure time combination was identically applied to assess the putative 

effects of gal-1, gal-4 and gal-7, and of the control mannose-binding lectin ConA, on the 

survival of S. cerevisiae and the human commensal/pathogen yeast C. albicans. The selected 

galectins represent different structural subgroups: gal-3 represents the chimera group, gal-

1 and gal-7 the proto-type group, and gal-4 the tandem-repeat group (Cummings and Liu, 

2009). C. albicans was chosen for being phylogenetically and physiologically afar from S. 

cerevisiae and because previous studies showed that gal-3 affected C. albicans morphology 

and viability (Kohatsu et al., 2006). Moreover, there is a strong correlation between gal-3 

expression and function and candidiasis in human (Jawhara et al., 2008; Reales-Calderon et 

al., 2012; Linden et al., 2013a; Linden et al., 2013b; Tamai and Kiyoura, 2014).

Gal-3 (60 μM/8 h - hereon unmentioned) induced in S. cerevisiae a decrease in CFU of 

40% compared to the control (Fig. 1A). Gal-1 induced a decrease in CFU similar to gal-3 

(approximately 35%), while gal-4 and gal-7 did not affect the yeast viability at a statistical 

significant value (Fig. 1A). ConA caused 50% decrease in the number of colonies formed 

by S. cerevisiae (Fig. 1A). On the other hand, the effect on C. albicans viability was quite 

different. All galectins, as well as ConA, caused CFU fluctuations, apparently less pronounced 

than in S. cerevisiae, but statistically invariable (Fig. 1B). These results contrast with the 

previous findings from Kohatsu et al. (2006), who observed an effect of gal-3 on the viability 

of C. albicans but not of S. cerevisiae. These authors used strains of both species different 

from the ones used in the present work. In particular, they used the S. cerevisiae BY4741, 

which differs from W303-1A used in this work in several amino acids auxotrophy (http://

www.yeastgenome.org/) and has frequently been reported to respond very differently from 

RESULTS
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W303-1A (Cohen and Engelberg, 2007; Petrezselyova et al., 2010). CFU assays using gal-3 

were therefore repeated using S. cerevisiae BY4741. Similarly to Kohatsu et al. (2006), no 

differences in growth were observed between the gal-3 treated S. cerevisiae BY4741 and 

the untreated control culture (not shown). Yeast response to gal-3 therefore appears to be 

strain-dependent.
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Figure 1: How lectins affect yeasts multiplication ability. Number of times the cultures of S. cerevisiae 

(A) and C. albicans (B) doubled in number of cells (equivalent to a full culture cell cycle) after 8 h 

incubation with a lectin. The number of duplications is calculated as a ratio of CFUs at T8h and T0. 

Values are an average of 3-4 independent assays. Statistically significant differences between the 

buffer-only (untreated) and the lectin treated samples are shown: * (p-value ≤ 0.05), ** (p-value ≤ 

0.01) and *** (p-value ≤ 0.001). 

Decreased yeast population viability may be the result of cellular metabolic and molecular 

imbalance due to specific cultivation conditions, but may also derive from the death of a 

part of the population. A death-inducing response is usually associated with an increased 

production and intracellular accumulation of ROS. The accumulation of ROS is one of the first 

event occurring after yeast is subjected to stress stimuli and it is necessary for the further 

induction of either programmed cell death (PCD) or cell death (necrosis). When PCD is 

triggered, other significant alterations are visible in the cell, such as chromatin condensation 

and DNA fragmentation, loss of mitochondria membrane potential and its subsequent 

permeabilization, and phosphatidylserine externalization. On the other hand, necrosis is 

a less organized and controlled processed, in which one of the main event is the rupture 

of plasma membrane and the following release of intracellular content. Therefore, plasma 
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membrane integrity is often used to discriminate between PCD and necrosis (Gourlay et al., 

2006; Frohlich et al., 2007; Carmona-Gutierrez et al., 2010; Wloch-Salamon and Bem, 2012; 

Giannattasio et al., 2013).

The levels of ROS were measured by DHE (dihydroethidium) staining. Results showed a 

significant increase in the level of ROS following the incubation of S. cerevisiae cells with 

gal-3, gal-7 and gal-4, while no effect was detected using gal-1 or ConA (Fig. 2A). C. albicans 

cells presented generally a lower level of ROS than S. cerevisiae (Fig. 2B) and only gal-4 

caused a significant increase compared to the buffer-only treated cells. In both yeasts, the 

ROS accumulation induced by the galectins was significantly lower than the one caused by 

a strong death inducer such as high temperature (85°C) for a short period of time (Fig. 2). 

ROS-induced yeast death was characterized assessing the parameters above mentioned. 

Firstly, the percentage of cells that lost their membrane integrity and became permeable to 

propidium iodide (PI+) was quantified in each yeast culture. Gal-3 did not induce a significant 

increase in the percentage of PI+ cells of S. cerevisiae (Fig. 2C), in opposition to C. albicans, 

that presented a statistically significant increase (Fig. 2D). Gal-3 induced more ROS in S. 

cerevisiae than in C. albicans and, the other way round, more membrane disruption in C. 

albicans than in S. cerevisiae (Fig. 2). Gal-4 and gal-7, on the other hand, triggered the 

disruption of a significant percentage of yeast cells, concomitantly with the results from ROS 

production. They provoked similar results, though to a lesser extent, in C. albicans (Fig. 2C, 

D), while gal-1 and ConA did not induce any change in either yeast (Fig. 2C, D). Importantly, 

the observed increased number of cells with high ROS levels and disrupted membrane are 

significant but far from the values of the heat-shocked positive controls. In these cases the 

cells likely become irreversibly unviable, while the gal-4 or gal-7 treated cells might have 

recovered during the 48 h incubation on rich media needed to obtain results from CFU. 

Secondly, DNA damage, i.e. chromatin condensation or DNA fragmentation, was assessed 

by DAPI staining followed by microscopic observation. Gal-3 induced almost 50% of the S. 

cerevisiae cells to display DNA alterations, while the other galectins, as well as ConA, induced 

a percentage of cells statistically invariant in relation to the control population (Fig. 3A, B). C. 

albicans in turn was statistically insensitive to the presence of all lectins (Fig. 3C, D). 
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A B

C D

Figure 2: Flow cytometry analysis of yeasts responses to lectins. Level of ROS in S. cerevisiae (A) and C. 

albicans (B) in response to lectins. Values correspond to the average intensity of 20.000-30.000 cells 

stained with DHE (arbitrary unit) from 3-5 independent assays per strain/treatment. Percentage of 

S. cerevisiae (C) and C. albicans (D) cells that responded to lectins with plasma membrane breakage. 

Cells were identified using PI staining in an identical number of cells as for DHE staining. In both cases, 

a positive control consisting of heat-killed cells (85°C, 5min) is presented. Significant differences 

between the buffer-only (untreated) and the lectins treated samples are shown: * (p-value ≤ 0.05), 

** (p-value ≤ 0.01), and *** (p-value ≤ 0.001). 

Thirdly, the mitochondrial membrane depolarization was measured by DiOC6 staining. 

Only gal-3-treated S. cerevisiae cultures were used in view of the lesser effects of gal-3 

on C. albicans. No significant deviation from the buffer-only culture was observed in the 

percentage of cells that presented damaged mitochondria (Fig. 3E, F). 
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Figure 3: Fluorescence microscopy of yeasts responses to lectins. DNA fragmentation and chromatin 

condensation in response to lectin treatment were assessed in S. cerevisiae (A, B) and C. albicans 

(C, D). Representative images of DAPI stained cells by fluorescence microscopy can be seen in A and 

C. The images of 300-400 cells were taken in each assay (100x/1.0 magnitude) and the DNA shape 

was evaluated manually. The average and standard deviation of the number of cells presenting DNA 

abnormalities from 3 independent assays were plotted (B, D). Significant differences between the 

buffer-only (untreated) and the lectin treated samples are shown: ** (p-value ≤ 0.01). Mitochondrial 

membrane depolarization in response to gal-3 treatment was determined in S. cerevisiae by DiOC6 

staining (E, F). The average and standard deviation of the number of cells presenting mitochondrial 

membrane depolarization from 3 independent assays were plotted.
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Gal-3 seems therefore to have a very specific effect on S. cerevisiae compared to the 

other galectins. It increased the accumulation of ROS and the DNA alterations (chromatin 

condensation and DNA fragmentation), without altering the plasma membrane integrity, 

suggesting an increased stress level. The possible induction of PCD was discarded since no 

visible effect on mitochondria membrane was observed (Carmona-Gutierrez et al., 2010; 

Giannattasio et al., 2013). On the other hand, S. cerevisiae responded similarly to gal-4 and 

gal-7, both increasing ROS level and provoking membrane rupture, without affecting the 

DNA. These results are more compatible with the first stages of a necrotic death, in which an 

increased level of stressed cells is observed (Wloch-Salamon and Bem, 2012). Finally, gal-1 

and ConA did not induce any significant effect. 

All taken, each galectin caused a specific effect, and S. cerevisiae and C. albicans responded 

differently. In particular C. albicans resulted less affected: gal-3 only caused a slight increase 

in plasma membrane rupture (~5% of cells), while a mild increase in ROS levels was caused 

by gal-4 and in membrane breakage by gal-7.

All the lectins cause the appearance of  a second population of  cells, 

with different levels of  ROS and membrane breakage

When S. cerevisiae and C. albicans were incubated with either galectin or ConA, the 

analysis of the population of cells in the flow cytometer revealed the appearance of two 

distinct populations of cells (Pi and Pii), one of which was absent from the controls (Fig. 4A,  

C). The two populations differed in shape and cell abundance depending on the lectin used, 

but maintained their characteristics in several independent experiments of each galectin/

yeast combination, confirming that both shape and size of the populations were not results 

of chance. Concurrently, gal-4 and gal-7 caused identically shaped and sized Pii population 

in either yeast species (Fig. 4), while the population emerging in the presence of gal-3 was 

similar to these in shape, but much smaller (Pii ~2% of the all population compared to 

~15% in the presence of gal-4 or gal-7). In all cases, the galectin-induced Pii population was 

composed by more heterogeneous cells than the Pi, as inferred from increased values of 

side and forward scattering. This means that cells within the Pii population vary greatly in 
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cell size and present different surface and internal complexity. On the other hand, gal-1 and 

ConA seem to induce the appearance of a similar Pii population in shape, with smaller and 

less complex cells. The abundance is however very different, with ConA Pii population being 

almost 80% of the total (Pi+Pii) and gal-1 no more than 5%. 

Figure 4: Structure of yeast populations derived from exposure to lectins. S. cerevisiae (A, B) and C. 

albicans (C, D) cell populations differently treated – buffer-only (untreated), lectins incubation, heat-

killed samples (85°C, 5 min) – were analysed by flow cytometry. Images are representative of 8-10 

independent assays. Circles indicate a second population of cells (Pii) with different morphological 

characteristics compared to the main one (Pi). The shape of Pii relates to the lectin in use, being 

similar for gal-3, gal-7 and gal-4, and for gal-1 and ConA. The abundance of cells in Pii varied, but 

maintained the relative size when compared with Pi. This was observed both in S. cerevisiae (B) and 

C. albicans (D). Bars show the average of the percentage of number of cells that composed each 

population in 8 to 10 independent assays: (☐) Pi; (■) Pii; 100% was Pi+Pii. 
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Interestingly, when the two S. cerevisiae populations were analysed separately for both 

ROS level (Fig. 5A) and membrane breakage (Fig. 5B), it was possible to notice a very clear 

difference between them. Pii populations with similar shape, such as the ones induced by the 

treatment with gal-3, gal-4 and gal-7, presented similar outcome in regards of ROS level and 

membrane breakage. Indeed, when the cells were incubated with gal-3, gal-7 and gal-4, the 

Pii population presented 2.5 times more ROS than the Pi population (Fig. 5A), and the number 

of cells that presented membrane rupture grew to 40%, 50% and 60% respectively (Fig. 5B). 

Differently, the Pii populations resulting from either gal-1 or ConA treatment displayed the 

same or less ROS production and membrane breakage. Equivalent experiments in C. albicans 

(not shown) yielded qualitatively identical though quantitatively slightly different results. All 

taken, it appears that the amounts of lectin used are acting only on a percentage of the cells 

in each culture, and this is reflected by the appearance of the Pii population. This might 

therefore represent the actually affected cells.

A
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Figure 5: Different populations are differently responding to lectins. S. cerevisiae was chosen to 

analyse separately each of the two populations observed by flow cytometer, Pi and Pii. P represents 

the sum Pi+Pii (100% in Fig. 4). Results of ROS production (A) correspond to the average of the ratio 

of DHE intensity between either the two populations (Pi or Pii) and the total population (P), Pi/P or 

Pii/P. Results of plasma membrane rupture (B) correspond to the percentage of cells that presented 

PI staining in each population, P, Pi and Pii, average from 4 to 5 independent assays. Statistical 

significant differences are shown: * (p-value ≤ 0.05), ** (p-value ≤ 0.01), and *** (p-value ≤ 0.001).

B

Gal-3, but not gal-4 and gal-7, triggers an increase in cell size without 

altering the cell cycle in a Ras2 dependent manner

The results of CFU assays using S. cerevisiae W303-1A indicate that gal-3, gal-1 and ConA, 

but not gal-7 or gal-4, affected yeast viability (Fig. 1A, B). This should be accompanied by 

decreased values in the optical density (A600nm) of the correspondent cultures, which did not 

occur (not shown). There are two other common possible causes for biased O.D.600 readings 

in relation to colony formation ability: increased cell size or the formation of cell aggregates. 

Therefore, the formation of multicellular aggregates was verified, and the size of the cells 

was measured. Moreover, since the change in yeast cell size may derive from G1 cell cycle 



179

Molecular responses of  yeast to human galectins

arrest (Busti et al., 2010; Turner et al., 2012; Soifer and Barkai, 2014), the sub-populations of 

cells in each of the main phases of the cell cycle were quantified.

S. cerevisiae cultures treated with galectins and ConA were checked for aggregation. 

ConA induced the formation of massive conglomerates of yeast cells (Fig. 6A). The same 

phenotype was observed in cultures incubated with gal-7 and to a much lesser extent gal-

4, but not gal-3 or gal-1 (Fig. 6A). C. albicans behaved essentially as S. cerevisiae (Fig. 6B), 

except that the cells incubated with gal-4 presented larger aggregates. All these aggregates 

were not mechanically destroyed using vigorous pipetting or vortexing, or physically using 

sonication, suggesting that cells are connected by strong chemical bonds, as predicted for 

lectins like ConA (Stratford, 1992a, 1992b; Nenoff et al., 2000; Touhami et al., 2003a; 2003b). 

Cell size was assessed determining the average area of a large number of cells. Gal-3 

induced an increase of approximately 25% in the size of S. cerevisiae compared with the 

buffer-only treated cells (Fig. 6C). The other galectins also induced a cell size increase, 

though less pronounced (approximately 10-15%) (Fig. 6C). Interestingly, also ConA provoked 

an increase of approximately 20% in the cell size (Fig. 6C). On the other hand, the effect of 

gal-3 on C. albicans was opposite, causing the area to decrease of approximately 10% (Fig. 

6D), as previously observed using a different genetic background (Kohatsu et al., 2006). The 

other galectins, as well as ConA, did not alter significantly the size of C. albicans cells (Fig. 

6D). 

It is well known that in S. cerevisiae cell size and cell cycle progression are tightly 

interconnected. In particular, the increase in size may be a consequence of cell cycle arrest 

in G1 phase, before DNA replication occurs (Busti et al., 2010; Turner et al., 2012; Soifer and 

Barkai, 2014). The distribution of S. cerevisiae yeast cultures throughout the three phases 

of the cell cycle was quantified. No differences between the buffer-only and the galectin or 

ConA-treated cells were observed (Fig. 6E), suggesting that the above described galectin-

induced size increase is not a consequence of G1 arrest. 
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The increased cell size might also be the consequence of nutrient signalling RAS/cAMP 

pathway hyperactivation (Mitsuzawa, 1994; Enserink, 2014). In S. cerevisiae, Ras/cAMP/

PKA is one of the pathways involved in mediating the response to carbon source availability 

(Tatchell et al., 1985; Tamanoi, 2011), with implications in, namely, cell size (Baroni et al., 

1989) and the induction of PCD (Gourlay and Ayscough, 2006; Gourlay et al., 2006).

Gal-3 provoked in S. cerevisiae cells a phenotype that has traits in common with apoptotic 

cells, displaying increased ROS level and DNA alteration and maintaining plasma membrane 

integrity (Frohlich et al., 2007; Carmona-Gutierrez et al., 2010; Giannattasio et al., 2013; 

Wloch-Salamon and Bem, 2013). Moreover, other effects provoked by gal-3 on S. cerevisiae 

are compatible with cells undergoing nutrient depletion: the cells decreased the number 

of duplication and at the same time they increased their cell size. These characteristics are 

typical of altered glucose signalling through the Ras/cAMP/PKA signalling pathway (Baroni et 

al., 1989; Busti et al., 2010; Turner et al., 2012). 

In order to determine whether RAS/cAMP/PKA pathway might be involved in the response 

of S. cerevisiae to gal-3, a RAS2-deleted mutant strain was used to repeat all the experiments 

previously done using the wild type strain. In all assays, results showed no difference between 

the gal-3 and the buffer-only treated samples (Fig. 7A-H). These results concur with the 

possibility that the Ras/cAMP/PKA pathway is involved in the yeast response to gal-3 and, in 

particular, that Ras2 protein may be necessary to trigger the stress response observed in the 

wt strain.

Figure 6: How lectins affect yeasts shape and size. Representative images of the cells of S. cerevisiae 

(A) and C. albicans (B) after 8 h incubation with a lectin. Control consists of identical incubation in 

buffer w/o lectin. All the images were taken using the same amplification (100x/1.0). Cell size/area 

(μm2) of S. cerevisiae (C) and C. albicans (D) cells. Values are an average of 4 independent assays. In 

each assay, the area of 300 to 400 cells was measured. Statistically significant differences between 

the buffer-only (untreated) and the lectin treated samples are shown: * (p-value ≤ 0.05). Distribu-

tion of S. cerevisiae cells throughout the phases of cell cycle - (☐) G1, (■) G2 and (■) S - established 

by flow cytometry analysis using SYTOX®-Green probe (E). Each value represents the average of 4-6 

independent assays. 



182

Results

Figure 7: Gal-3 does not induce any of the previously detected effects in S. cerevisiae lacking Ras2 

protein. The viability (CFUs) as in Fig.1 (A), the cell size as in Fig. 2 (B), the ROS production and plasma 

membrane fragmentation as in Fig. 3 (C, D), and the DNA modification as in Fig. 4 (E) were assayed. 

The structure of the second population formed by gal-3 in the mutant Δras2 (above), in comparison 

with the wt strain (below) (F). The ROS level (G) and the percentage of membrane rupture (H) were 

analysed separately for the second population as in Fig. 5. Number of independent assays and 

number of measurements as before ensured statistical validity.
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The CRD domain is largely responsible for the effects provoked by 

the full gal-3 protein

Gal-3 is the only galectin presenting a unique long N-terminal arm opposite to the CRD 

(Dumic et al., 2006). In order to determine whether the gal-3 CRD or the N-terminal long arm 

domain were separately determining the effects observed on yeasts, all the above assays 

were repeated using a truncated form of gal-3 (gal-3tr) consisting only of the CRD (Kopitz 

et al., 2014). It is predictable that an effect that is dependent on the CRD specificity might 

still occur, in opposition to an effect that depends on the absent arm, namely through the 

formation of gal-3 multimers (Ahmad et al., 2004; Halimi et al., 2014). 

Gal-3tr affected S. cerevisiae differently compared to the full protein: 15% reduction in 

CFU (Fig. 8A), 15% cell size increase (Fig. 8B) and 35% cells with DNA alterations (Fig. 8C). 

The values obtained with the entire protein were respectively 40%, 30% and 50%. These 

results suggest that the truncated gal-3, while causing on S. cerevisiae basically the same 

effects as the full protein, is less effective on the outcome specific for gal-3, such as cell size 

and DNA alteration. In opposition, the lack of the N-terminal domain provoked a 1.6-fold 

increase of cells with membrane breakage (Fig. 8D), and a 3-fold increase in the level of 

ROS (Fig. 8E), resulting in a phenotype more similar to the one caused by gal-7 and gal-4. 

All taken, it is possible to postulate that the CRD is sufficient to cause the specific effect of 

gal-3 on S. cerevisiae, but the intensity of the outcome is reduced. This may indicate that the 

N-terminal domain, possibly through multimers formation, is necessary to signal efficiently 

to the cells. On the other hand, the truncation of the protein leads to the formation of a 

galectin more similar in structure to gal-4 and gal-7, and this reflects on the effects on S. 

cerevisiae: increased membrane breakage and ROS level.

C. albicans, on the other hand, was almost indifferent to the truncation of the N-terminal 

arm of gal-3. The similarity between the effects of full and gal-3tr is evident (Fig. 8F-H). In 3/5 

tests the results obtained were identical: the CFUs were reduced in ~20%, the size reduction 

accounted approximately for 10% and the DNA alterations were invariant (Fig. 8F-H). The 

number of cells presenting membrane breakage slightly decreased from ~7% to ~3% (Fig. 

8I). The only prominent difference was a very significant increase in ROS production (Fig. 8J). 
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Figure 8: The CRD of galectin-3 protein is sufficient but not as efficient to induce the same level of 

responses in yeasts caused by the entire proteins. The truncated gal-3 was tested in comparison to 

the full-length protein and a buffer-only (untreated) control under the same experimental conditions 

using S. cerevisiae (A-E) and C. albicans (F-J). The viability (CFUs) were determined as in Fig. 1 (A, 

F), the cell size as in Fig. 6 (B, G), the ROS production and plasma membrane fragmentation were 

observed as in Fig. 2 (C, H and D, I), and the DNA modifications were verified as in Fig. 3 (E, J). The 

numbers of independent assays and measurements ensured statistical validity. Statistical significant 

differences are shown: * (p-value ≤ 0.05), ** (p-value ≤ 0.01), and *** (p-value ≤ 0.001). 
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Galectins, in particular gal-3, are relevant for host-pathogen interaction, participating 

in the recognition, entrance and clearance of bacteria (Mey et al., 1996; Sato et al., 

2002; Fowler et al., 2006; Nieminen et al., 2008), viruses (Mandrell et al., 1994; Fogel et al., 

1999; Hsu et al., 1999) and parasites (Pelletier and Sato, 2002; van den Berg et al., 2004; Vray 

et al., 2004; Bernardes et al., 2006). Moreover, gal-3 has been shown to specifically recognize 

C. albicans outer cell wall glycoconjugates, triggering the clearance of the microorganism in 

vitro (Jouault et al., 2006; Kohatsu et al., 2006; Linden et al., 2013a) and in vivo (Jawhara 

et al., 2008; Linden et al., 2013b), in a dectin-1-dependent manner (Esteban et al., 2011). 

However, the ability of gal-3 to bind specifically β-1,2-mannopyranosides belonging to C. 

albicans cell wall has so far only been proven in vitro (Fradin et al., 2000). S. cerevisiae, on 

the other hand, was reported as not responding to gal-3 (Jouault et al., 2006; Kohatsu et al., 

2006). Concurrently, it was hypothesized that macrophages discrimination between non-

pathogenic yeasts like S. cerevisiae and pathogenic yeasts like C. albicans might be mediated 

by gal-3 (Jouault et al., 2006; Kohatsu et al., 2006). 

The present study examines for the first time the effect of exogenously added galectins 

on the basic features of yeast life. The model yeasts S. cerevisiae and C. albicans were used, 

each representing very different genera and biology. Well-known laboratory strains of 

each of these species were chosen. Yeasts were exposed, under physiologically controlled 

conditions, to galectins representing different structural groups: gal-3, the only member of 

the chimera group, gal-1 and gal-7 from the proto-type group, and gal-4 for the tandem-

repeat group. ConA, a non-galectin lectin known for its ability to bind to both S. cerevisiae 

(Montijn et al., 1994; Arvindekar and Patil, 2002; Coulibaly and Youan, 2014) and C. albicans 

(Sandin, 1987; Warolin et al., 2005) was used as control. The galectin-exposed yeasts were 

assessed for culture growth and viability, death-associated processes, cell cycle progression, 

budding pattern, cell shape and size. Moreover, the level of ROS accumulated intracellularly 

was quantified, as a means to verify the degree of stress generated by the presence of the 

galectins. These are well-established protocols, but they require large amounts of yeast cells, 

DISCUSSION
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which could not be used due to the quantities of purified galectins necessary. Therefore, all 

the assays were miniaturized and tested prior to using cells exposed to galectins. Moreover, 

while the gal-3 concentration was the one Kohatsu et al. (2006) used, the ideal time of 

exposure necessary to detect a measurable response from the cells was determined. For the 

sake of comparison, the chosen conditions were also applied to study the cells exposed to 

the other galectins as well as ConA.

Results showed that gal-3 decreased S. cerevisiae growth ability, but it did not affect 

growth rate (μg) during culture exponential growth on glucose. It also provoked a considerable 

increase in cell size, without changes in cell shape, or irregularity in haploid apical budding 

pattern. The regulation of cell size of S. cerevisiae has not been completely understood so far. 

It is established that yeast regulates cell size primarily controlling the cell cycle in response 

to nutrients availability and growth rate (Busti et al., 2010; Turner et al., 2012). Yeast cell 

volume increases regularly up to the verge of G1-S progression (Di Talia et al., 2009), until 

it reaches the proper size, sensed by the proteins content, to enter in S phase. The time 

needed for the cell to reach that size is therefore dependent on its initial size, longer for 

smaller cells and vice versa (Di Talia et al., 2007; Alberghina et al., 2009; Alberghina et al., 

2012). Moreover, S. cerevisiae naturally displays a large variation in cell volume, which is due 

mainly to the co-existence in a culture of mothers of different ages, many of which attached 

to buds in several states of development (Alberghina et al., 2009). These volume variations 

do not have implications in the culture μg during exponential phase, or mass doubling time. 

Accordingly, cultures of yeast mutants affected in cell size (higher or smaller) grow at a μg 

undistinguishable from the correspondent wild type (Jorgensen et al., 2002). Identically, the 

μg of gal-3 exposed cells, as well as the cell cycle progression through G1, were unperturbed. 

Cell size is controlled mainly by nutrient availability. The leading nutrient receptors able to 

sense external nutrients activate the downstream pathways of PKA (protein kinase A) and TOR 

(target of rapamycin) (Zaman et al., 2008; Busti et al., 2010; Turner et al., 2012). In addition, 

in yeast cell, some TOR and PKA independent signalling pathways are present that contribute 

to the sensing of nutrient availability. These are the cases of acetyl-coA concentration (Cai et 

al., 2011; Cai and Tu, 2011) and the accumulation of storage carbohydrates (Futcher, 2006). 
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The yeast cultures used in the present study were grown exponentially on glucose, 

conditions that favour large cells (mothers as well as buds). The facts that (1) the cells exposed 

to gal-3 were larger, and (2) the length of G1 was not perturbed suggest that gal-3 induces 

a rupture in the molecular control of size. As said, the knowledge on the key operators of 

this control is not deep (Turner et al., 2012). The progression through G1 in relation to size 

control is achieved through the inactivation of Whi5, a negative regulator of SBF transcription 

factor (Turner et al., 2012). Whi5 inactivation is obtained through a molecular complex that 

harbours the key cyclin Cln3, whose transcription is nutrient dependent through acetyl-coA-

mediated histone acetylation. Acetyl-CoA may derive from glucose fermentation or from 

acetate respiration (Shi and Tu, 2013). In view of the results above, it can be hypothesised 

that gal-3 might interfere in Cln3/ Whi5 regulation, promoting the regular timing of G1/S 

transition in spite of the oversized cells.

Since S. cerevisiae viability was affected by gal-3, the parameters that characterize the 

underlying death process were analysed. Different processes can lead to yeast cell death, 

among which the better characterized is PCD (Gourlay et al., 2006; Carmona-Gutierrez et al., 

2010; Wloch-Salamon and Bem, 2012). To characterize gal-3-induced death, firstly intracellular 

ROS levels and plasma membrane breakage were assessed, then chromatin condensation, 

DNA fragmentation and mitochondria depolarization were evaluated. Cells of S. cerevisiae 

exposed to gal-3 displayed increased ROS levels, no plasma membrane rupture, condensed 

chromatin and fragmented DNA, but not mitochondria depolarization, ruling out PCD. These 

results suggest that S. cerevisiae, when exposed to gal-3, undergoes a non-apoptotic stress-

related process. In opposition, gal-3 had a much less incisive effect on C. albicans, causing 

neither reduced viability nor DNA alteration nor ROS accumulation, although app. 7% cells 

presented plasma membrane breakage. Cell size apparently decreased slightly (-12%). 

These results apparently contradict previous findings (Jouault et al., 2006; Kohatsu et al., 

2006). Two key differences distinguish these works from the present one: genetic background 

and culture metabolic status. The present work used S. cerevisiae strain W303-1A, known for 

being more favourable for phenotypic assessment, but less resistant to stress than other 

genetic backgrounds (Petrezselyova et al., 2010; Kokina et al., 2014). In agreement, when 
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the assays were repeated with S. cerevisiae BY4741 used by Kohatsu et al. (2006) (Jouault et 

al. (2006) used BY4741 mother strain SC288) the same gal-3 amounts and exposure times 

did not induce a response. Importantly, unlike in (Kohatsu et al., 2006), cells were exposed to 

galectins when they were young and in exponentially growing culture, i.e. highly homogenous 

cells under catabolite repression. The same is true for C. albicans assessment. Thereby, very 

different strains and culture conditions were used. These discrepancies clearly show that 

gal-3-induced responses in yeast are strain- and metabolic state-dependent, concurring with 

what discussed above regarding cell size control, and therefore not generalizable. Since it is 

hypothesized that the effect of gal-3 on yeast cells directly depends on al-3 binding to yeast 

surface, the variations of results for different strains and metabolic conditions was actually 

expected. Indeed there is a large variability in cell wall composition according to physiological 

status or environmental cues, such as temperature, pH, oxygen levels and growth medium 

(Aguilar-Uscanga and Francois, 2003; Klis et al., 2006; Free, 2013). Differences in yeast cell 

wall molecular composition and mechanical resistance exist also between exponentially 

growing cells and cells that reached stationary phase (Smits et al., 1999; Klis et al., 2006). 

Cells in stationary phase have been proven to have thicker cell wall and be therefore stronger 

and more resistant to stress compared to exponentially growing cells (Smith et al., 2000). 

Moreover, after post-diauxic shift cells are less permeable and more resistant to glucanase 

(De Nobel et al., 1990). These changes are accompanied by variations in the wall proteins 

profile (Lagorce et al., 2003). Similar changes were observed in cells subjected to stress, such 

as poor carbon source, or hyperosmotic or heat stress (Boorsma et al., 2004). 

Gal-4 and gal-7 (but not gal-1) caused increased ROS production and plasma membrane 

breakage, but not a reduction of viability. This was observed in both S. cerevisiae and C. 

albicans, although more severely in S. cerevisiae. Noticeably, although the observed increase 

of ROS production and membrane rupture was significant, it was not at the level of the 

heat-shocked cells (positive control). Altogether, the responses to the different galectins do 

not reflect their structural differences. Gal-7 and gal-1 belong to the proto-type group and 

gal-4 to the tandem-repeat group (Hirabayashi and Kasai, 1993), but gal-7 and gal-4 induced 

similar responses and gal-1 had no detectable effect. Of course, it cannot be ruled out the 
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possibility that the amounts of galectin and the exposure times used, which were optimized 

for gal-3, might not be the ideal ones for assessing the effects of other galectins. 

The structure of gal-3 raised the question of whether the effects observed using this 

galectin would derive from the CRD recognizing and binding a specific ligand, and what role 

might play the N-terminal arm. The results obtained using a truncated form of gal-3 without 

the N-terminal arm suggest that the CRD is sufficient to promote all the effects caused by 

the full protein, though their intensity varied. ROS production and membrane breakage were 

enhanced, reaching levels very similar to the ones induced by gal-4 and gal-7, galectins that 

do not possess an N-terminal arm. On the other hand, truncated gal-3 induced a less evident 

decrease in viability, increase in cell size and DNA damage. These results suggest that, 

although the CRD is enough to trigger these responses, the N-terminal domain is important 

for full efficiency. N-terminal is known to promote multimerization of the protein, which in 

human is necessary to increase the efficiency of binding, increasing avidity to supply for low 

affinity (Brewer, 2002; Compagno et al., 2014).

ConA is a lectin that binds yeast outer cell wall α-D-mannosyl residues (Lis and Sharon, 

1973). It promotes the agglutination of many microorganisms including C. albicans (Cassone 

et al., 1978; Sandin, 1987) and S. cerevisiae (Lis and Sharon, 1973; Flemming et al., 1985). 

It was therefore expected to promote, as observed, the formation of large conglomerates 

of S. cerevisiae and C. albicans. These were indestructible by mechanical or physical action. 

The apparent reduction of S. cerevisiae viability upon incubation with ConA may actually 

derive from a bias in CFU caused by the extensive clumping. No other response to ConA was 

detected. Conglomeration was also observed in response to the presence of gal-4 and gal-7, 

though to a lesser extent than to ConA. This poses a question regarding binding specificity of 

the assayed galectins. The cell walls of S. cerevisiae and C. albicans do not display galactose 

residues (Klis et al., 2006; Free, 2013). Yet, the phenotypic responses possibly require 

recognition and binding of the galectins to some component of the yeasts outer cell wall 

and signalling therein, while conglomeration demands for steady bridging between two cells 

after binding to components of the outer cell wall. Gal-3 was shown to bind to isolated β-1,2-

oligomannosides derived from C. albicans VW32 (Fradin et al., 2000). However, S. cerevisiae 
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does not produce that type of glycans (Fradin et al., 2000; Jouault et al., 2006). Therefore, we 

hypothesize that gal-3, and the other galectins, probably ligate as well to other components 

of the yeast outer layers of the cell wall.

In human cells, gal-3 is involved in the regulation of cell proliferation and differentiation, 

interacting with the oncoprotein KRAS (Elad-Sfadia et al., 2004; Shalom-Feuerstein et al., 

2005; Shalom-Feuerstein et al., 2008; Levy et al., 2010; Levy et al., 2011; Song et al., 2012). In 

yeast, the Ras/cAMP/PKA pathway is very important for physiology and multiplication. Yeasts 

have two highly homologous and partially redundant Ras proteins, Ras1 and Ras2. These 

are palmitoylated and attached to the inner leaflet of the plasma membrane, mediating 

intracellular signalling progression upon glucose sensing (Thevelein and de Winde, 1999; 

Busti et al., 2010; Tamanoi, 2011). When nutrients are suitable, Ras proteins are active 

and activate adenylate cyclase. This produces cAMP from ATP, which acts as a messenger 

to signal the good state of the environment, activating mainly PKA (protein kinase A). The 

activation of PKA leads to many outcomes. First, it regulates cyclin synthesis allowing the 

cell cycle to progress (Thevelein, 1992; Hubler et al., 1993; Mizunuma et al., 2013) and it 

controls the nutritional reserve of the cells, regulating the enzymes involved in lipid and 

carbon metabolism and the level of storage of carbohydrates (Ortiz et al., 1983; Francois et 

al., 1984; Francois and Hers, 1988). Moreover, it has a role in the defence against ROS and 

other stress stimuli, negatively regulating genes controlled by promoters harbouring STRE 

(stress response elements) (Lee et al., 1999; Longo, 2003). One of the main outcomes of the 

Ras pathway activation is culture growth in response to nutrients availability, but Ras/cAMP/

PKA pathway is also involved in apoptosis (Heeren et al., 2004; Gourlay and Ayscough, 2006; 

Frohlich et al., 2007; Almeida et al., 2008) and aging (Hlavata et al., 2003; Burtner et al., 2009; 

Santos et al., 2012), mainly allowing the accumulation of ROS inside the cell. Moreover, Ras 

proteins have a significant role in the regulation of cell size. As stated above, the two main 

pathways able to regulate cell volume include PKA and TOR (Zaman et al., 2008; Busti et al., 

2010; Turner et al., 2012). Ras proteins are well known upstream regulators of both PKA and 

TOR (Zaman et al., 2008; Busti et al., 2010). As confirmation of their direct involvement in cell 

size regulation, the cells harbouring the overactive variant of RAS2, RAS2val19, were proven 
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to be bigger than the ones expressing the wt Ras2 protein (Baroni et al., 1989; Baroni et al., 

1994). Taking into account all these factors, an involvement of this pathway in the response 

to gal-3 was hypothesized. 

Results using the mutant deleted for RAS2, therefore not producing the more expressed 

of the two Ras proteins, clearly showed that the Ras pathway is necessary to mediate the 

effects of gal-3 on S. cerevisiae. All of the previously found gal-3-generated phenotypes 

were absent from the Δras2 mutant. One possible explanation is that gal-3 might perturb 

Ras/cAMP/PKA pathway, erroneously signalling a false abundance of nutrient. Indeed the 

cells start to enlarge - gal-3 increased cell size -, but when the nutrient is not found, the cells 

undergoes stress stimuli, - the ROS level increases and DNA is damaged -, culminating in 

viability loss. A similar outcome of Ras/cAMP/PKA hyper-activation was noticed by Gourlay 

and Ayscough (2006). Another hypothesis is that gal-3 causes an abnormal activity of PKA 

and TOR driven by Ras proteins and this might cause an anticipated ageing effect (Hlavata 

et al., 2003; Burtner et al., 2009; Santos et al., 2012), leading as well to an increased ROS 

production and a decreased viability.

Lectins induced in S. cerevisiae and C. albicans the appearance of two populations of cells 

(Pi and Pii) with different shapes that include cells with different complexity and size. The 

untreated sample, on the contrary, only showed one population of cells (Pi). Pii generated 

by gal-3, gal-4 and gal-7 had the same shape, and cells belonging to it showed similar ROS 

production and degree of plasma membrane rupture, though gal-3-induced Pii contained 

fewer cells. Both the ROS level and the membrane breakage were much higher in Pii 

compared to Pi. On the other hand, gal-1 and ConA generated a Pii shaped differently, with 

cells that showed less complexity compared to the ones in Pii triggered by gal-3, -4 and -7. Gal-

1- and ConA-induced Pii did not show different level of ROS or plasma membrane breakage 

compared to the main population (Pi), contrarily to what happened for the other galectins. 

These results were identical in both yeast species and extremely well conserved in multiple 

replicas. The increased response to the galectins (-3, -4 and -7) and the reproducibility of the 

results led to hypothesise that the Pii population actually represents the cells in touch with 

the galectins. The fact that gal-4 and gal-7 generated a more numerous Pii population than 
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gal-3 could derive from the fact that these galectins have two CRD, which also propitiates 

the agglutination of the yeasts, as observed. Following this reasoning, gal-3, having only one 

CRD, should have half the chances of establishing a productive binding. This means that all 

the results in which the yeast sample exposed to a galectin was taken as a whole, actually 

are diluted by a part of the sample that was not in effective contact with the galectin. Assays 

like DAPI staining or CFU quantification do not allow the visualization of two populations, 

but ROS production and plasma membrane rupture assays using each population separately 

confirmed this suspicion. Importantly, in the RAS2 deletion mutant, Pii is absent, reinforcing 

the ideas of Ras2 being necessary to mediate gal-3 effects and Pii being the population 

actually affected by galectins exposure. Therefore, and bearing in mind that more time of 

exposure did not increase the effect of gal-3, it can be stated that the observed responses 

to the galectins should be considerably stronger if it were possible to increase the ratio of 

[galectin] / [yeast cells]. 

In summary, we proved for the first time that galectin-3 has a significant effect on S. 

cerevisiae, leading to stress-related symptoms that do not match with an apoptotic profile. 

The effects on S. cerevisiae depend on the strains and the physiological status of the cells. 

This may prove that gal-3 cannot be the only protein involved in the process of discriminating 

between pathogenic (C. albicans) and non-pathogenic yeast. The responses of the yeasts 

to gal-3 are mainly mediated by the CRD of the protein, since when the truncated form (no 

N-terminal domain) was used, all the phenotypes were maintained, although their intensity 

varied. Therefore, the CRD is the minimum requirement to elicit an effect, but alone it 

does not reach full efficiency. We also showed that gal-3 action on S. cerevisiae requires a 

completely functional Ras/cAMP/PKA pathway, since all the gal-3 induced phenotypes were 

absent from Δras2 mutant. Finally, we demonstrated that the effects are galectin specific, 

with the exception of gal-4 and gal-7, which provoked very similar phenotypes, and that the 

similarities do not relate to the galectins subgroup. 
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ABSTRACT
Galectins are carbohydrate binding proteins belonging to the lectin superfamily. Their 

carbohydrate recognition domain (CRD) presents high affinity for β-galactosides, but some 

galectins have been proved to be able to bind different types of glycans, such as mannosides. 

There are several members in the galectin family and each has a specific affinity for differentially 

long and branched β-galactosides. Galectins are subdivided into three subgroups according 

to their structure and number of CRDs, the proto-type group, the tandem-repeat group 

and the chimera type group. Galectins have an important role in the recognition of glycans 

pattern on self and non-self cells, including various pathogenic microorganisms, from viruses 

to bacteria, to parasites. Gal-3, the only chimera type galectins, has been reported to be 

able to bind to β-1,2-linked oligomannosides on the cell wall of C. albicans. In this work, we 

analysed the binding of various galectins, representing each galectin subgroup, to the cells of 

two different yeast species, the non-pathogenic S. cerevisiae and the pathogenic C. albicans, 

using the microarray technology. We used both whole yeast cells and fractions derived from 

sub-cellular compartments and yeast extracellular matrix. We printed on the microarrays 

two different S. cerevisiae genetic background, and both wt and two RAS deletion mutants. 

We proved that all the galectins tested except gal-1 could successfully bind to the yeast sub-

cellular fractions, with a higher efficiency to S. cerevisiae than to C. albicans. We showed 

that the galectin binding using whole cells as ligands was slightly less efficient than using 

sub-cellular concentrated fractions, but still capable to present significant binding, especially 

in the case of gal-7. Finally, we demonstrated that binding to S. cerevisiae was stronger than 

binding to C. albicans with both whole cells and sub-cellular fractions and with all the galectins 

tested, except gal-1, which did not present any binding to none of the two yeasts. In addition, 

binding to RAS2 mutant was higher than to the wild type in most of the cases. Importantly, 

the genetic background influenced the binding ability of the galectins. In conclusion, we 

proved that microarrays might be an efficient and fast methodology to determine galectin 

binding to yeast surface and, with deeper studies, to characterize galectins binding profile 

and yeast surface components, as well as factors that may be important in discriminate 

between pathogenic and non-pathogenic yeast recognition.
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Galectins belong to the lectin superfamily of glycan binding proteins. They are 

identified based on the presence of approximately 130 conserved amino acids 

that form the carbohydrate recognition domain (CRD) (Cooper and Barondes, 1999; 

Compagno et al., 2014), which has a specific tertiary structure of two antiparallel β sheets 

forming a sandwich-like structure (Rini and Lobsanov, 1999) and presents a high affinity 

for β-galactosides (Barondes et al., 1994). The specificity of the binding depends on the 

member of the galectin family, but a generalization can be made. Usually the interaction with 

the monosaccharide galactose is weaker compared to the disaccharide lactose and longer 

oligosaccharides (Leffler and Barondes, 1986; Brewer, 2002). Until now, 15 mammalian 

galectins have been discovered and they are subdivided into three groups based on their 

structure and CRDs number. The proto-type galectins are characterized by a unique CRD and 

by the ability to act as monomer or homodimer (gal-1, -2, -5, -7, -10, -11, -13, -14, -15); tandem-

repeat type galectins are defined by the presence of two distinct CRDs, not necessarily with 

the same binding properties, connected by a linker polypeptide (gal-4, -6, -8, -9, -12); chimera 

type is composed by a CRD at the C-terminal and a non-carbohydrate-binding domain and 

the N-terminal (gal-3). Different galectins do not have a redundant function in the cells, since 

they bind glycans with different specific affinities and each galectin is expressed in a tissue-

specific or developmentally regulated fashion (Colnot et al., 1996; Compagno et al., 2014).

Galectins can be found both inside and outside the cells and they have specific functions 

in both cases (Yang et al., 2008). Some galectins, such as gal-1, -3, -4, are found both intra- and 

extracellularly, while some others have a preferential localization, like gal-7, which is mainly 

intracellular (Liu et al., 2002; Yang and Liu, 2003). Extracellular galectin functions depend on 

their ability to oligomerize and cross-link their ligands. Indeed all galectins, regardless their 

subtype, are able to cross-link. Tandem repeat types use their two CRDs, while proto-type 

galectins and the chimera type galectin-3 form multivalent complexes (Boscher et al., 2011). 

When galectins cross-link their ligands, they form supramolecular complexes called lattices 

and they promote the redistribution or the segregation of the bound ligands at the cellular 

INTRODUCTION
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membrane, increasing the avidity and half-life of galectin-glycans interactions (Yang et al., 

2008; Rabinovich and Croci, 2012; Compagno et al., 2014). Usually, most of the extracellular 

functions of galectins relate on their ability to bind to the glycans of glycoconjugates from the 

extracellular matrix, the plasma membrane, or the cell wall, while their intracellular functions 

mainly depend on protein-protein and protein-nucleic acids interaction (Rabinovich and 

Croci, 2012).

Extracellular galectins can bind to various glycans and exert several different functions, 

including cell adhesion, interaction with transmembrane receptors that influence cell growth, 

apoptosis, cell differentiation and immunity (Rabinovich and Toscano, 2009; Rabinovich and 

Croci, 2012; Compagno et al., 2014). In particular, the role of galectins in immunity is dual 

and the particular function depends on the member of the galectin family and its binding 

specificity. Galectins can recognize both self-glycans and foreign glycans, helping the cell to 

distinguish pathogens from their own cells, in order to set up a proper defense (Rabinovich 

and Toscano, 2009; Sato et al., 2009). Importantly, cells from different origins are able to 

synthetize different glycoconjugates, making the glycomic profile of a cell a specific and 

unique characteristic. In particular, mammalian cells have an array of glycoconjugates distinct 

from the one of pathogenic microorganisms, such as viruses, bacteria, fungi and parasites 

(Reuter and Gabius, 1999; Gabius et al., 2002), making glycans on the cell surface highly 

specific for a particular class of cells or organisms, so that they serve as a basis for recognition 

by host proteins (Buzas et al., 2006). In the specific case of pathogen recognition, galectins 

can either block or promote the infection. Galectins can block invasion either directly killing 

the microorganism or stimulating the activation of the cells of the immune system (Buzas 

et al., 2006; Sato et al., 2009; Vasta, 2009; Baum et al., 2014). For example, gal-1 promotes 

the entry and attachment of HIV-1 (human immunodeficiency virus type 1) (St-Pierre et al., 

2011; Sato et al., 2012), Nipah viruses (Levroney et al., 2005) and human T cell leukaemia 

virus type 1 (HTLV-1) (Gauthier et al., 2008) by cross-binding glycans on both the pathogen 

cell wall and human cells, while gal-4 impedes Bordetella pertussis and Helicobacter pylori 

to attach to glycolipids receptor occupying them (Ideo et al., 2005; Danielsen and Hansen, 

2006). Galectins can bind to a high variety of glycans present on the surface of several different 
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pathogens, from viruses, such as the above-mentioned HIV-1 (St-Pierre et al., 2011; Sato et 

al., 2012), to bacteria, such as Streptococcus pneumoniae and Pseudomonas aeruginosa, to 

parasites, such as Leishmania major, to fungi, such as Candida albicans (Sato et al., 2009).

The interaction between C. albicans and one of the galectin proteins, gal-3, has been 

analysed. Gal-3 has been found to bind to β-1,2-linked mannopyranose units present on 

the cell wall of C. albicans (Fradin et al., 2000). Interestingly, these glycans are a specific 

feature of C. albicans, absent from Saccharomyces cerevisiae or in other species of Candida. 

Indeed it is reported that gal-3 can only bind to C. albicans and not to S. cerevisiae or C. 

granulomata (Kohatsu et al., 2006). The interaction between gal-3 and this type of glycan 

was found unusual, since gal-3 binds specifically to β-galactosides. However, it is not unique 

among galectins. Gal-10 has indeed been found to have a higher affinity for mannose-related 

sugars than to β-galactosides (Yang et al., 2008; Cummings and Liu, 2009). It was verified 

that gal-3 was actually bound to C. albicans cell wall in living yeast cells in a carbohydrate-

dependent manner (Jouault et al., 2006) and had a direct fungicidal effect on C. albicans. 

Indeed, yeast cells treated with gal-3 diminished their viability and simultaneously decreased 

the cell size and enhanced the cell granularity (Kohatsu et al., 2006). Notably, the importance 

of gal-3 role in the invasion of C. albicans is underlined by the fact that tissues affected by 

systemic candidiasis show a broader expression of gal-3 (Kohatsu et al., 2006) and that the 

absence of gal-3 increases mortality upon infection with C. albicans (Linden et al., 2013a). 

In a proteomic analysis, gal-3 expression has been found to increase in macrophages after 

treatment with C. albicans (Reales-Calderon et al., 2012). The observation that the secretion 

of gal-3 increased upon C. albicans invasion was validated also in other models. For example, 

gal-3 secretion is upregulated in human yeast infected gingival epithelial cell line Ca9-22 

and gingival fibroblasts (Tamai and Kiyoura, 2014). Also neutrophils increase their secretion 

of gal-3 upon treatment with C. albicans and this causes an enhanced phagocytosis of the 

pathogens (Linden et al., 2013b). Even if an interaction between gal-3 and C. albicans seems 

to be well-established and relevant for C. albicans pathogenic process and host cell defense, 

little is known about the interaction of C. albicans with the other members of the galectin 

family. Considering the unicity of gal-3 structure, being the only chimera type galectin, it 
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would be useful to understand if the putative specific binding to C. albicans is due to gal-3 

ability to form supramolecular lattices or to the binding affinity of its CRD. For this purpose, 

binding to C. albicans cells and components of its surface should be tested also for other 

galectins, possibly representing different galectins subgroups. 

Importantly, gal-3 has been proposed to be responsible for distinguishing between 

pathogenic – C. albicans – and non-pathogenic – S. cerevisiae – yeasts, based on its ability to 

bind solely to C. albicans (Kohatsu et al., 2006). However, authors report using two serotypes 

of C. albicans and one strain of S. cerevisiae. The strains of C. albicans originated from a 

credited culture collection. Laboratory strains are well known for loosing infectiousness. 

Therefore, other more virulent C. albicans strains (preferably clinical isolates), as well as other 

more common species in human yeast infections, like C. glabrata, C. parapsilosis, C. krusei 

or C. dublinensis (Vazquez-Gonzalez et al., 2013) should have been used. Additionally, also S. 

cerevisiae strains strongly diverge genetically. This is extremely important when considering 

the possible contact of a patient with a wild yeast strain of any origin, including the ones 

causing nosocomial infections (Pillai et al., 2014). Finally, it cannot be forgotten that most 

yeasts causing serious infections in humans (including S. cerevisiae) are commensal, and 

that the transition to the infectious aggressive state demands yeast to undergo profound 

molecular remodelling. Specific culture conditions are needed to trigger these changes (like 

for example cultivating the yeast in human blood serum), which were not used by Kohatsu et 

al., (2006). Results of these authors are this way far too scarce and innapropriate to support 

such a daring hypothesis as gal-3 being responsible in vivo for discriminating between 

the pathogeneic and non-pathogenic state or ability of yeasts. Therefore, the binding of 

galectins to S. cerevisiae should be verified, both to confirm its putative absence and to 

better understand gal-3 specificity towards C. albicans.

The differential binding of gal-3 to C. albicans and S. cerevisiae seems to be due to different 

glycans expressed on the cell wall, the outer layer of a yeast cell. Specifically, all pathogenic C. 

albicans strains produce poly-β-1,2-linked mannose chains that bind specifically the organism 

to the macrophages (Li and Cutler, 1993; Gemmill and Trimble, 1999), but these structures 

differ among different Candida species and even among different serotypes belonging to 
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the same species (Gemmill and Trimble, 1999). This type of mannosylated structures were 

not found in S. cerevisiae (Suzuki, 1997; Gemmill and Trimble, 1999; Fradin et al., 2000). 

Regardless to the specificity in composition, the organization of the cell wall of S. cerevisiae 

and C. albicans is very similar (Aguilar-Uscanga and Francois, 2003; Ruiz-Herrera et al., 2006; 

Free, 2013). In both yeast species, the side closer to the plasma membrane is composed 

mainly by β-1,3-glucans and, to a lesser extent, by β-1,6-glucans, and it includes as well 

small amount of chitin (Klis et al., 2006; Free, 2013). The layer faced outside is richer in 

highly mannosylated proteins, mainly GPI-anchored to the glucans network (Gemmill and 

Trimble, 1999; Klis et al., 2006). As mentioned, even though the basal structure of the wall 

is very similar between the two yeast species, the specific composition in polysaccharides 

and proteins varies extensively. In particular, differences in the side branching of the glucans 

have been shown (Ruiz-Herrera et al., 2006), as well as a great variety in glycoprotein glycan 

structures (Fukazawa et al., 1995; Gemmill and Trimble, 1999). Besides presenting differences 

between yeast species, yeast wall composition can also change upon different environmental 

cues, such as temperature, pH, oxygen levels and growth medium (Aguilar-Uscanga and 

Francois, 2003; Klis et al., 2006), and in different growth phases (Smits et al., 1999). Cells in 

stationary phase have been proven to have thicker cell wall, to be less permeable and to be 

more resistant to glucanase compared to exponentially growing cells (De Nobel et al., 1990; 

Smith et al., 2000). These changes are accompanied by variations in the wall proteins profile 

(Lagorce et al., 2003). Similar changes were observed in cells subjected to stress, such as 

poor carbon source, or hyperosmotic and heat stress (Boorsma et al., 2004).

In addition to bind glycoconjugates on the cell wall, galectin can also bind to glycoprotein 

in the extracellular matrix (ECM), such as laminin (Zhou and Cummings, 1990; Sato and 

Hughes, 1992), fibronectin (Sato and Hughes, 1992; Ozeki et al., 1995), and tenascin 

(Probstmeier et al., 1995). These interactions, similarly to the one occurring on the cell wall, 

activate important signalling cascades that have a pivotal role in cell adhesion and motility. 

Variations in adhesion and motility mainly depend on reorganization of actin cytoskeleton 

and formation of adhesion plaques (Levy et al., 2003; Goetz et al., 2008). The ECM in 

multicellular organisms is fundamental for cells stability and organization, as well as for 
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cell-cell communication and adhesion (Nelson and Cox, 2008). It is composed of diverse 

molecules, including glycosaminoglycans and proteoglycans (Esko et al., 2009). Similarly 

to the glycans present on the cell surface, also the glycans present in the ECM vary a lot 

(Schaefer and Schaefer, 2010), making galectins once again the perfect transducer of the ECM 

glycans signals. Importantly, also unicellular organisms such as bacteria and fungi can create 

a substrate resembling the mammalian ECM, when grown in communities such as stalks, 

mats/biofilms and colonies (Sutherland, 2001; Nobile and Mitchell, 2007; Lal et al., 2010). 

Also the ECM of the yeast S. cerevisiae and C. albicans is formed by various components, 

including proteins and glycans (Chandra et al., 2001; Kuthan et al., 2003; Al-Fattani and 

Douglas, 2006; Vachova et al., 2011). Recently, a specific method was developed to isolate 

and extract the ECM of S. cerevisiae and C. albicans, and to identify the components of the 

correspondent sugar and protein fractions (Faria-Oliveira et al., 2014). The glycans composing 

the ECM of S. cerevisiae are mostly oligosaccharides of mannose, constituting 44% of total 

sugar content, glucose, accounting for the 52%, and, to a lesser extent, galactose (4%). The 

presence of uronic acid was also detected (Faria-Oliveira et al., 2015). Possibly, many of the 

above mentioned sugars are attached to proteins, forming glycoproteins and proteoglycans 

(Sutherland, 2001; Vachova et al., 2011). Giving the prevalence of glycans in the composition 

of yeast ECM, including a small percentage of galactose, it is conceivable that galectins could 

bind to components of yeast ECM. Moreover, ECM has been identified as involved in C. 

albicans drug resistance (Chandra et al., 2001; Al-Fattani and Douglas, 2006) and gal-3 has 

been involved in identifying specifically pathogenic fungi. Therefore, it could be informative 

to analyse the possible binding of galectins to yeast ECM, both S. cerevisiae and C. albicans.

One method to analyse quickly the binding of galectins to yeast cells and yeast cell 

components is through the use of microarrays. This methodology, since its first application 

more than 20 years ago (Ekins, 1989), has been used for a variety of different applications. 

DNA microarrays were the first to be optimized and they have been used for DNA sequencing 

(Pease et al., 1994), analysis of gene expression profiling (Schena et al., 1995; Morley et al., 

2004) and diagnosis (Mikhailovich et al., 2008; Donatin and Drancourt, 2012), among other 

applications (Szameit et al., 2009; Fan et al., 2010; Horvath et al., 2011). Now, new types of 
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microarrays have been developed, such as proteome microarrays (Zhu et al., 2001; Chen et 

al., 2008), antibody microarrays (Haab et al., 2001; Rho and Lampe, 2013), reverse-phase 

protein arrays (Paweletz et al., 2001; Sheehan et al., 2005) and lectin microarrays (Tao et 

al., 2008; Hirabayashi et al., 2013). Various groups simultaneously developed microarrays 

for lectins in 2005 (Angeloni et al., 2005; Kuno et al., 2005; Pilobello et al., 2005; Zheng et 

al., 2005). These are based on the immobilization of lectins on a glass substrate, possibly 

presenting a wide array of glycans specificity. The advantages of this methodology are 

the direct usage of crude samples containing glycoproteins, without the need of glycans 

isolation, and the high number of samples that can be analysed to obtain their glycomic 

profiling (Hirabayashi et al., 2013). A natural extension of the lectins microarrays are the 

glycans microarrays. Indeed, if in the case of lectins microarrays lectins are immobilized and 

probed with glycans, in the case of glycans microarrays, the carbohydrates are the ones 

to be printed on the microarrays and then tested with different lectins and/or antibodies 

(Liu et al., 2007; Park and Shin, 2007; Blixt et al., 2008; Karamanska et al., 2008; Narla and 

Sun, 2012; Park et al., 2013; Narla et al., 2015). Glycans microarrays allows the detection 

of binding specificity of disease-associated antibodies (Galanina et al., 2003; Wang et al., 

2008) and lectins, as well as the carbohydrates recognized by endogenous lectins (Blixt et 

al., 2004; Palma et al., 2006; Graham et al., 2012). In addition, they have been particularly 

helpful in the analysis of the glycans recognized by pathogenic microorganism such as viruses 

and bacteria, which therefore can have pivotal roles in the onset of immune response, or 

pathogen-host cell adhesion and invasion (Blumenschein et al., 2007; Childs et al., 2009; 

Flannery et al., 2015). The field of microarrays technology is constantly growing and one of 

the last developments was the direct printing of fixed bacterial cells to the microarray, to 

later test their glycans profile through the binding of various lectins (Campanero-Rhodes et 

al., 2015). This approach avoids the isolation of glycans from the organism surfaces, making 

the recognition of binding specificity even faster.

In this work, the binding ability of whole cells of S. cerevisiae and C. albicans to various 

galectins using the microarray technology was tested for the first time. Additionally, yeast cells 

were fractioned and the yeast cell components isolated. Fractions consisting of cytoplasmic 
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contents, plasma membrane, cell wall and ECM, were used to confirm the galectins binding 

capacity. Four different galectins were used, representing each subgroup, gal-3 for the chimera 

type, gal-1 and gal-7 for the proto-type and gal-4 for the tandem-repeat type. In addition, 

different S. cerevisiae genetic backgrounds were used: the frequently used laboratory strains 

BY4741 and W303-1A. This strategy aimed at showing that different genetic backgrounds 

also have differences at the level of surface glycans. Finally, also the RAS mutant strains of 

both genetic backgrounds were used, in view of the demonstrated mediation of yeast Ras 

proteins for exogenous (chapter 1, this thesis) and endogenous (chapter 3, this thesis) gal-3 

activity on S. cerevisiae, and because of the involvement of Ras proteins in the modelling of 

yeast cell wall (Imazu and Sakurai, 2005).

For the first time a microarray methodology was shown to be efficient for testing the 

glycans profile of the surface of yeasts, both C. albicans and S. cerevisiae. Moreover, contrarily 

to previous reports (Kohatsu et al., 2006), gal-3 bound to S. cerevisiae cells, actually with a 

higher intensity than to C. albicans. Binding analysis also displayed differences between the 

various galectins specific binding profile. Importantly, the variation of galectins binding not 

only confirm the involvement of the Ras pathway in the yeast cell response to galectins, as 

predicted from the results in the chapters 1 and 3, but also indicated that the pathway does 

that by altering the pattern of the cell wall implicating in binding ability. 
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Preparation of  samples with yeast whole cells

Whole cells used for microarrays printing are listed in Table 1. Printing was done using 

cells fixed in paraformaldehyde (PFA) or alive in suspension. 

Fixation in paraformaldehyde. Cells were grown in 10 ml YPD (2% glucose, 1% peptone, 

1% yeast extract) batch cultures, at 30°C and 200 rpm, to O.D.600 1.5, and collected by gentle 

centrifugation, to avoid disruption. PFA 37% was added to the pellet to a final concentration 

of 1:10 and incubated 10 min at room temperature. This fixation procedure preserves the 

cells physiological status and morphology. Cells were washed 3 times with filtered PBS and 

resuspended in a final volume of 1 ml TBS (tris-buffered saline, 10 mM Tris/HCl, 0.15 M NaCl).

 Alive cells suspension. Yeasts were grown on solid YPD at 30°C for 48 h. A portion of the 

yeast biomass was used to dissolve in TBS and the suspension was adjusted to O.D.600 of 10. 

Considerable differences in cell size exist between the different yeast strains causing 

biases in O.D.600 readings. Therefore, the cell concentration in each sample, both PFA-fixed 

cells and cells in suspension, was confirmed and normalized by using a Neubauer chamber, 

in order to assess the precise correlation between O.D.600 and number of cells. Each sample 

was supplemented with 1 μl 5 mM SYTO® 13 dye (Life Technologies), and the samples were 

diluted with TBS to O.D.600 6.0, 3.0 and 1.0.

The fluorescence spectrum of the last sample (O.D.600 1) was obtained using a Horiba 

Jobin Yvon Fluoromax-4 spectrofluorometer (excitation 488 nm and emission 500-600 nm).

MATERIALS AND METHODS
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Whole cells binding signal normalization

The binding signal of the galectins bound to the whole yeast cell samples was normalized, 

in order to obtain the fluorescence/cell ratio. The number of cells in each printed spot was 

calculated using the following rule: fluorescence at 488 nm (SYTO® 13 dye) x n° cells in the 

printed suspension / maximum fluorescence at 511 nm (measured by spectrofluorometer). 

The galectin binding fluorescence emitted from a single cell was then calculated dividing the 

total spot fluoresce at 635 nm by the number of cells in each spot. 

Cellular fractions preparation

Chosen yeast strains number 4, 6 and 7 (Table 1) were used to obtain the sub-cellular 

fractions of cytoplasm, membranes and cell wall, as well as the soluble fraction of the extra 

cellular matrix. ECM was extracted, freeze-dried and suspended in TBS as in Faria-Oliveira 

et al. (2014), without further processing, therefore including all the proteinaceous and 

N° yeast strain genotype

Saccharomyces cerevisiae

1 BY4741 wt MATa his3Δ0 leu2Δ0 met15Δ0 ura3Δ0

2 BY4741 Δras1 Isogenic to BY4741 but ras1::KanMX4

3 BY4741 Δras2 Isogenic to BY4741 but ras2::KanMX4

4 W303-1A wt
MATa leu2Δ3 leu2Δ112 ura3Δ1 trp1Δ1 his3Δ11 his3Δ15 ade2Δ1 

can1Δ100

5 W303-1A Δras1 Isogenic to W303-1A but ras1::HIS3

6 W303-1A Δras2 Isogenic to W303-1A but ras2::KanMX4

Candida albicans

7 BPW17
ura3::imm434/ura3::imm434 iro1/iro1::imm434 his1::hisG/

his1::hisG  arg4/arg4

Table 1: Yeast strains used for the printing of the microarrays.
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saccharide components of the matrix. Wall, membrane and cytoplasm were obtained as 

previously described (Ferreira et al., 2006; Ferreira and Lucas, 2008). The protein content of 

all samples was quantified using the Lowry method (Lowry et al., 1951). For that purpose, 

an aliquot of the samples corresponding to 100 μg was mixed with Laemmli buffer (Laemmli, 

1970) 2x in a final volume of 20 μl, heated for 10 minutes at 95°C and let cool down at room 

temperature. In order to verify the protein abundance in each sample, these were analyzed 

by SDS-PAGE, using a 5% stacking and a 10% running polyacrylamide gel and staining with 

Coomassie Blue (Meyer and Lamberts, 1965). Before printing, the protein concentration of 

the samples was adjusted to 10 mg/ml and 1 μl of Cy3 fluorophore (GE Healthcare) was 

added to each sample to monitor printing efficiency. Samples were diluted in TBS to final 

concentrations of 3 mg/ml, 1 mg/ml and 0.3 mg/ml.

Printing of  microarrays

Microarrays were printed manually as described in Campanero-Rhodes et al. (2015). 

The four concentrations - O.D.600 10, 6, 3, 1 – of whole cells PFA-fixed and in TBS suspension 

and the four concentrations – 10 mg/ml, 3 mg/ml, 1 mg/ml and 0.3 mg/ml – of yeast cell 

fractions were used for microarray printing. Each sample dilution was printed in triplicate. 

The control glycoproteins Ribonuclease A (RbA) and B (RbB), Fetuin (Fet), Asialofetuin (AFet), 

Fibrinogen (Fg) and Asialofibrinogen (AFg) were printed in four concentrations 10-fold lower 

than yeast cell fractions (0.03 mg/ml, 0.1 mg/ml, 0.3 mg/ml and 1mg/ml). Arrays were 

scanned for detection of SYTO® 13 dye in whole cells sample at 488 nm (blue laser) and of 

Cy3 dye in fractions and control proteins at 532 nm (green laser). A GenePix 200-AL scanner 

(Axon, Molecular Devices) was used. Fluorescence signal was quantified with GenePix Pro 

6.0 software (Molecular Devices). 

Microarrays binding and inhibition assay

Lectins used for overlay (binding) of microarrays were Concanavalin A (ConA) at 20 μg/ml 

as control and gal-3, gal-1, gal-4 and gal-7 at 20 µg/ml and 50 μg/ml. Inhibition was performed 

adding to the overlay buffer the inhibitors of ConA (mannose 100 mM), and galectins (lactose 
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75 mM together with AFet 1 mg/ml). Binding and inhibition of the lectins to the yeast 

microarrays was performed as in Campanero-Rhodes et al., 2015, with modifications. The 

microarrays were overlaid for 1.5 h. Some of the galectins required an extra step for detection. 

After washing, the microarrays were first incubated for 45 minutes with an anti-His (Sigma- 

Aldrich) antibody together with biotinylated anti-mouse (Invitrogen) (gal-3 and gal-4) or with 

anti-gal-1 (Santa Cruz Biotechnology) together with biotinylated anti-rabbit (Invitrogen) (gal-

1) for 45 minutes and AlexaFluor 647 (AF647)-labelled streptavidin (Invitrogen) at 1 μg/ml 

was added. The mixture was incubated for 35 minutes. Different buffers were used: ConA 

required TBS supplemented with 10 mM CaCl2 and 2 mM MgCl2, gal-1, gal-3 and gal-4 required 

PBS + 4mM β-mercaptoethanol and gal-7 potassium phosphate buffer (0.2 M KH2PO4, 0.2 

M K2HPO4 at pH 7.0) supplemented with 2 mM DTT (1,4-dithiothreitol). Microarrays were 

scanned for AlexaFluor 647 detection (excitation at 635 nm, red laser). Fluorescence signal 

of each spot was quantified with GenePix Pro 6.0 software (Molecular Devices). 

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 software. One-way ANOVA 

analysis was used. The difference between experimental data was considered significant 

whenever p-value ≤ 0.05. 
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Designing of  the yeast microarrays and their validation

Two publications, Jouault et al. (2006) and Kohatsu et al. (2006), reported that gal-3 

does not bind to S. cerevisiae, but can bind to C. albicans. Quite the contrary, the present 

work showed (chapter 1) gal-3 inducing a stronger phenotypic effect on S. cerevisiae than 

on C. albicans. A contribution to sustain the present results would come from experimental 

evidence that gal-3 and the other galectins used are able to bind efficiently to yeast cells. 

Microarrays allow the simultaneous evaluation of the binding intensity of multiple ligands, 

so they were chosen to evaluate the binding ability of galectins to yeasts, in particular to S. 

cerevisiae. Bacteria cells were successfully used before (Campanero-Rhodes et al., 2015), 

but yeasts were never tried. That was done for the first time in the present work. 

Microarrays were printed with yeast whole cells treated in two different ways. Cells 

were either fixed in paraformaldehyde or kept in suspension in TBS. First, the printing of 

the yeast whole cells was tested, since as said above this was the first time in which yeast 

whole cells were used to print directly on microarrays. PFA fixation can maintain the cell 

status quo, since the cells are physiologically dead, but supposedly intact (Fox et al., 1985). 

However, it was previously noticed that this fixation procedure may alter the binding ability 

of C. albicans (Mleczko et al., 1989). Considering that PFA is routinely used to cause micro-

fractures in the yeast cell wall (Williamson and Fennell, 1979; Inacio and da Luz Martins, 

2013), it is expectable that this compound alters some of the characteristic of the yeast 

surface, which is critical for evaluating binding ability. It was therefore chosen to pair the 

PFA-fixed yeasts with yeast in TBS suspension. TBS is a mild buffer that does not affect the 

yeast cell surface characteristics. The method though presents some problems. The samples 

are easily contaminated with bacteria or fungi, and because the TBS does not have nutrients, 

cells quickly enter into starvation and begin to die. The assays must thus be performed in a 

very narrow window of time. 

Several strains of S. cerevisiae and one of C. albicans (BPW17) were used to print onto 

microarrays. In the case of S. cerevisiae, both fixation methods were used, while in the case 

RESULTS
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of C. albicans, only the PFA-fixed yeast was available. This was due to restrictions imposed 

by the equipment and the laboratory (Agencia Estatal Consejo Superior de Investigaciones 

Científicas, Instituto de Química-Física Rocasolano, Madrid, Spain) to the manipulation of 

potentially pathogenic microbes. Two different genetic backgrounds of S. cerevisiae were 

used. In chapters 1 and 3 of this thesis different behaviour of the strains BY4741 and W303-

1A in several conditions was often described. We reported that they respond differently 

to stress stimuli (chapter 3) and, importantly, to exogenous gal-3 in solution (chapter 1). 

Thus, it was particularly important to compare the cells of BY4741 and W303-1A in regard 

of their ability to bind different galectins. In addition to the wt strains of S. cerevisiae, also 

the RAS deletion mutants were used. During our study on the interaction between gal-3 and 

Ras proteins, it appeared clear that not only human Ras, but also yeast Ras proteins relate 

with gal-3. Indeed, yeast RAS2 mutant did not present any significant alterations induced by 

exogenous gal-3 in solution (chapter 1), further evidencing this notion. BY4741 and W303-

1A Δras1 and Δras2 were therefore printed as well on the microarray. Several controls were 

performed in order to confirm the binding capacity of the yeasts printed on the microarrays 

and the binding efficiency of the galectins used.

ConA (20 µg/ml) was used to validate if the cells were printed properly, and if the methods 

used to maintain them – PFA fixation or TBS suspension – were suitable to evidence different 

lectin binding efficiency and specificity. ConA is a plant lectin reported to be able to bind very 

efficiently to the glycoconjugates of the yeast cell wall of both S. cerevisiae and C. albicans 

(Lis and Sharon, 1973; Sandin, 1987; Arvindekar and Patil, 2002; Warolin et al., 2005). The 

binding of all the lectins (galectins as well as ConA) was accompanied by two controls. One 

control consisted in using the lectin together with a recognized specific inhibitor. Mannose 

was used to inhibit ConA and lactose together with AFet was used to inhibit all the galectins. 

The inhibitor should saturate the carbohydrate-binding site of ConA impeding this lectin to 

bind to the cell wall carbohydrates. The second control consisted in using the binding mixture 

without lectin and should evidence unspecific signal background. Results showed that the 

microarrays were printed properly. Every cell printed presented a binding signal, which 

varied according to the cell type (Fig. 1A). Moreover, the binding signal was higher than the 
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inhibition in all samples, indicating that mannose inhibition effectively impeded the signal 

from ConA binding (Fig. 1A). Moreover, the signal was almost absent in the negative control 

(without ConA), proving that the results were specific for the binding of ConA and that most 

of the signal obtained came from the binding of the lectin to the glycans on the yeast surface 

(Fig. 1A). These results indicate that, when present, the signal truly corresponded to the 

binding of ConA to the yeast cell wall constituents. The intensity of the binding of ConA to 

PFA-fixed cells was 3- to 16-fold smaller than the one of cells in TBS suspension (Fig. 1A), 

showing that the fixation method can be crucial for the detection of binding and prone to 

erroneously suggest binding ability and specificity. 

Besides using ConA as binding lectin in alternative to galectins, and preventing the binding 

with specific inhibitors, other controls were made. To test the binding ability of the galectins, 

specific highly glycosylated proteins - Fg, AFg, Fet and AFet - were printed on the microarray. 

Two scarcely glycosylated proteins – RbA and RbB - were used as negative control. The proteins 

were printed in four different concentrations (0.03 mg/ml, 0.1 mg/ml, 0.3 mg/ml, 1 mg/ml), 

to determine the correlation between the protein concentration and the binding intensity. 

These proteins arrays were incubated with ConA (Fig. 1B). As expected, a strong binding 

to the highly glycosylated proteins and a much weaker signal coming from RbA and RbB, 

almost absent for RbA, was observed (Fig. 1B). Moreover, results showed that in most of the 

protein/concentration combinations, the binding of ConA to the control proteins depended 

on the protein concentration, increasing proportionally to their increasing amounts. The 

binding specificity and the accuracy of the microarray construction were confirmed by the 

absence of signal in the negative control and the inhibition sample.



220

Materials and methods

A

B



221

Microarray-based study on the binding interaction between galectins and yeast cells surface

These control proteins (Fg, AFg, Fet and AFet; RbA and RbB) were subsequently used to 

test galectins. Following the work presented in chapter 1, four different galectins were used, 

gal-3, gal-4, gal-7 and gal-1. The choice was done bearing in mind each of the three galectins 

subgroups, chimera, tandem-repeat and prototype. Gal-3 is a chimera galectin, with one 

CRD and a long N-terminal domain, gal-4 is a tandem-repeat galectin, with two CRDs linked 

together, and gal-7 and gal-1 are prototype galectins, with only one CRD, but almost always 

dimerizing in solution (Hirabayashi and Kasai, 1993; Kasai and Hirabayashi, 1996; Römer and 

Elling, 2011). All the galectins were able to bind the control Fg, AFg, Fet and AFet proteins, 

even if with significantly different intensity (Fig. 2). 

The highest binding signals (Fig. 2A, B, gal-3 and gal-4 to Fet) were comparable to, or 

even higher than the ones obtained using ConA. However, some differences between the 

behaviour of ConA and galectins were observed. There was not always a direct correlation 

between the protein concentration and the binding intensity. In the case of gal-3 (Fig. 2A) 

and gal-4 (Fig. 2B), the highest binding intensity was achieved with 0.3 mg/ml of AFet and not 

with the highest concentration (1 mg/ml). This could be due to signal saturation at the highest 

protein concentration, altering the actual perception of the signal intensity. Moreover, when 

using gal-7 (Fig. 2C) and gal-1 (Fig. 2D), the inhibition and the negative control signals were 

comparable or even higher than the binding signal. This means that the signal is unspecific, 

not originating from the binding of the lectins, but possibly from some reagent used for the 

detection of the signal. This is particularly so for gal-1 binding to Fg and AFg (Fig. 2D).

Figure 1: Concanavalin A binding to yeast whole cells and control proteins. Normalized fluorescence 

intensity of the binding of ConA to different yeast cells was compared to the normalized fluores-

cence derived from the ConA inhibited by addition of mannose and to the negative control. Samples 

indicated as “a” are PFA-fixed whole cells, while samples named as “b” are cells in TBS suspension. 

Samples “1”, “2” and “3” correspond respectively to the S. cerevisiae wt, Δras1 and Δras2 strains. 

Sample “4” is PFA-fixed C. albicans wt (A). The values of the normalized intensity are the average ±SD 

of 6 to 12 printed spots. The fluorescence derived from the binding of ConA to the control proteins 

RbA, RbB, Fg, AFg, Fet and AFet was determined (upper panel) and compared with the one derived 

from ConA inhibited by mannose addition (central panel) and the negative control (lower panel) (B). 

The intensity values are the average ±SD of the three spots printed with the same control protein 

concentration.
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galectin-3 50 µg/ml galectin-4 50 µg/ml

galectin-7 50 µg/ml galectin-1 50 µg/ml
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Considering the binding results altogether, gal-3 and gal-4 induced up to 10-fold higher 

signal intensity than gal-7 or gal-1. Moreover, gal-3 and gal-4 binding was detectable even at 

the lowest protein concentrations, while in the case of gal-7 and gal-1, the binding was only 

present at the highest proteins concentrations. When gal-3 and gal-4 were used, a lower 

unspecific signal was observed. Altogether, these results show that gal-3 and gal-4 seemed 

to be more suitable and more efficient for microarray assays. However, for the sake of the 

results in chapter 1, gal-7 and gal-1 were still used in all the following assays. 

Two different galectin concentrations (20 and 50 µg/ml) were used. As suggested 

above, it can happen that an excessive amount of protein saturates the signal, creating an 

interpretation error. The binding of the two concentrations of galectin was tested on the 

whole cells (Fig. 3). Gal-3 bound to the control proteins proportionally to its concentration 

(Fig. 3A, B, C, D). In most of the cases the binding signal was higher when gal-3 was used at 

50 µg/ml compared to 20 µg/ml. Interestingly when the binding was tested with the lowest 

control protein concentration, 0.03 mg/ml, the results were inverted, with the lowest gal-

3 concentration often giving the highest signal (Fig. 3A). The same pattern of results was 

obtained with gal-4 (data not shown), proving the similar behaviour of the two galectins 

regarding the binding to microarrays. Gal-7, on the other hand, behaved in an opposite way 

(Fig. 3E, F, G, H). The lowest gal-7 concentration, 20 µg/ml, was always the one causing the 

highest signal. Anyway, even when the highest binding was considered for gal-7, it is still 2- 

to 10-fold lower compared to gal-3 or gal-4. These results evidence how tricky it may be to 

choose the optimal concentration to deliver the best results.

Figure 2: Galectins binding to the control proteins. The fluorescence derived from the binding of gal-

3 (A), gal-4 (B), gal-7 (C) and gal-1 (D) to the control proteins RbA, RbB, Fg, AFg, Fet and AFet was 

determined (upper panel) and compared with the one derived from the galectins inhibited by lactose 

and AFet addition (central panel) and with the negative control (lower panel). The intensity values 

are the average ±SD of the three spots printed with the same control protein concentration. Please 

note that the scale of the fluorescence intensity is maintained when binding, inhibition and negative 

control are compared, but it may change among different galectins.
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Figure 3: Testing different galectin concentrations for binding control proteins. The fluorescence 

intensity of the binding of two different galectin concentrations was compared for gal-3 (A, B, C, D) 

and gal-7 (E, F, G, H). The four control protein concentrations – 0.03 mg/ml (A, E); 0.1 mg/ml (B, F); 

0.3 mg/ml (C, G); 1 mg/ml (D, H) - were plotted in different graphs for clarity.  The intensity values are 

the average ±SD of three spots. Please note that the scale of the fluorescence intensity may change 

among different graphs.
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In view of the results above, the two protein concentrations (20 and 50 µg/ml) were kept 

in the last protocol optimization procedure, this time using the whole yeast cells arrays (Fig. 

4). In the case of gal-3 and gal-4, the highest concentration was the one giving the strongest 

binding signal (Fig. 4A, B), while in the case of gal-7 the opposite happened (Fig. 4C). Results 

in Fig. 3 also showed that PFA-fixed cells bound galectins generally less efficiently than cells 

in suspension, except in the case of gal-3 binding to BY4741 Δras2 (Fig. 4A) and gal-7 binding 

to W303-1A Δras1 (Fig. 4C), which bound more efficiently. So the difference in binding ability 

between PFA-fixed cells and cells in suspension was not as clear as in the case of ConA 

binding.

Considering all the optimization steps above described, the final procedure consisted of: 

1) galectin concentrations: 

- 50 µg/ml - gal-3, gal-4 and gal-1,

- 20 µg/ml - gal-7,

2) inhibition controls:

- 50 or 20 µg/ml galectin + 75 mM lactose + 1 mg/ml AFet,

3) negative control:

- No galectin.

This was applied to printed spots of:

1) whole yeast cells, all of which at four O.D.600 10, 6, 3 and 1:

- S. cerevisiae BY4741 wt, Δras1, Δras2 (PFA-fixed and in TBS suspension),

- S. cerevisiae W303-1A wt, Δras1, Δras2 (PFA-fixed and in TBS suspension),

- C. albicans BPW17 (only PFA-fixed),

2) subcellular fractions, all at four proteins concentrations of 10, 3, 1 and 0.3 mg/ml:

S. cerevisiae W303-1A wt and Δras2,

C. albicans BPW17 wt

- cell wall,

- cytoplasm,

- membranes,

- extracellular matrix,
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Differently from yeast whole cells, gal-7 concentration used for binding to yeast cell fractions 

was 50 µg/ml, because it performed better in this specific experiment.

Figure 4: Testing galectin concentrations for binding whole cells. The normalized fluorescence derived 

from the binding of two different galectin concentrations was compared for gal-3 (A), gal-4 (B) and 

gal-7 (C). Samples are denominated as in Fig 1. The values of the normalized intensity are the average 

±SD of 6 to 12 printed spots. Please note that the scale of the fluorescence intensity may change 

among different galectins.
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Every galectin shows a different specificity for yeast cell surface

The binding of each galectin to the whole cell was evaluated using PFA-fixed cells and the 

cells in TBS suspension. Results present the two types of samples plotted separately (Fig. 

5), in view of the different binding ability previously observed (Fig. 5A, B, C, D and Fig. 5E, 

F, G, H). It was clear at first sight that the binding specificity of galectins to both PFA-fixed 

and alive cells was smaller compared to ConA. In the case of gal-1 binding to living cells 

there was no significant difference between the signal from the binding of the galectin and 

the controls (Fig. 5H). In the case of gal-3 binding to PFA-fixed cells the signals derived from 

the controls were higher than the one coming from the binding (Fig. 5A). This means that 

other components of the mixture used to reveal the binding signal might be interacting 

with the surface of the cell, in which case the signal is not decreased by the addiction of 

specific galectins inhibitors. The results in which the signal deriving from the controls was 

comparable or higher than the one deriving from putative galectin binding were considered 

unspecific and not further taken into account. 

Generally, living cells delivered a stronger signal than cells fixed in PFA (Fig. 5A, B, D vs 

Fig. 5E, F, H), with exception of gal-7, which bound better to PFA-fixed cells (Fig. 5C, G). 

Actually, gal-7 behaved differently from the other galectins used. It worked better at a lower 

concentration and with PFA-fixed cells. Regarding S. cerevisiae genetic background, it was 

evident that BY4741 interacted better with the galectins than W303-1A (Fig. 5A, B, C, D). 

This difference was particularly evident in the case of PFA-fixed cells. C. albicans showed a 

behaviour comparable to W303-1A. These results show not only that galectins are able to 

bind to the yeast cell surface components, but also that this binding is strain-dependent. 

Importantly, the results also show that the binding to S. cerevisiae displays higher intensity 

than the binding to C. albicans, agreeing with the results from chapter 1, and opposing the 

ones from Jouault et al. (2006) and Kohatsu et al. (2006). The present results clearly show that 

the genetic background from different yeast species and strains impacts on the cell surface 

components, altering the putative recognition by external agents, galectins or others, and 

consequently the immune response. Jouault et al. (2006) and Kohatsu et al. (2006), based 

only on that gal-3 was not able to bind to S. cerevisiae, suggested that gal-3 could lead the 
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discrimination by the immune system of pathogenic yeasts (Jouault et al., 2006). The present 

results clearly show that such a hypothesis requires extensive challenging with other yeast 

strains, in particular pathogenic, and other culture conditions.

In what regards the possible involvement of the RAS/cAMP/PKA pathway in yeasts 

response to galectins, the experiments were repeated using S. cerevisiae RAS1 and RAS2 

deleted strains from both BY4741 and W303-1A. A trend in behaviour was observed in PFA-

fixed cells, and to a lesser extent in TBS-suspended cells. The signal deriving from wt cells 

was lower than the one from ∆ras1, and this was in turn lower than the signal deriving from 

∆ras2 (Fig. 5A, B, C, D).

a) Gal-3 bound strongly only to W303-1A RAS2 mutant cells (both PFA-fixed and TBS-

suspended) (Fig. 5A, E). This was particularly so since gal-3 binding to all other yeast strains 

was considered unspecific due to the high intensity of the controls (Fig. 5A, E). 

b) Gal-4 generally produced a higher intensity and specificity than gal-3 (Fig. 5B, F), 

particularly strong in the case of TBS-suspended W303-1A Δras2. With the exception of gal-4 

binding to W303-1A Δras2, gal-4 generally bound more efficiently to BY4741 than to W303-

1A. 

c) Gal-4 and gal-7 generally bound more efficiently to yeast whole cells than gal-3 and gal-

1, with the exception of gal-3 binding to W303-1A ∆ras2, which was significant, even if not 

as high as gal-4 binding to W303-1A Δras2. Gal-7 was the galectin better performing in this 

assay (Fig. 5C, G), if we exclude the exception of gal-4 binding to W303-1A Δras2. The signals 

obtained using gal-7 were significant in almost all the cases, with the exception of PFA-fixed 

W303-1A wt (Fig. 5C) Gal-7 performed equally well (Fig. 5C, G). The ∆ras2 mutant displayed 

again the strongest binding. This time though it was the PFA-fixed mutant from the BY4741 

background (Fig. 5C).

d) Finally, gal-1 showed an opposite behaviour compared to gal-7 (Fig. 5D, H). Gal-1 

caused the weaker signal of all galectins, especially when tested on TBS-suspended cells 

(Fig. 5H). However, even if the intensity was low, the signal coming from PFA-fixed cells was 

significantly different from control in the case of BY4741 ∆ras1 and ∆ras2 mutants, W303-1A 

Δras2 and C. albicans (Fig. 5D), contrarily to what happened using gal-3. 
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Figure 5: Galectins binding to yeasts whole cells. The normalized fluorescence intensity resulting 

from the binding of different galectins to yeasts whole cells was plotted, together with the signal 

obtained from the galectins in solution with their inhibitors, lactose and AFet, and with the negative 

control. PFA-fixed cells (A, B, C, D) were analysed separately from cells in TBS suspension (E, F, G, H). 

Gal- 3 (A, E), gal-4 (B, F), gal-7 (C, G) and gal-1 (D, H) were plotted in separate graph. The values of 

the normalized intensity are the average ±SD of 6 to 12 printed spots. Please note that the scale of 

the fluorescence intensity changes for PFA-fixed cells and cells in TBS suspension. 
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All taken, it stands out that the most receptive yeast strain to human galectins is RAS2 

mutant, being it from BY4741 or W303-1A genetic backgrounds. The galectin that presented 

the worst results was gal-3. The inability of this galectin to deliver clear results derived from 

controls yielding a high unspecific signal (Table 2). 

Table 2: Schematic representation of the binding ability of gal-3, gal-4, gal-7 and gal-1 to yeasts whole 

cells. Binding from 0.5 to 2 is represented by +, from 2to 4 by ++, higher than 4 by +++. Binding equal/

lower than the negative control is indicated by ns (non-significant). The cell representing the highest 

binding intensity for a specific galectin is placed in a grey cell.

yeast S. cerevisiae  C. albicans

genetic 
background W303-1A BY4741 BPW17

strain wt Δras1 Δras2 wt Δras1 Δras2 wt

storage PFA TBS PFA TBS PFA TBS PFA TBS PFA TBS PFA TBS PFA

gal-3 ns ns ns ns + ++ ns ns ns ns ns ns ns

gal-4 ns ns ns ns + +++ ns ++ + ns ++ ns ns

gal-7 ns + + + ++ ++ + ++ ++ ++ +++ ++ +

gal-1 ns ns ns ns + ns ns ns + ns ++ ns +
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Galectins preferences for yeast sub-cellular fractions 

The results obtained with the whole yeast cells did not yield clear results. Some of the 

strains used were therefore selected to be fractionated into their sub-cellular components 

– wall, membrane, cytoplasm – in order to concentrate the molecules and possibly to have 

a binding signal of higher quality. Since galectins are often reported to be located in the 

extracellular space (Perillo et al., 1998; Compagno et al., 2014), also the ECM produced 

by the same cells was isolated to test the galectin binding. The strains selected were S. 

cerevisiae W303-1A and C. albicans. This choice was based on the need to challenge the 

results previously published in the literature that, in opposition with the results obtained 

in the present work (chapter 1), considered S. cerevisiae insensitive to gal-3 (Jouault et al., 

2006; Kohatsu et al., 2006). Moreover, the fractionation should allow the recognition of the 

molecular family of cellular components to which the galectins bind. Previous publications 

suggested gal-3 bind to C. albicans cell wall components (Fradin et al., 2000; Jouault et al., 

2006; Kohatsu et al., 2006), even if these are not supposed to contain galactosides (Klis et al., 

2006; Free, 2013). In particular, W303-1A was chosen because it was the most used strain in 

the previous experiments and the one that gave the most significant response to exogenous 

gal-3 (chapter 1). In view of the results above, also the RAS2 deletion mutant from the same 

background was used. 

Yeast cells were collected from liquid medium and fractioned. These were quantified and 

subjected to normalization to ensure that identical amounts of each fraction were printed 

on the microarray. Every fraction contains different types of molecules in relative different 

amounts, but all contain proteins. Therefore, it was chosen to quantify the fractions based 

on the protein content. Each sample was normalized to have 100 µg of protein and run in a 

gel. The gel was stained with Coomassie Brilliant Blue to highlight the total protein content 

and the different bands were visualized (Fig. 6A). The intensity of the bands was very similar, 

confirming the normalization of the protein content. As for the different band pattern, the 

variations were particularly evident between the cytoplasm and the other two fractions. 

The ECM was extracted from cultures growing on solid medium (Faria-Oliveira et al., 

2014). Also in this case the protein content was quantified and normalized. It was though 
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not possible to correctly stain and run an SDS-PAGE due to the high ECM contents of glycans, 

and lipids to a lesser extent.

The different yeast cell fractions were printed on the microarrays in 4 concentrations (0.3 

mg/ml, 1 mg/ml, 3 mg/ml and 10 mg/ml), 10-fold higher compared to the control proteins 

RbA, RbB, Fg, AFg, Fet and AFet. The efficiency of using sub-cellular fractions for microarray 

printing and lectins binding was first verified using ConA. All the fractions successfully bound 

to this lectin and the binding correlated to the printed protein concentration in most of the 

cases, with the exception of ConA binding to the membranes of all the yeasts, the wall of 

W303-1A wt and the ECM of C. albicans (Fig. 6B). Moreover, the binding was significant for 

all the samples, since the signal from inhibition and negative control was lower than the 

one from ConA binding (Fig. 6B, middle and lower panel). As expected, the weakest signal 

originated from the cytoplasm fractions. ConA bound with higher intensity to C. albicans ECM 

compared to S. cerevisiae ECM, while the opposite happened for cell wall and membrane 

fractions (Fig. 6B). Identically, ConA bound with higher intensity to W303-1A Δras2 ECM than 

to the wt ECM, while the opposite happened for cell wall and membrane fractions (Fig. 6B). 

These results show that the fractions obtained from the different yeast cell components, as 

well as ECM, can be used for the microarray investigation about galectins interaction with 

yeasts. The binding of the four galectins to the yeast cell components of S. cerevisiae W303-

1A wt and ∆ras2, and C. albicans wt strains, was assessed. 

A
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Figure 6: Testing of the yeast sub-cellular components. W303-1A wt and Δras2 and C. albicans cellular 

components – cell wall, membrane and cytoplasm – and ECM were denatured by heat shock (95°C), 

run in polyacrylamide gel and stained by Coomassie brilliant blue. After proper washing the gel was 

imaged (A), showing the different patterns of the bands. ConA was used to test the proper printing 

and the binding efficiency of yeast cellular components. The fluorescence intensity resulting from 

the binding to four cell component concentrations (upper panel) was compared to the binding of 

ConA inhibited by mannose (central panel) and to the negative control (lower panel) (B). “A” and “B” 

samples correspond to components coming from W303-1A wt and Δras2, and “C” from C. albicans. 

The intensity values are the average ±SD of three spots.

B
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S. cerevisiae W303-1A vs C. albicans BPW17

As mentioned before, different studies reported the inability of gal-3 to bind to S. 

cerevisiae, hypothesizing that this protein could be responsible for discriminating between 

pathogenic and non-pathogenic yeasts (Jouault et al., 2006; Kohatsu et al., 2006). Each 

galectin presented a different binding ability in the regards of S. cerevisiae and C. albicans 

(Fig. 7), but, importantly, all of them could bind both S. cerevisiae and C. albicans membrane 

and cell wall fractions. As general consideration, it can be noticed that the intensity of the 

binding of each galectin varied greatly, being particularly strong for gal-4 (Fig. 7B) and much 

less intense for gal-1 (Fig. 7D).

Gal-3, gal-4 and gal-7 showed some common features regarding their binding to yeast 

components. The binding signal from the cytosolic compartment of both S. cerevisiae and 

C. albicans was weak and very unspecific. The inhibition and negative control columns were 

often comparable or even higher than the actual binding (Fig. 7A, B, C), demonstrating the 

fact that galectins do not bind to intracellular component of the yeast cell, or at least they 

do to a lesser extent compared to other cellular fractions. Another common characteristic 

was that the binding to cell wall and membrane was always higher for S. cerevisiae than to C. 

albicans, contradicting the previous report (Jouault et al., 2006; Kohatsu et al., 2006).

a) Gal-3 bound strongly to S. cerevisiae cell wall and membranes and to C. albicans ECM 

(Fig. 7A). The binding to C. albicans ECM was significant, but much lower than the one 

observed for S. cerevisiae wall and membranes. In summary, gal-3 highest signal derived 

from S. cerevisiae wall and membranes (Fig. 7A).

b) Gal-4 showed a particular high affinity for the ECM (Fig. 7B), not observed with any 

other galectin. In particular, gal-4 gave the strongest signal when bound to C. albicans ECM. 

The signals from wall and membrane were lower than the one caused by the binding to ECM 

in the case of C. albicans, with a difference of 6-7-fold for the 10 mg/ml fraction, while in the 

case of S. cerevisiae the binding to ECM, wall and membrane was very similar. So gal-4 mostly 

bound to the glycans of the ECM of C. albicans, while it binds homogenously to ECM, wall 

and membrane of S. cerevisiae. 
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c) Gal-7 showed no affinity at all for ECM and overall a weaker binding ability to all the 

yeast cell components compared to gal-3 and gal-4 (Fig. 7C). In addition, gal-7 only bound to 

S. cerevisiae outer fractions and not to C. albicans, whose signal was unspecific. In particular, 

gal-7 bound with much higher affinity to S. cerevisiae cell membrane compared to the wall, 

contrarily to what happened for gal-3 and gal-4, which bound almost at the same level to the 

two components (Fig. 7C).

d) Gal-1 generally presented a really low intensity compared to the other galectins tested, 

together with a low specificity. The control binding intensity was higher than the gal-1 

binding for all the fractions analysed, proving a really scarce ability of gal-1 to bind to yeast 

components (Fig. 7D). 

In summary, these results denied the hypothesis that gal-3 can bind only to C. albicans 

and, on the contrary, they proved that the binding to cell wall and membrane of S. cerevisiae 

cells are stronger. They confirmed the inability of gal-1 to bind to any yeast cell components. 

Moreover, they showed for the first time that each galectin has a specific affinity for a distinct 

cellular fraction, confirming one more time the high specialization of galectins binding.

Figure 7: Galectins binding to yeast cellular components – S. cerevisiae compared to C. albicans. 

The binding of gal-3 (A), gal-4 (B), gal-7 (C) and gal-1 (D) to the cellular components of S. cerevisiae 

and C. albicans was analysed. In every case the fluorescence intensity of the binding (upper panels) 

was compared to the fluorescent resulting from the galectins inhibited by lactose and AFet (central 

panels) and to the negative control (lower panels). The intensity values are the average ±SD of the 

three spots printed with the same cellular components concentration. Please note that the scale of 

the fluorescence intensity is maintained when binding, inhibition and negative control are compared, 

but it may change among different galectins. 
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W303 wt vs Δras2 

The binding ability of the different galectins was analysed taking into consideration the 

putative differences between W303-1A wt and Δras2 (Fig. 8). The RAS2 mutant has been 

found to not respond to exogenous gal-3 in previous experiments (chapter 1), therefore it is 

interesting to understand if the responses to the exogenous galectins depend somehow on 

their binding ability. As in the previous analysis comparing S. cerevisiae and C. albicans, gal-1 

binding was highly unspecific and weak (Fig. 8D) and it was therefore not further considered. 

The other three galectins bound better to the wt cell membrane than to Δras2 membrane 

and to the cell wall of Δras2 than wt (Fig. 8A, B, C). None of the galectins presented a strong 

signal from the cytoplasmic fraction, which actually caused significant signal in the controls, 

proving to be unspecific. Gal-4 was the one that provoked the better ECM binding to both wt 

and Δras2 (Fig. 8B). Gal-7 did not bind at all to ECM (Fig. 8C), and gal-3 only bound to Δras2 

ECM. 

Gal-4 bound at a similar level to all the cell components and the differences between wt 

and Δras2, even if present, were not so evident (Fig. 8B). Gal-3 binding to wt membrane was 

around 1.5-fold higher than to Δras2 membrane, while it bound to wt wall with less affinity 

than to Δras2 wall (Fig. 8A). Also gal-7 signal from Δras2 wall was higher than the one from 

the wt wall (2.3-fold) (Fig. 8C). These results are strong indications that RAS2 deletion causes 

perturbations in the components of the external layers of the cells, altering the binding ability 

to the galectins. Moreover, they agree with literature in that each galectin has a peculiar 

specificity toward certain ligands, implicating different binding to the different cell fractions.

In summary, gal-4 was the best performing galectin when considering the totality of the 

fractions and the yeasts, specifically in the regards of ECM binding, bound almost exclusively 

by gal-4. Overall, galectins bound better to the cell wall and membrane of S. cerevisiae than 

C. albicans, and W303-1A Δras2 bound equally or better to all the galectins than the wt. Gal-

1 did not perform at all in this experiment (Table 3).
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Figure 8: Galectins binding to S. cerevisiae cellular components – wt compared to ∆ras2 mutant. The 

binding of gal-3 (A), gal-4 (B), gal-7 (C) and gal-1 (D) to the cellular components of S. cerevisiae W303-

1A wt and Δras2 was analysed. In every case the fluorescence intensity of the binding (upper panels) 

was compared to the fluorescence resulting from the galectins inhibited by lactose and asialofetuin 

(central panels) and to the negative control (lower panels). The intensity values are the average ±SD 

of the three spots printed with the same cellular components concentration. Please note that the 

scale of the fluorescence intensity is maintained when binding, inhibition and negative control are 

compared, but it may change among different galectins.

Table 3: Schematic representation of the binding ability of gal-3, gal-4, gal-7 and gal-1 to yeasts sub-

cellular fractions and ECM. Binding from 500 to 5000 is represented by +, from 5001 to 10000 by 

++, from 10001 to15000 by +++, higher than 15001 by ++++. Binding lower than the 500 threshold 

or equal/lower than the two controls is indicated by ns (non-significant). The values taken into 

consideration are the one obtained with the highest fraction concentration printed (10 mg/ml). The 

fraction representing the highest binding intensity for a specific galectin is placed in a grey cell.

yeast S. cerevisiae - W303-1A C. albicans - BPW17

strain wt Δras2 wt

fraction ECM wall membr cyt ECM wall membr cyt ECM wall membr cyt

gal-3 ns ++ ++ ns + +++ ++ ns + + + ns

gal-4 +++ +++ +++ ns ++ +++ ++ ns ++++ ns + ns

gal-7 ns + +++ ns ns ++++ +++ ns ns ns ns ns

gal-1 ns ns ns ns ns ns ns ns ns ns ns ns
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In this work for the first time the binding of various galectins to yeast cell surfaces 

was analysed using microarrays technology. With this methodology, multiple ligand 

targets were screened for the binding of several galectins, covering all the three galectins 

subgroups, in a fast and efficient way. Ligands included (i) whole yeast cells from two different 

species (S. cerevisiae and C. albicans), different genetic backgrounds (BY4741 and W303-

1A) and different strains (wt, Δras1 and Δras2), and (ii) yeast sub-cellular fractions (cell 

wall, membranes, cytoplasmic contents and ECM). A big amount of new data on galectins 

specificity and on yeast cell surface and binding ability was obtained.

As far as our knowledge goes, the binding ability of galectins for yeast cell outer layers, wall 

and membrane, was never analysed, probably due to the fact that yeast cell wall is reported 

not to contain any galactoside glycan (Klis et al., 2006; Free, 2013), for which galectins have 

highest affinity (Cooper and Barondes, 1999; Compagno et al., 2014). The only case reported 

is the binding of gal-3 to β-1,2-linked oligomannosides on the cell wall of one strain of C. 

albicans (Fradin et al., 2000), and the lack of binding to cells of S. cerevisiae (Kohatsu et 

al., 2006), putatively because S. cerevisiae does not express those type of mannans on the 

cell wall (Fradin et al., 2000; Jouault et al., 2006). This work showed that, on the contrary, 

gal-3 is able to bind to S. cerevisiae outer cell components, in a more efficient way than to 

C. albicans. In addition, it was shown that also gal-4 and gal-7 bind S. cerevisiae wall and 

membrane, gal-4 to a bigger extent than gal-3. Therefore, the hypothesized specificity of 

gal-3 for one particular component of C. albicans cell wall, unshared with any other galectin 

(Kohatsu et al., 2006), seemed to be contradicted by the present results. Indeed, not only gal-

3, gal-4 and gal-7 bound to S. cerevisiae, but this binding was more significant than the one 

to C. albicans. The difference observed between the present work and the previous reports 

in the literature may be due to the utilization of different yeast genetic backgrounds, both 

of S. cerevisiae and C. albicans. As mentioned in the introduction, the composition of yeast 

cell wall may vary greatly depending on environmental conditions and growth phases (De 

Nobel et al., 1990; Smits et al., 1999; Smith et al., 2000; Aguilar-Uscanga and Francois, 2003; 

DISCUSSION
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Lagorce et al., 2003; Klis et al., 2006), so it is conceivable that different genetic backgrounds in 

different culture conditions present a differently composed cell wall. In agreement, galectins 

generally bound more to whole cells of BY4741 than of W303-1A, confirming the influence 

of genetic background in the glycan composition of the outer layers of the yeast cell to which 

the binding occurs. In addition, the experimental conditions of the binding assays used in 

the present work were very different from the ones used by Kohatsu et al. (2006). These 

authors performed a pre-incubation of gal-3 with the yeast cells at 4°C using a much higher 

concentration of gal-3. 

Both these conditions may have influenced the binding capacity of gal-3 to S. cerevisiae 

and C. albicans. The present results also suggest that galectins actually bind to more than 

one specific component, contrarily to what is reported in the literature (Fradin et al., 2000; 

Jouault et al., 2006; Kohatsu et al., 2006). The fact that they can bind to S. cerevisiae, which 

lacks the β-1,2-linked oligomannosides from C. albicans, suggests that galectins can bind as 

well to different glycans. 

When analysing the binding of galectins to yeast cell fractions, it was immediately clear 

that they bound to the outer cell fractions of the cell, i.e. the wall and membrane. Only 

gal-4 could also bind to the ECM and none of them bound to the cytoplasmic fraction. In 

mammalian cells the role of intracellular galectins is mainly exerted by protein-protein 

interactions and not by binding sugars (Rabinovich and Croci, 2012). Galectins may not 

present the same affinity for yeast intracellular proteins. In accordance, the signal derived 

from the cytoplasmic fraction was residual and unspecific. Results actually are consistent 

with galectins binding to components of the cell wall most efficiently. Since the outer layers 

consist of mannoproteins and do not contain β-galactosides (Klis et al., 2006; Free, 2013), 

galectins are expected to bind to the yeast wall proteins mannosides (Smits et al., 1999; Klis 

et al., 2006; Free, 2013). Actually, gal-10 has already been reported to have a higher affinity 

for mannosides than for galactosides (Yang et al., 2008; Cummings and Liu, 2009). More 

difficult to assess is the binding of galectins to the membrane fraction. The possibility that it 

contains glycolipids most probably has to be considered. 

With this work it was possible to compare the binding of galectins to yeast whole cells 
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to the one to yeast sub-cellular fractions. The signal originating from yeast whole cells was 

hypothesized to derive from binding to yeast outer layer components, more precisely the wall, 

which was confirmed by finding the highest binding to the correspondent sub-cellular fraction 

as discussed above. However, the efficiency of binding to whole cells was lower compared 

to the fractions, especially in the case of W303-1A wt and C. albicans, and sometimes the 

results were even discordant, as in the case of gal-3 and gal-4 binding to W303-1A wt (Table 

4). This may be due to in vivo different presentation of the galectin ligands, as well as their 

differently available amounts. The fractions were obtained using a higher amount of cells 

and the components were highly concentrated. As a result, binding to the fractions resulted 

higher and more specific than binding to whole cells. In addition, cell presentation of glycans 

is subjected to specific organization in clusters and domains (Gabius et al., 2011; André et 

al., 2015) and for galectins in solution may be more difficult to recognize those compared 

to a physiological situation. On the other hand, when concentrated in fractions, glycans are 

readily available for the binding to galectins. When comparing whole cells with outer cell 

layers, the binding of gal-3, gal-4 and gal-7 to W303-1A Δras2 was confirmed in both types of 

samples. This S. cerevisiae mutant strain was the best performing in binding ability to yeast 

cell wall or membrane (gal-3 and gal-7) (Table 4). Therefore, galectin binding to the surface 

of W303-1A Δras2 is a very robust result obtained in this work.

In addition to demonstrating the binding ability of galectins to yeast cell and sub-cellular 

components, this work showed the great diversification in galectins binding specificity. 

Galectins are categorized as lectins with high affinity for β-galactosides, but the specificity 

of each member of the family differs (Compagno et al., 2014). This specificity seems not to 

be correlated to the subgroup to which the galectin belongs. Gal-7 and gal-1 are both proto-

type galectins, still they showed a very different binding pattern, gal-1 almost not performing 

at all, compared with gal-7 that bound strongly to S. cerevisiae wall and membrane fractions, 

as well as to the whole cells. On the other hand, gal-7 showed a binding profile to sub-

cellular fractions very similar to the one of gal-3, a chimera type galectin. 

RAS pathway integrity influenced galectin binding ability. In general, Δras2 was the best 

performing among the two RAS mutants and the wt, followed by Δras1 and, finally, by the 



243

Microarray-based study on the binding interaction between galectins and yeast cells surface

wt. Concomitantly, W303-1A Δras2 cell wall fraction was the best performing in the binding 

of both gal-3 and gal-7. This may be explained by the fact that Ras pathway, in particular 

through Ras2, which is the most frequently expressed among the two Ras proteins (Breviario 

et al., 1986; 1988), controls cell wall composition and rearrangement upon stress stimuli 

(Imazu and Sakurai, 2005). 

Table 4: Comparison between the binding ability of gal-3, gal-4, gal-7 and gal-1 to yeast whole cells 

and yeasts sub-cellular outer fractions (cell wall and membrane). Binding intensity is indicated as in 

Table 2 and 3, respectively.

yeast S. cerevisiae - W303-1A C. albicans - 
BPW17

strain wt Δras2 wt

sample whole 
cell fraction whole 

cell fraction whole 
cell fraction

fraction PFA TBS wall membr PFA TBS wall membr PFA wall membr

gal-3 ns ns ++ ++ + ++ +++ ++ ns + +

gal-4 ns ns +++ +++ + +++ +++ +++ ns ns +

gal-7 ns + + +++ ++ ++ ++++ +++ + ns ns

gal-1 ns ns ns ns + ns ns ns + ns ns

In conclusion, with this work it was established that galectins can efficiently bind to yeast 

cells from S. cerevisiae and C. albicans, with a higher affinity for the hereby used S. cerevisiae 

strains. Also, the high variety and diversification of galectins binding affinities was highlighted, 

together with the variation in cell surface composition among different yeast species, genetic 

backgrounds and even between wt yeast and mutants defective for the Ras signalling pathway. 

For the first time it was shown that the microarray technology is an efficient approach to test 

lectins binding to yeast whole cells, and that yeasts can be efficiently printed on microarrays, 

both alive and fixed, thereby preserving their surface properties. Microarrays have been 

proven to be an excellent tool to better understand the differential composition of yeast 
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surface components, as well as the components of sub-cellular fractions, using different 

lectins with different specificities. In the same way, microarrays can be successfully used to 

confirm the ligands of galectins and to identify new ones, like in the present work, in which 

galectins were shown to bind most probably to mannosides. 

This method could be further used to unravel the different surface components and 

binding affinity between pathogenic and non-pathogenic yeasts. The surface molecules 

are indeed fundamental in the recognition process by the cells of the immune system and 

for the subsequent onset of cell defence. The usage of microarray could allow the fast 

determination of differences in lectins and antibodies specificity toward different yeast cell, 

therefore helping the recognition of factors that determine pathogenicity. A microarray-

derived high-throughput analysis of large batteries of yeast clinical isolates could enlighten 

this very important issue. In the particular case of the present work, a future step would 

be to dissect the sub-cellular fractions into multiple purified components, to identify the 

specific yeast molecular targets of galectins, as a step towards clarifying the specificity of 

these proteins.
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Construction of  a Saccharomyces cerevisiae-based platform expressing human proteins galectin-3 and KRAS

ABSTRACT

The utilization of humanized yeast to study the role of human proteins in the model 

organism S. cerevisiae has been well established. Namely, it has been particularly relevant 

to uncover the roles and modes of action of proteins involved in pathogenesis and disease, 

mainly cancer onset and progression. This work aims to build a S. cerevisiae-based platform 

expressing two human proteins, galectin-3 and KRAS, whose interaction is relevant for the 

progression of several types of cancer. KRAS is a well-known oncogene belonging to the RAS 

family, which has two homologues in yeast, Ras1 and Ras2. Gal-3 is a carbohydrate-binding 

protein belonging to galectins family, highly conserved in different organisms, but not present 

in yeast. Two different common laboratory genetic backgrounds of S. cerevisiae, W303-1A 

and BY4741 were transformed with expression vectors harbouring KRAS or gal-3. Both the 

wild type and the strains lacking either RAS1 or RAS2 were identically used. It was shown that 

gal-3 can be successfully expressed in yeast and the protein is retained in the first phases 

of logarithmic growth. Moreover, it was shown that gal-3 localizes in the cytoplasm, often 

clustered in discrete concentrated points. It was also shown that gal-3 expression in wild type 

yeast influences growth rate, which increased in W303-1A and decreased in BY4741. On the 

other hand, gal-3 modulates RAS mutants chronological life span, which increased in Δras2 

and decreased in Δras1. Additionally, human KRAS expression in wt yeast, i.e. expressing both 

endogenous Ras proteins, caused a generalized decreased stress resistance, probably caused 

by the hyperactivation of Ras/cAMP/PKA pathway that is generated by the presence of an 

extra Ras protein. In addition, the results obtained when expressing human gal-3 suggest a 

more prominent role of Ras1 in yeast growth than previously described. Finally, it was shown 

that the two S. cerevisiae genetic backgrounds behaved very differently in what regards the 

effects generated by gal-3 expression and in response to various stress stimuli, highlighting 

the importance of the choice of the genetic background in the determination of clear results, 

and the need for backing them up by testing several strains. This is particularly important 

when the results from a given study have biomedical/pharmacological implications.

ABSTRACT
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Construction of  a Saccharomyces cerevisiae-based platform expressing human proteins galectin-3 and KRAS

Galectin-3 is a member of the galectin family, a sub-group of lectin proteins specialized 

in the recognition of β-galactoside glycans. Galectins are highly conserved proteins 

in evolution, with orthologues in many organisms, including birds, amphibians, fish, worms, 

sponges and fungi. However, galectins do not have orthologues in the model yeast S. cerevisiae 

(Hughes, 1997; Cooper and Barondes, 1999; Dodd and Drickamer, 2001). Galectin-3 is the 

most extensively studied among galectins, due to the high variety of processes in which it 

is involved, both inside and outside the cells. Importantly, gal-3 is the only chimera type 

member of the galectin family (Hirabayashi and Kasai, 1993; Rabinovich, 1999), having a 

unique structure, composed by a carbohydrate recognition domain (CRD) at the C- terminal 

and a non-carbohydrate binding domain at the N- terminal, atypically long and proline and 

glycine rich (Hsu et al., 1992; Agrwal et al., 1993). The presence of two distinct domains 

with different binding properties allows the interaction of gal-3 with a number of intra- and 

extra-cellular partners. Besides being located both in extra- and intra-cellular environment, 

also inside the cell gal-3 is found in different locations and generally its role depends on the 

localization. In the nucleus, gal-3 is a component of the splicing machinery (Dagher et al., 

1995) and it contributes to the activation of transcription factors such as CREB, which induces 

the expression of proteins relevant for cell cycle progression (Kim et al., 1999), whereas 

when localized at the cell surface gal-3 is involved in cell adhesion, binding to glycans in the 

extracellular matrix or on the plasma membrane of other cells (Dumic et al., 2006). 

Extracellular gal-3 has also an important role in innate immunity, recognizing specific 

glycan patterns on the cell surface. Gal-3 is mostly involved in the recognition of self-glycans, 

helping to distinguish between pathogens and self-cells, but sometimes it also binds to 

microorganisms’ glycans present in their cell wall. That is the case of Klebsiella pneumoniae, 

Neisseria meningitidis and Neisseria gonorrhoeae, among others (Sato and Nieminen, 2004; 

Rabinovich and Toscano, 2009). In the cytoplasm, intracellular gal-3 can interact with a high 

variety of proteins, contributing to the regulation of important cellular processes, such as 

apoptosis, cell cycle progression and immune escape (Dumic et al., 2006). In particular, 

INTRODUCTION
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cytoplasmic gal-3 seems to have a prominent pro-survival and anti-apoptotic role in cells, 

contributing to tumour formation and progression (Califice et al., 2004; Krzeslak and Lipinska, 

2004; Newlaczyl and Yu, 2011; Song et al., 2014; Ahmed and AlSadek, 2015; Wang and Guo, 

2016). 

Particularly relevant for cancer progression and protection from apoptosis is the interaction 

of gal-3 with the oncoprotein KRAS. Gal-3 and KRAS have been shown to directly interact 

in a variety of cell types and this interaction mediates the translocation of both proteins 

to the inner leaflet of the plasma membrane, where gal-3 maintains KRAS nanoclusters 

organization, functional for its activity (Elad-Sfadia et al., 2002; Shalom-Feuerstein et al., 

2005; Ashery et al., 2006; Shalom-Feuerstein et al., 2008). Gal-3 and KRAS interaction and 

reciprocal regulation have been proven to be critical for different types of cancer progression, 

including pancreatic (Song et al., 2012; Seguin et al., 2014), thyroid (Levy et al., 2010), breast 

(Shalom-Feuerstein et al., 2005; Shalom-Feuerstein et al., 2008) and colon (Wu et al., 2013). 

This is mainly due to an increased activity of KRAS mediated by gal-3, which contributes to 

maintain KRAS in nanoclusters on the cell membrane, in an activated state. 

KRAS is a well-known oncoprotein belonging to the RAS superfamily of small GTPases. 

KRAS, similarly to all RAS proteins, is a molecular binary switch that can exist in an inactive 

state, bound to GDP, and an active state, bound to GTP (Bar-Sagi and Hall, 2000; Malumbres 

and Barbacid, 2003). KRAS is activated by pro-survival signals that are transduced by tyrosine 

kinase receptors (TKRs). Once the ligand binds to TKRs, they dimerize and autophosphorylate, 

offering the proper platform for adaptor proteins that in turn recruit KRAS to the plasma 

membrane (Martinelli et al., 2009; Normanno et al., 2009; Saif, 2010). Activated KRAS can 

signal to a variety of downstream proteins, including the RAF/ERK/MEK signalling cascade and 

PI3K (phosphatidylinositol 3-kinase) (Shields et al., 2000; Rajalingam et al., 2007). Similarly 

to gal-3, also KRAS has mainly a pro-survival role in cells, promoting cell cycle progression 

(Pruitt and Der, 2001; Coleman et al., 2004) and modulating apoptosis (Chang et al., 2003; 

Cox and Der, 2003). Consequently, it is not surprising that activating mutations of KRAS are 

among the most common in tumours. Actually, KRAS is the most frequently mutated (~85%) 

among all RAS isoforms, which together are mutated in approximately 20% of human cancers 



257

Construction of  a Saccharomyces cerevisiae-based platform expressing human proteins galectin-3 and KRAS

(Downward, 2003). In particular, KRAS mutations are particularly frequent in colorectal and 

pancreatic cancer (Forbes et al., 2011). 

RAS proteins structure and activity is highly conserved among different organisms, including 

the yeast S. cerevisiae (Wennerberg et al., 2005). In yeast, there are two Ras homologues, 

Ras1 and Ras2, which cover the same cellular functions, but are differently expressed. For 

example, RAS1 is expressed only at very low levels after mid-logarithmic growth phase and 

when yeast is grown on non-fermentable carbon sources, whereas RAS2 is always expressed 

at high levels (Breviario et al., 1986; 1988). Yeast Ras proteins do not activate the same 

proteins as mammalian KRAS, but the outcomes of Ras activation and the triggers for Ras 

activation are very similar. Indeed, yeast Ras are activated upon nutrient signalling, especially 

glucose, and, once activated by GTP binding, they in turn activate adenylate cyclase. The 

main function of adenylate cyclase is to produce the second messenger cAMP (3’,5’-cyclic 

adenosine monophosphate), which can remove the inhibition from protein kinase A (PKA) 

(Gibbs and Marshall, 1989; Tamanoi, 2011). PKA phosphorylates a high number of targets, 

mainly leading to ribosome biogenesis, cell cycle progression, increased cell size and 

consequently increased growth rate (Zaman et al., 2008; 2009; Busti et al., 2010). Therefore, 

similarly to mammalian RAS proteins, yeast Ras proteins promote cell growth and survival. 

However, yeast Ras proteins also control stress response, mainly by downregulating the 

genes usually involved in the cell defence. 

Glucose signals to the cell the availability of nutrients and the absence of threatening 

conditions, activating Ras, so that the whole cell metabolism is shifted in order to increase 

growth and to decrease the energy usually reserved for cell defence (Tamanoi, 2011). The same 

genes involved in stress response are involved in controlling ageing in yeast, characterized by 

high level of reactive oxygen species (ROS) and nutrient depletion. So, Ras proteins are also 

involved in the response to specific ageing-inducing stresses, usually accelerating it (Longo, 

2003, 2004; Longo and Fabrizio, 2012). Therefore, activating mutations in yeast RAS2, 

the most expressed between Ras proteins, decrease chronological life span and increase 

sensitivity to stress (Fabrizio et al., 2003; Hlavata et al., 2003), at the same time increasing 

growth rate and cell size (Baroni et al., 1989; Mitsuzawa, 1994; Jorgensen et al., 2002). 
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As mentioned above, yeast and mammalian Ras proteins are highly homologous (DeFeo-

Jones et al., 1983; Dhar et al., 1984; Powers et al., 1984) and they have been shown to 

be able to activate reciprocal downstream targets. Indeed human HRAS protein, a different 

isoform compared to KRAS, was able to complement the phenotypes caused by the absence 

of RAS2, activating adenylate cyclase (Clark et al., 1985; DeFeo-Jones et al., 1985; Kataoka 

et al., 1985; Toda et al., 1985; Toda et al., 1986; Broek et al., 1987; Ho and Bretscher, 2001). 

Conversely, a yeast-mammalian hybrid RAS gene was able to cause a phenotype resembling 

the one of RAS-transformed cells in mouse (DeFeo-Jones et al., 1985). Even if the ability of 

HRAS to complement for RAS2 is well documented, little is known about the capability of 

other human RAS isoforms, such as KRAS, to do the same, mostly because in the middle 

‘80s, when most of the research in this regard was made, the studies were mainly focusing 

on HRAS (Cox and Der, 2010). Moreover, very few studies addressed the role of Ras1 or its 

possible complementation by a human RAS protein.

Yeast, humanized through the expression of KRAS, both wild type and mutant (KRASG13D, 

KRASG12D, KRASG12V), was used to investigate the role of KRAS mutation in autophagy (Alves et 

al., 2015), a physiological process relevant for cancer progression when deregulated (Chen 

and Karantza, 2011). KRAS was shown to function in yeast and activate yeast downstream 

proteins involved in the same processes of mammalian RAS targets. This evidence is particularly 

important in view of the present work, which aims to build an S. cerevisiae-based platform for 

the study of processes associated to the interaction between galectin-3 and KRAS, and the 

effect of pharmacological drugs that demand that interaction. The utilization of humanized 

S. cerevisiae as model to study proteins involved in human pathogenesis, specifically cancer, 

is well documented (Nitiss and Heitman, 2007; Pereira et al., 2012; Laurent et al., 2016). 

This approach envisages the heterologous expression in yeast of human proteins, which 

in this way can be studied in a neutral environment, without the redundancy of pathways 

and proteins usually encountered in human cells. In addition, the utilization of yeast has 

the advantage of easy genetic manipulation, fast generation time and cheap maintenance, 

especially exploitable for high-throughput studies (Mager and Winderickx, 2005; Botstein 

and Fink, 2011). Yeast can express human proteins that have a yeast counterpart, like in the 
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case of RAS proteins, as well as proteins without a yeast orthologue, like the case of gal-3. In 

both cases there are advantages and disadvantages. If yeast has a counterpart of the human 

protein, it is more likely that the human proteins activate a specific and recognizable signalling 

pathway, making easier to recognise its function and the role of possible mutations. On the 

other hand, the absence of orthologue makes sure that the protein has no interference 

from yeast endogenous proteins, but can also induce protein degradation or absence of 

recognisable phenotypes. An excellent example in this regard is the study of the tumour 

suppressor p53 in yeast, which allowed the discovery of important protein regulation 

mechanisms (Pearson and Merrill, 1998; Hu et al., 2001) and protein mutations functions (Di 

Como and Prives, 1998; Robert et al., 2000; Kato et al., 2003).

In addition to the role in understanding and defining protein functions, using humanized 

yeast has been important in drug screening. Indeed, the expression of some human 

proteins can produce a recognizable phenotype in yeast, which can then be screened for 

suppression by other human proteins or chemical compounds (Simon and Bedalov, 2004; 

Menacho-Marquez and Murguia, 2007; Matuo et al., 2012). Easy recognizable phenotypes, 

such as decreased growth, have been used in cases like the one of human poly (ADP-ribose) 

polymerases (PARP) proteins inhibitors. PARP encompass a family of proteins involved in 

DNA repair and apoptosis (Jubin et al., 2016). Their expression in yeast decreased viability, 

therefore several compounds were tested for the ability of rescuing this phenotype (Perkins 

et al., 2001). This approach has also been successfully used in the discovery of inhibitors of 

the pro-apoptotic protein Bax that resulted in uncovering the Bax inhibitor 1, , HMGB1, the 

bifunctional apoptosis regulator and the Calnexin orthologue Cnx1 (Torgler et al., 1997; Xu 

and Reed, 1998; Zhang et al., 2000a; 2000b; Brezniceanu et al., 2003). Therefore, the usage of 

S. cerevisiae for understanding the role of human proteins involved in human pathogenesis, 

in particular cancer progression, and for efficiently testing drugs capable to inhibit or activate 

these proteins is possible and advisable. In addition, the amenability of yeast and the efficient 

visualization of yeast phenotypes make this model organism particularly suitable for drug 

screening, in particular in high-throughput scale, as already mentioned.

In this work, the construction of a yeast-based platform containing yeasts expressing either 
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human galectin-3 or human KRAS was achieved. These are steps required to further build a 

strain efficiently expressing both human gal-3 and KRAS. Two different genetic backgrounds 

were chosen, the common laboratory strains BY4741 and W303-1A. In addition, the human 

cDNAs were cloned in yeast strains lacking either yeast RAS genes. This was done in order 

to help the recognition of specific phenotypes caused solely by human KRAS, as well as to 

improve the probability of finding usable gal-3-derived phenotypes in yeast, in view of the 

known involvement of yeast Ras proteins in the processes of cell growth and ageing. The 

intracellular localization of gal-3 in yeast was checked using a GFP tag and the phenotypes 

on yeast growth rate and ageing derived from gal-3 expression were described for the first 

time. Similarly, the effects of human KRAS on yeast growth rate and various stress response 

was analysed in the presence and absence of either yeast RAS genes, in order to establish 

which phenotypes are caused by KRAS expression, and which by the loss of RAS1 or RAS2. 

With further work, the yeast platform and the disclosed phenotypes could be used to screen 

KRAS and gal-3 exclusive inhibitors and, more importantly, inhibitors of their interaction, 

particularly relevant for cancer progression.
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Strains and growth conditions 

The yeast strains used in this study are listed in Table 1. Yeasts were maintained on solid 

YPD medium (1% yeast extract, 1% peptone, 2% glucose and 2% agar) at 4°C and refreshed 

for 48h before every assay. Overnight YPD batch cultures (liquid:air ratio of 1:2.5 and orbital 

agitation at 200 rpm) were used for transformation. Transformants were maintained at 4°C 

on solid YNB medium (1.7 g/l w/v yeast nitrogen base, 0.5% ammonium sulphate, 2% glucose 

and 2% agar) supplemented with the appropriate amino acids and refreshed on the same 

medium for 72 h before every assay. The Escherichia coli LX1Blue (endA1 gyrA96 (nalR) thi-1 

recA1 relA1 lac glnV44 F’[::Tn10 proAB+ lacIq Δ(lacZ)M15] hsdR17(rKmK+)) used for cloning 

procedures was maintained and cultivated according to standard procedures.

MATERIALS AND METHODS

Table 1: Saccharomyces cerevisiae strains used in this study.

yeast strain genotype
BY4741 wt MATa his3Δ0 leu2Δ0 met15Δ0 ura3Δ0

BY4741 Δras1 Isogenic to BY4741 but ras1::KanMX4

BY4741 Δras2 Isogenic to BY4741 but ras2::KanMX4

W303-1A wt MATa leu2Δ3 leu2Δ112 ura3Δ1 trp1Δ1 his3Δ11 his3Δ15 ade2Δ1 can1Δ100

W303-1A Δras1 Isogenic to W303-1A but ras1::HIS3

W303-1A Δras2 Isogenic to W303-1A but ras2::KanMX4

Basic cloning procedures 

p416GDPLGALS3. The human galectin-3 cDNA (LGALS3) was amplified by PCR from the 

bacterial expression plasmid pET28a+ (MyBioSource) using the LGALS3 specific primers 

FW_LGALS3 (forward) and RV_LGALS3 (reverse) (Table 2). Digestion of LGALS3 cDNA and 

p146GDP plasmid was performed with EcoRI and XhoI restriction enzymes (NZYTech). Ligation 

of LGALS3 cDNA into p416GDP (Addgene) was performed using T4 DNA ligase (NZYTech) 

using standard procedures.

p416GDPLGALS3GFP. yEGFP cDNA was amplified from pYES2GFP, a construction already 
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available (Tulha J. et al., unpublished results), using the primers FW_GFP and RV_GFP (Table 

2). yEGFP was fused into p416LGALS3 using the flanking homology PCR cassette method 

(Orr-Weaver et al., 1981).

Table 2: Primers used for the construction and the verification of the plasmids that express gal-

3 and gal-3GFP. In the case of primers used to add homologous regions to perform homologous 

recombination, the annealing part of the primers is underlined, while the homology part is plain text.

primer sequence
FW_LGALS3 5’-TTGGCCGAATTCATGGCAGACAATTTTTCG-3’

RV_LGALS3 5’-TTGGCCCTCGAGTTATATCATGGTATATGAAG-3’

FW_GFP 5’-TGGTGACATAGACCTCACCAGTGCTTCATATACCATGATATCTAAAGGTGAAGAATTATT-3’

RV_GFP 5’-GGAGGGCGTGAATGTAAGCGTGACATAACTAATTACATGATTATTTGTACAATTCATCCA-3’

FW_4XX 5’-CCAGAACTTAGTTTCGACGG-3’

RV_4XX 5’-GTGAATGTAAGCGTGACATAACTAATTACATGA-3’

p426GDPKRAS. The human KRAS cDNA was obtained from pLenti-KRASwt, kindly supplied 

by Instituto Português de Oncologia, Porto, Portugal. This was digested with the restriction 

enzymes HindIII and XhoI (NZYTech) to extract the KRAS cDNA. Ligation of KRAS cDNA into 

p426GDP (Addgene) was done using T4 DNA ligase (NZYTech) using standard procedures.

Chromosomal insertion of KRAS - Strategy 1 (Fig. 5). KRAS was amplified from the 

previously constructed p426KRAS plasmid using the primers FW_RAS1 and RV_RAS1 (Table 

3) for insertion in the RAS1 locus, and FW_RAS2 and RV_RAS2 (Table 3) for insertion in the 

RAS2 locus. The PCR amplified cDNA of KRAS presented 40 bp of homology with the flanking 

region to RAS1 or RAS2 locus, used to favour homologous recombination in Δras1 and Δras2 

yeast mutants, respectively. Transformants were selected on the basis of loss of geneticin 

resistance and confirmed by colony PCR using the primers FW_KRAS and RV_KRAS (Table 3).

Chromosomal insertion of KRAS - Strategy 2 (Fig. 7). Histidine gene and promoter (HIS3) 

were amplified by PCR from p413GDP (Addgene) using the primers FW_KRASHIS3 and RV_

HIS3CYC1 (Table 3). The primers added 40 bp of homology to the 3’-end of KRAS and 5’-

end of CYC1 terminator for the homologous recombination of HIS3 downstream KRAS in 
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the p426KRAS plasmid. The chimera gene KRASHIS3 was amplified by PCR from the plasmid 

p426KRASHIS3 using the primers FV_RAS1 and RV_HIS3RAS1 or FV_RAS2 and RV_HIS3RAS2 

(Table 3), which added 40 bp of homology for the insertion of the amplicon in Δras1 or Δras2 

mutant, respectively. The transformants were selected by the ability to grow on minimal 

medium not supplemented with histidine, and then tested by colony PCR using the primers 

FW_RAS1gen or FW_RAS2gen and RV_HIS3middle.

Chromosomal insertion of KRAS - Strategy 3 (Fig. 9). KRAS cDNA was amplified by PCR from 

p426KRAS using the primers FV_RAS1 or FV_RAS2 and RV_KanXKRAS (Table 3). Kanamycin 

resistance cassette (KanX) was amplified from pUG6, kindly donated by Johannson B. (Centre 

of Molecular and Environmental Biology, University of Minho, Portugal) using the primers 

FW_KanXKRAS and RV_KanXRAS1 or RV_KanXRAS2 (Table 3). The KRAS fragment obtained 

with FV_RAS1 and RV_KanXKRAS added homology for the recombination of KRAS in RAS1 

locus, putatively fused together with KanX fragment obtained with FW_KanXKRAS and RV_

KanxRAS1. The fragments of KRAS and KanX obtained using the other two pairs of primers 

(FV_RAS2 and RV_KanXKRAS; FW_KanXKRAS and RV_KanXRAS2) presented homologous 

regions for the recombination in RAS2 locus. The transformants were selected by the ability 

to grow on medium supplemented with geneticin and then tested by colony PCR with the 

primers FW_KRAS and RV_KanXmiddle.

Obtaining transformants

The transformation of E. coli LX1Blue and S. cerevisiae strains listed in Table 1 were 

performed according to standard procedures (Green and Sambrook, 2012). Competent cells 

of E. coli were prepared following the Hanahan method (Hanahan, 1983) and transformed 

with a CaCl2/heat shock-based method. Transformants were selected through ampicillin 

resistance. Plasmid extraction was done using the GenElute Plasmid Miniprep kit (Sigma-

Aldrich), following the manufacturer instructions. 

S. cerevisiae cells were transformed by the improved lithium acetate/SS carrier DNA/PEG 

method (Gietz et al., 1995), with modifications. The heat shock was prolonged up to 45 min, 

and the recovery time at 30°C was extended up to 8 h.  Transformants were selected on 
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YNB supplemented with specific amino acids according to auxotrophy requirements. The 

p416LGALS3GFP and the p426KRASHIS3 plasmids obtained from homologous recombination 

transformations were purified from the yeast transformants using the GenElute Plasmid 

Miniprep kit (Sigma-Aldrich), which required adjustments. Prior to lysis, 20 μl of lyticase (3.3 

U/ml) were added to the yeast solution, incubated for 30 min at 37°C, and subjected to 5 

min of constant vortexing together with 200 μl of glass beads. Success of the transformation 

was verified by plasmid digestion or PCR followed by agarose electrophoresis in the case of 

bacterial transformation, and by colony PCR in the case of yeast transformation.

Western blot analysis

Protein extraction. Total protein extracts were obtained according to Burke et al. (2000). 

Yeast cells were grown overnight, inoculated in fresh media and collected at two different 

growth time points: mid exponential phase (O.D.600 0.5) and late exponential (O.D.600 0.8). 

The cells were collected by centrifugation, and 0.2 M NaOH/2% β-mercaptoethanol was 

added to the pellet, further incubated on ice for 10 min. Proteins were precipitated with 20% 

trichloroacetic acid (TCA) for 15 min and washed twice with cold acetone. The dried pellet 

was solubilized in 2x Leammli buffer (Laemmli, 1970). 

SDS-PAGE and blotting. The samples were run in a 5% stacking gel and 12% resolving 

polyacrylamide gel until complete separation. The proteins were then blotted on a PDVF 

(polyvinylidene difluoride) membrane, treated with the appropriate primary and secondary 

antibody, and revealed by chemiluminescence (ECL Bio-Rad). Anti-GFP and anti-Pgk1 were 

used as primary, and anti-mouse as secondary antibodies. All antibodies were purchased 

from Sigma-Aldrich. Densitometry analysis was performed using the free software ImageJ 

(http://imagej.nih.gov/ij/), and protein expression levels were normalized to the level of 

Pgk1.

http://imagej.nih.gov/ij/


Table 3: Primers used for the construction of the plasmid expressing KRAS; primers used for the construction and the verification of the chromosomal 

insertion of KRAS in the place of RAS1 or RAS2. In the case of primers used to add homologous regions to perform homologous recombination, the annealing 

part of the primers is underlined, while the homology part is plain text.

primer sequence
FW_KRAS 5’-GCGAAGCTTATGACTGAATATAAACTTGTGGTAGTTGGA-3’

RV_KRAS 5’-GCGCTCGAGCATAATTACACACTTTGTCTTTGACTTCTT-3’

FW_RAS1 5’-GATTGAACAGGTAAACAAAATTTTCCCTTTTTAGAACGACATGACTGAATATAAACTTGTGG-3’

RV_RAS1 5’-GCAATCAAAACCATGTCATATCAAGAGAGCAGGATCATTTTTACATAATTACACACTTTGTC-3’

FW_RAS2 5’-ATTGGCAAAAGCTTAACTTTCCTCTATATGTCTTTTTTTTATGACTGAATATAAACTTGTGG-3’

RV_RAS2 5’-GTTCTTTTCGTCTTAGCGTTTCTACAACTATTTCCTTTTTATTACATAATTACACACTTTGTC-3’

FW_RAS1gen 5’-CTTTTTCAACTCATCGCAAGATTAT-3’

RV_RAS2gen 5’-TGGGTAAACATTTATAGTACCCCAA-3’

RV_KRASmiddle 5’-GGACCATAGGTACATCTTCAGAGTCC-3’

RV_KanXmiddle 5’-CTGCAGCGAGGAGCCGTAAT-3’

RV_HIS3middle 5’-ATCATATGGTCCAGAAACC-3’

FW_KRASHIS3 5’- AAAGAAGAAAAAGAAGTCAAAGACAAAGTGTGTAATTATGTATCCTTACGACGTGCCTGACTACGCCTAACTAGTACACTCTATATTTTT- 3’

RV_HIS3CYC1 5’- GGGGGGCCCGGTACCCAATTCGCCCTATAGTGAGTCGTACTACATAAGAACACCTTTGG--3’

RV_HIS3RAS1 5’-GCAATCAAAACCATGTCATATCAAGAGAGCAGGATCATTTCTACATAAGAACACCTTTGG-3’

RV_HIS3RAS2 5’-TTCTTTTCGTCTTAGCGTTTCTACAACTATTTCCTTTTTACTACATAAGAACACCTTTGG-3’

RV_KanXKRAS 5’-CGTCAAGACTGTCAAGGAGGGTATTCTGGGCCTCCATGTCTTACATAATTACACACTTTGTCTTT-3’

FW_KanXKRAS 5’-GAAGAAAAAGAAGTCAAAGACAAAGTGTGTAATTATGTAAGACATGGAGGCCCAGAATACCCTCC-3’

RV_KanXRAS1 5’-GCAATCAAAACCATGTCATATCAAGAGAGCAGGATCATTTCAGTATAGCGACCAGCATTCACATA-3’

RV_KanXRAS2 5’-TTCTTTTCGTCTTAGCGTTTCTACAACTATTTCCTTTTTACAGTATAGCGACCAGCATTCACATA-3’
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Fluorescence microscopy

A Leica Microsystems DM-5000B epifluorescence microscope with DIC (differential 

interference contrast) and light filter setting specific for GFP visualization and a 100x/1.0 oil-

immersion objective was used, in order to visualize the chimera protein gal-3GFP.

Growth rate measurement

The yeast cultures were inoculated overnight at 30°C, 200 rpm, in YNB supplemented 

with the appropriate amino acids. The overnight grown culture was used to inoculate fresh 

YNB to an O.D.600 of 0.05 – T0. The culture was then monitored for 28 h, reading O.D.600 every 

hour for the first 14 h, and every 4 h after that. Specific growth rate (µg) was estimated from 

the logarithmic growth phase. At least three independent experiments were performed. 

Chronological life span

The yeast cultures were inoculated overnight at 30°C, 200 rpm, in YNB supplemented 

with the appropriate amino acids. The overnight grown culture was inoculated in fresh YNB 

medium to an O.D.600 of 0.1. After 24 h of growth at 30°C, 200 rpm, an aliquot of 1 ml of culture 

was taken and serially diluted 1:10 in dH2O four times. The last dilution was used to plate 8 

drops of 40 μl on YPD. The plate was incubated 48 to 72 h at 30°C, until the colonies were 

visible, and the colonies originating from each drop were counted. This was considered T0. 

Subsequently, the same procedure was repeated every 60-96 h, until no colonies were able 

to grow (~2 weeks). The survival was estimated as a percentage of the media of the number 

of colonies obtained in each drop at each time point (8 drops) in comparison with T0 - 100%. 

Four to five independent experiments were performed to ensure statistical significance. 

Serial drop test

Serial drop test was performed from mid-exponential YPD (stress stimuli in Table 4) 

or YNB (stress stimuli in Table 5) culture. Five 1:10 serial dilutions were made and 5 μl of 

each dilution were plated on YPD or YNB plates supplemented with the appropriate stress 

inducers (Table 4 and 5). The dilutions were plated as well on YPD or YNB agar medium 
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without stressor as control. Results were imaged after 48 h (YPD) or 72 h (YNB) at 30°C. Every 

condition was repeated three to four times, to ensure reproducibility. 

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 software. One-way ANOVA 

analysis was used. The difference between experimental data was considered significant 

whenever p-value ≤ 0.05. 



Table 4: Medium and conditions used in the serial drop test for stress resistance, listed according to the type of stress stimuli, with YPD as basal medium.

STRESS BY4741 W303-1A
temperature YPD  - 37°C YPD  - 37°C

carbon 
source

YPE (2% ethanol, 1% yeast base, 1% peptone, 2% agar) YPE (2% ethanol, 1% yeast base, 1% peptone, 2% agar)

YPG (2% glycerol, 1% yeast base, 1% peptone, 2% agar) YPG (2% glycerol, 1% yeast base, 1% peptone, 2% agar)

osmotic 
stress

1.3 M NaCl 1.3 M NaCl

1.5 M KCl 1.5 M KCl

wall stress
10 mM caffeine 10 mM caffeine

10 mM caffeine + 1 M sorbitol 10 mM caffeine + 1 M sorbitol

other stresses
6% ethanol 6% ethanol

65 mM acetic acid (pH 4.5) 50 mM acetic acid (pH 4.5)

Table 5: Medium and conditions used in the serial drop test for stress resistance, listed according to the type of stress stimuli, with YPD as basal medium.

STRESS BY4741
temperature YNB - 37°C

carbon source
YNB-ethanol (2% ethanol, 0.5% ammonium sulfate, 1.7 g w/v yeast nitrogen base and 2% agar)

YNB-glycerol (2% glycerol, 0.5% ammonium sulfate, 1.7 g w/v yeast nitrogen base and 2% agar)

osmotic stress
1 M NaCl

1.5 M Sorbitol

oxidative stress 0.5 mM H2O2
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Designing the LGALS3 expressing plasmids 

Galectins are lectin proteins that do not exist in S. cerevisiae (Kasai and Hirabayashi, 

1996; Dodd and Drickamer, 2001). However, yeast can express other type of lectins, such 

as calnexin, L-type and P-type lectins (Dodd and Drickamer, 2001). To the extent of our 

knowledge, only one study was performed using S. cerevisiae to express human galectins, 

in particular galectin-1, -3 and -4 (Ryckaert et al., 2008). The purpose of that study was the 

surface presentation of the galectins on the outer side of the yeast cell, forcing therefore 

the localization of the galectins with a specific genetic strategy. The yeast cells were used as 

Surface Display Technology tools to analyse the interaction between lectins and carbohydrate 

in a living environment capable of mimicking the natural multivalent presentation of lectins 

on cell surface (Ryckaert et al., 2008). In the present study, on the other hand, the localization 

of gal-3 should be intracellular, as the one of KRAS, so that the two proteins can interact. 

The choice was to transform the yeast with a constitutive plasmid expressing gal-3 without 

addressing the protein to any specific cell compartment, allowing spontaneous physiological 

localization. This presented beforehand several challenges. Gal-3 could (i) not be produced, 

(ii) be synthetized but immediately degraded for absence of recognition, or (iii) it could be 

toxic to the yeast, either alone or after combining with the expression of KRAS. Moreover, 

the spontaneous localization of the protein could not be adequate for interacting with KRAS.

The first step was to assess the capability of the yeast to express and synthetize gal-3 and 

to verify whether the intracellular localization of the protein was tolerated, allowing the cell 

to survive. Gal-3 was inserted in a constitutive low copy expression plasmid, p416GPD. A 

centromeric plasmid such as p416GPD, should promote a low transcription rate of the gene, 

at around one copy per cell (Christianson et al., 1992; Mumberg et al., 1995), preventing 

putative cytotoxicity deriving from high amount of the foreign protein. Human LGALS3 cDNA 

was amplified by PCR from a commercially acquired plasmid (My BioSource) and the primers 

RESULTS

1. PLATFORM CONSTRUCTION AND VERIFICATION
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used for amplification (Table 2, FW_LGALS3 and RV_LGALS3) were designed in order to 

add two restriction sites at the terminals of the LGALS3 fragment. The so-obtained LGALS3 

fragment and the p416GPD plasmid were digested using the same restriction enzymes and 

subjected to ligation using T4 ligase (Fig. 1A). The product obtained was amplified in E. coli 

and further transformed into S. cerevisiae, obtaining p416LGALS3. 

Another plasmid expressing LGALS3 was designed to express a chimera containing GFP, in 

order to follow more easily the behaviour of the protein in the yeast environment. LGALS3 

was cloned together with yeast-enhanced GFP (yEGFP). The flanking homology PCR cassette 

method was chosen to fuse yEGFP into the plasmid already expressing LGALS3. yEGFP was 

amplified by PCR using primers that added 40 bp at each terminal (Table 2, FW_GFP and 

RV_GFP). The 40 bp are homologous to the regions flanking the future position of yEGFP – 

the 3’-end of LGALS3 and the 5’-end of CYC1 terminator (Fig. 1B). 

The yeast was transformed at the same time with yEGFP and p416LGALS3. The recombinant 

plasmid obtained was extracted from yeast, amplified in E.coli and further extracted from E. 

coli for verification by PCR using two different sets of primers. The empty p416GPD plasmid 

was used in parallel as control. LGALS3 presence was assessed with the same set of primers 

used for its construction (Table 2, FW_LGALS3 and RV_LGALS3), while the presence of 

LGALS3GFP was assessed with the forward primers for LGALS3, FW_ LGALS3, and the reverse 

for GFP, RV_GFP (Table 2). The three plasmids (p416 Ø, p416LGALS3 and p416LGALS3GFP) 

were also used as templates for amplification with a different set of primers, which anneal to 

the regions flanking its multicloning site, i.e. the end of the GPD promoter and the beginning 

of the CYC1 terminator (Table 2, FW_p4XX and RV_p4XX, respectively). This consisted in a 

further control, done to determine if the genes were not only inserted in the plasmid and 

correspondent to the right size, but also if they were in the proper position inside the plasmid. 

The amplified fragments resulted as expected (Fig. 2A). The fragment correspondent to 

LGALS3 (Fig. 2A, lanes 1 and 2 ) has around 800 bp, matching the size of the LGALS3 cDNA. 

The same results were obtained using the p4XX primers, confirming the position of LGALS3 

inside the cloning site of the plasmid. LGALS3GFP fragment also measured the right size, 

around 1400 bp – 753 bp LGALS3 + 714 bp GFP – and was found in the right location in the 
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plasmid (Fig. 2A, lanes 3 and 4). The specificity of the primers was confirmed by the fact that 

no amplification was obtained when the empty plasmid was used as DNA template (Fig. 2A, 

lanes 5 and 6). 

Figure 1: Designing the plasmid expressing galectin-3. LGALS3 cDNA was amplified by PCR, digested 

and ligated into the equally digested p4216GPD plasmid by T4 ligase, obtaining the p416GPDLGALS3 

plasmid (A). yEGFP was amplified by PCR and fused into p416LGALS3 plasmid by homologous recom-

bination, originating p46GPDLGALS3GFP (B).

A

B
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As recipient yeasts, both S. cerevisiae BY4741 and W303-1A strains were used. This aimed 

at avoiding putative drawbacks deriving from one specific genetic background (Cohen and 

Engelberg, 2007). These strains were chosen for two reasons. Firstly, they are well known for 

their very different phenotypic responses, in particular in the viability/stress resistance tests 

planned for the complete platform (Petrezselyova et al., 2010; Kokina et al., 2014). Secondly 

and importantly, these strains different auxotrophic markers implicate different amino acid 

synthesis pathways, which may impact, even if indirectly, on the Ras pathway performance 

and therefore on the effect of human KRAS expression. Bearing this in mind, RAS1 and RAS2 

mutants from both genetic backgrounds were added to the construction of the platform. 

These mutants were used in the attempt to impede a strong interference of yeast Ras proteins 

functions in the expression and putative roles of the heterologously expressed human KRAS. 

In S. cerevisiae, it is not possible to avoid the presence of both yeast Ras proteins, since the 

double deletion mutant is unviable (Kataoka et al., 1984; Tatchell et al., 1984). This way, 

the LGALS3 recipient yeast strains were six: W303-1A wt, ∆ras1 and ∆ras2, and BY4741 wt, 

∆ras1 and ∆ras2. All these strains were transformed with p416 empty plasmid, p416LGALS3 

and p416LGALS3GFP. The efficacy of the transformation with p416LGALS3 was verified by 

colony PCR, using primers specific for LGALS3 (Table 2, FW_LGALS3 and RV_LGALS3). All the 

transformants tested successfully demonstrated the presence of LGALS3 DNA (Fig. 2B). 

A
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On the other hand, the efficacy of the transformation with p416LGALS3GFP was verified 

by fluorescence microscopy and western blot (WB) analysis using anti-GFP antibody (Fig. 3). 

Actually, WB was performed not only to confirm the expression of LGALS3GFP in S. cerevisiae, 

but also to compare the efficiency of LGALS3GFP expression between S. cerevisiae genetic 

backgrounds. Cells from two growth phases of batch cultures on glucose were used, early/

middle log (O.D.600 ~0.5) and middle/late log (O.D.600 ~0.8). Protein extraction procedure 

was verified using an antibody against Pgk1, a protein ubiquitously expressed in yeast. 

Results showed that gal-3GFP chimera is identically expressed in both W303-1A and BY4741 

backgrounds (Fig. 3A). Moreover, in the late log phase (Fig. 3A, right) the intensity of the 

chimera band was fainter than in the early log phase, while the GFP-alone band was stronger 

(Fig. 3A, left), which suggests that the galectin-3 undergoes increased degradation as growth 

Figure 2: Verification of the construction of the plasmids expressing gal-3 and of their transformation 

into S. cerevisiae. The two plasmids harbouring LGALS3, p46GPDLGALS3 and p416GPDLGALS3GFP 

were verified by PCR. p416GPDLGALS3 was amplified with primers for LGALS3 cDNA (lane 1) and for 

GPD promoter and CYC1 terminator (lane 2), obtaining in both cases a product corresponding to the 

size of gal-3, around 750 bp. p416GPDLGALS3GFP was amplified with the primers for the chimera 

gene LGALS3GFP (lane 3) and for GPD promoter and CYC1 terminator (lane 4). The products observed 

corresponded to the chimera gene LGALS3GFP, around 1400 bp. Controls correspond to the empty 

plasmid p416GPD, used as template for the primers used for LGALS3 (lane 5) and promoter and 

terminator (lane 6). No amplification was obtained, meaning that the primers are specific for the 

gene. The fragment obtained using the primers for the plasmid is too small to be visualized (A). 

S. cerevisiae BY4741 and W303-1A wt, Δras1 and Δras2 were transformed with p416GPDLGALS3 

and the correct insertion of the plasmid was verified by colony PCR. (B). The band sizes indicated 

correspond to the Ladder III (NZYTech).

B
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proceeds. Interestingly, in the late log phase, the expression of the chimera protein in W303-

1A wt was higher than in the mutants that also showed different expression level. Indeed, 

the expression decreased from wt and ∆ras2 to Δras1 (Fig. 3A, upper right panel), which 

almost did not express the chimera protein. Actually, Δras2 showed a higher expression, 

but an increased amount of degraded galectin-3 compared to the wt (Fig. 3A, upper right 

panel), indicating that this mutant was less tolerant to the chimera. In opposition, the BY4741 

genetic background did not present such differences (Fig. 3A, lower panels). 

Early log cells were further analysed by fluorescence microscopy. The localization of 

gal-3GFP did not differ significantly between W303-1A and BY4741 (Fig. 3B). The chimera 

localized mainly in the cytoplasm. Especially in the two mutants lacking either RAS1 or RAS2, 

its distribution was clearly punctuated. Gal-3GFP appeared clustered in small brightly green 

fluorescent dots (Fig. 3B, Δras1 and Δras2 BY4741 and W303-1A). A similar distribution is 

usually observed for proteins that localize in the Golgi (http://yeastgfp.yeastgenome.org/), 

but it could also derive from the formation of protein multimers, or proteins accumulation in 

vesicles (Babst et al., 2002; Smaczynska-de Rooij et al., 2012).

A

http://yeastgfp.yeastgenome.org/
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Figure 3: Galectin-3GFP expression and localization in S. cerevisiae. The expression of the chimera 

protein gal-3GFP in S. cerevisiae strains W303-1A and BY4741, wt and lacking either RAS1 or RAS2, 

was obtained through transformation with p416LGALS3GFP plasmid and detected by WB using 

protein extracts obtained in two different yeast growth phases, early log (O.D.600 ~0.5) and late log 

(O.D.600 ~0.8). The blot images are representative of at least two independent experiments (A). The 

protein expression was confirmed by fluorescence microscopy using early log phase cells of strains 

W303-1A and BY4741 wt as well as Δras1 and Δras2 mutants. Figure depicts representative images 

of each (B).
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Designing the KRAS expressing yeasts 

The insertion of KRAS in S. cerevisiae was planned in two different ways, by plasmidic 

transformation and by chromosomal insertion. The plasmidic transformation offers a direct 

comparison with the yeasts expressing LGALS3 also deriving from a plasmid construction, 

while the chromosomal insertion is intended for the double transformation with LGALS3 and 

KRAS. The transformation with plasmid requires the maintenance of the yeast on minimal 

medium supplemented by the proper amino acids, without the selective marker necessary 

to maintain the plasmid expression. On the other hand, the chromosomal transformation is 

more stable and, once the human gene is inserted in the yeast chromosome, the yeast can 

be cultivated in any condition, depending alone on the regulation from the correspondent 

promoter. In addition, these two cloning modes also generate different expression levels. In 
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the case of plasmid transformation, the expression directly depends on the type of plasmid 

chosen – centromeric or 2µ - and by its promoter. On the other hand, when a gene is inserted 

in a chromosome, one of two choices may be done, either cloning together with the gene an 

exogenous promoter replacing the full locus, or cloning only the gene, keeping the control 

of an endogenous yeast promoter, subjecting the foreign protein to the same expression 

regulation as the substituted gene. 

Designing the KRAS expressing plasmids 

The p426GPD plasmid was chosen for the KRAS plasmid transformation strategy. Unlike 

the case of galectin-3, the expression of human RAS proteins in yeast is well documented 

(Clark et al., 1985; Kataoka et al., 1985), leading to consider that KRAS does not induce 

significant cytotoxicity. Therefore, a 2µ plasmid with a strong promoter (GPD) was chosen, 

which produces around 5-fold higher amounts of protein compared to a centromeric plasmid 

(Mumberg et al., 1995), resulting in more than one plasmid copy per cell. 

The KRAS cDNA was amplified by specific primers (Table 3, FW_KRAS and RV_KRAS) that 

added one restriction site at each end of the DNA fragment, to allow the insertion in the 

plasmid. The plasmid and the KRAS fragment were digested with specific restriction enzymes 

(HindIII and XhoI) and ligated by T4 ligase (Fig. 4A). The so-obtained recombinant plasmid 

was amplified in E.coli, subsequently extracted and verified by PCR. Identically to above, 

the empty plasmid p426GPD was used as negative control and amplification was done with 

two different sets of primers. One set of primers corresponded to the one used to amplify 

KRAS in the first place (Table 3, FW_KRAS and RV_KRAS), and the other was the one specific 

for p4XX plasmid, also used to verify LGALS3 harbouring plasmids (Table 2, FW_p4XX and 

RV_p4XX). The band obtained matched KRAS size, 567 bp (Fig. 4B, lane 1), and KRAS was 

correctly inserted between the GPD promoter and the CYC1 terminator (Fig. 4B, lane 2). 

Once the proper construction of the p426KRAS plasmid was verified, it was used to transform 

W303-1A and BY4741 wt, Δras1 and Δras2. The correct insertion of the plasmid harbouring 

human KRAS was demonstrated by colony PCR using the primers that amplify KRAS (Table 3, 

FW_KRAS and RV_KRAS) (Fig. 4C).
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Figure 4: Designing the plasmid expressing KRAS, its construction and transformation validation. 

Human KRAS cDNA was amplified by PCR, digested and ligated into the equally digested p426 by T4 

ligase, obtaining p426GPDKRAS (A). p426GPDKRAS was used as PCR template for primers that amplify 

KRAS cDNA (lane 1) and primers that anneal to GPD promoter and CYC1 terminator (lane 2). Both 

amplifications gave as result a band corresponding to the size of KRAS gene, approximately 600 bp. 

The empty plasmid p426GPD was amplified with the same sets of primers to confirm their specificity. 

In lane 3 is show the result for the KRAS primers, in lane 4 the one for promoter and terminator 

(B). S. cerevisiae BY4741 and W303-1A wt, Δras1 and Δras2 were transformed with p416GPDKRAS 

and the correct insertion of the plasmid was verified by colony PCR. All the strains showed a band 

corresponding to KRAS gene, proving the successful transformation (C). The band sizes indicated 

correspond to the Ladder III (NZYTech).

A

B C
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Designing the KRAS chromosomal insertion 

The chromosomal insertion of KRAS was planned, as mentioned above, to substitute yeast 

RAS1 and RAS2 genes in their loci under the control of their own promoters. Several different 

strategies were implemented in order to achieve the construction of the yeast chromosome 

containing human KRAS. In all cases, the transformation was the Flanking Homology PCR 

Cassette method. This method takes advantage of the high spontaneous recombination 

rates that occur in S. cerevisiae between two sequences of homologous DNA (Orr-Weaver et 

al., 1981; Wendland, 2003). Usually, a homology region around 40 bp is enough to ensure 

correct recombination, but sometimes it may be necessary to extend this region due to 

some particular structure of the chromatin (Hegemann et al., 2006).

Strategy 1: insertion of KRAS in the place originally occupied by RAS1 and RAS2 genes in RAS 

mutants.

In the first strategy, the two yeast RAS mutants from both S. cerevisiae BY4741 and W303-

1A were used. The proper insertion of KRAS is expected to occur in the place of the cassette 

used to delete each RAS gene (Fig. 5). In the case of BY4741 Δras1 and Δras2 and W303-

1A Δras2, the cassette is kanamycin-based, conferring resistance to geneticin. In W303-1A 

Δras1, the RAS1 was deleted using the HIS3 gene instead. KRAS cDNA was amplified using 

60 bp primers. 40 bp out of 60 bp were homologous to the flanking regions of RAS1 and 

RAS2, while the other 20 bp were necessary for the annealing of the primers to KRAS gene 

during the PCR cycles. Since RAS1 and RAS2 loci are in different chromosomes, respectively 

XV and XIV, (Kataoka et al., 1984; Tatchell et al., 1984), two different sets of primers were 

used to amplify the KRAS gene introducing specific flanking sequences (Table 3, FW_RAS1 

and RV_RAS1; FW_RAS2 and RV_RAS2). The amplified KRAS was used to directly transform 

the yeast mutants. 
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Figure 5: Strategy 1 for the chromosomal insertion of KRAS. KRAS cDNA was amplified with primers 

that add at the terminals of the amplified sequence homology regions to the flanking DNA of S. 

cerevisiae RAS1 or RAS2. The insertion was performed in BY4741 and W303-1A Δras1 and Δras2.

The yeasts were firstly grown on rich medium, while the selection for the gene insertion 

was done in parallel on rich medium, alone or complemented with geneticin, or medium 

without histidine in the case of W303-1A Δras1. Colonies were replicated in both types of 

media. The colonies not able to grow in the presence of geneticin or without histidine were 

selected. These colonies are supposed to harbour cells where either the KanX cassette or 

the HIS3 gene was replaced with the human KRAS. Once selected, the colonies were further 

tested for the actual presence of KRAS by colony PCR, using the forward and reverse primers 

for KRAS (Table 3, FW_KRAS and RV_KRAS) (Fig. 6A). The colonies positive for KRAS were 

tested to determine the position of KRAS inside the yeast genome. A primer annealing around 

350 bp upstream the gene insertion site (Table 3, FW_RAS1gen or FW_RAS2gen) was paired 

with either a primer annealing in the middle of the KRAS gene sequence, or in the middle of 

KanX cassette/HIS3 gene (Table 3, RV_KRASmiddle, RV_KanXmiddle, RV_HIS3middle). None 

of the colonies selected showed amplification when using the reverse primer annealing to 

KRAS, but they all did when using the reverse for either KanX or HIS3 (Fig. 6B), showing 

that KRAS gene was inserted in the yeast genome, but not in the place of RAS1 or RAS2 

as it should, and therefore not under the control of the proper promoter. Due to the time 

consuming procedure used to select positive colonies with this transformation protocol, a 

different strategy was adopted.
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Figure 6: Validation of KRAS chromosomal insertion following the transformation strategy 1. Colonies 

showing ability to grow on selective marker were verified for the presence of KRAS by colony PCR. All 

the bands obtained are the same size of the KRAS gene, around 600 bp (A). For verification of KRAS 

position in the chromosome, different sets of primers were used. For BY4741 Δras1 and Δras2 and 

W303-1A Δras2, the FW primer anneals 250 bp upstream the 5’-end of the gene and the RV primer 

anneals either 170 bp downstream the 5’-end of KanX cassette or 340 bp downstream the 5’-end 

of KRAS gene. For W303-1A Δras1, the FW primer anneals as before, 250 bp upstream the 5’-end 

of the gene, and the RV primers either 384 bp downstream the 5’-end of the HIS3 gene or 340 bp 

downstream the 5’-end of KRAS gene (B). The band sizes indicated correspond to the Ladder III 

(NZYTech). Results from successful and unsuccessful transformations are indicated with respectively 

a and b. Since the primers amplified the selective marker (KanX or HIS3) that should be deleted by 

the insertion of KRAS, when there is PCR product the transformation of KRAS into the yeast genome 

is unsuccessful.

A

B
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Strategy 2: insertion of the amplicon KRAS + HIS3 in the place occupied by RAS1 or RAS2 

gene. 

A direct selection method was preferred, with the fusion of the gene of interest together with 

a selective marker. This method is usually used to perform gene deletion (Langle-Rouault and 

Jacobs, 1995), but in the present case, KRAS was used instead to replace RAS1 or RAS2 in 

the wt strain. KRAS was first cloned in-frame upstream the HIS3 gene and promoter, and the 

so-obtained amplicon inserted in the yeast genome, selecting for growth in the absence of 

histidine (Fig. 7). The strategy used to fuse the HIS3 gene with KRAS was to insert HIS3 DNA in 

the plasmid already harbouring KRAS, p426KRAS, once more through the Flanking Homology 

PCR Cassette method. HIS3 was amplified by PCR from the empty plasmid p413GDP, whose 

selective marker is HIS3 (Mumberg et al., 1995). The primers used (Table 3, FW_KRASHIS3 

and RV_HIS3CYC1) added 40 bp at each end of HIS3. The 5’-end was homologous to the 3’-

end of KRAS gene, and the 3’-end to the 5’-end of CYC1 terminator. The DNA fragment was 

transformed into BY4741 wt strain together with p426KRAS. 

The correct insertion of histidine in the plasmid was selected on minimal medium without 

histidine. The medium did not contain uracil as well, to select only colonies that incorporated 

the p426KRAS plasmid. The grown colonies were tested for the presence of the KRASHIS3 

fragment by colony PCR (Fig. 8A). 

The plasmid p426KRASHIS3 was subsequently extracted from the yeast cells and used as 

template for the amplification of the amplicon needed for the following transformation. In 

this case, the wt strains of both BY4741 and W303-1A were used. The insertion of KRASHIS3 

was planned to occur in the loci of RAS1 or RAS2. For that purpose, the KRASHIS3 fragment 

was amplified with FW_RAS1 or FW_RAS2 (Table 3), and with reverse primers that anneal to 

the 3’-end of HIS3 and are homologous to the flanking region of the 3’-end of either RAS1 

or RAS2 (Table 3, RV_HIS3RAS1 and RV_HIS3RAS2). The obtained DNA fragment was used 

to directly transform yeast. The transformants were selected on minimal medium without 

histidine and tested for the presence of KRAS by colony PCR using FW_KRAS and RV_KRAS 

primers (Table 3) (Fig. 8B). 
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Figure 7: Strategy 2 for the chromosomal insertion of KRAS. HIS3 gene, together with its promoter, 

was amplified by PCR adding around 40-45 extra bases homologous to the flanking region of KRAS 

in p426GPDKRAS. The so-obtained fragment and p426GPDKRAS were transformed together in S. 

cerevisiae, obtaining p426KRASHIS3. The plasmid was transformed into E. coli cells and used as 

KRASHIS3 PCR template. The primers used add extra nucleotides homologous to the flanking regions 

of RAS1 and RAS2 in the yeast chromosome. The fragment obtained was used to transform S. 

cerevisiae BY4741 and W303-1A wt. Transformants were retrieved according to HIS3 auxotrophy. 

Each mutant strain was transformed separately with the fragment containing either RAS1 or RAS2 

flanking regions targeting either locus.
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Figure 8: Validation of the chromosomal insertion of KRAS following the transformation strategy 2. 

Colonies of transformants tested by colony PCR for the presence of KRASHIS3 fragment (1400 bp 

= 564 bp of KRAS + 847 bp of HIS3 and its promoter). Lanes 1 and 3 tested negative, lane 2 tested 

positive (A). Transformants of S. cerevisiae BY4741 and W303-1A were tested for the presence of 

KRAS by colony PCR. Gel electrophoresis results show the expected KRAS band of 564 bp (B). The 

band sizes indicated correspond to the Ladder III (NZYTech).

BY4741

W303-1A

A

B
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When the colonies that contained KRAS were further tested for the proper localization of 

KRAS, the results were similar to the ones obtained with the transformation Strategy 1. There 

was no amplification when using the primers for chromosome XV or XIV - FW_RAS1gen and 

FW_RAS2gen, respectively (Table 3) - paired with a reverse primer annealing in the middle of 

KRAS gene (Table 3, RV_KRASmiddle). One of the main problems encountered when using 

this transformation strategy was the high number of colonies obtained, which indicates that 

the selective marker chosen was not effective, allowing a high percentage of cells to escape 

selection. Indeed, all of the putative transformant colonies tested (≥ 20/strain) resulted 

negative.

Strategy 3: simultaneous insertion of KRAS and KanX in the place occupied by RAS1 or RAS2 

gene.

A third transformation strategy was therefore chosen, with the utilization of a stronger 

selective marker, geneticin. The KanX cassette was thus fused with the KRAS gene. Instead of 

beginning by constructing an amplicon with the fusion of the two genes as done before, the 

two DNA fragments (KRAS and KanX) were transformed simultaneously into yeast (Fig. 9). 

Figure 9: Strategy 3 for the chromosomal insertion of KRAS. KRAS and KanX DNA fragment were 

amplified by PCR, adding specific region of homology to promote homologous recombination with 

either RAS1 or RAS2 locus. The fragments were transformed together into S. cerevisiae, to substitute 

RAS1 and RAS2 with the KRAS and KanX.
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KRAS was amplified with primers that added homology for the flanking region of RAS1 

or RAS2 (Table 3, FW_RAS1 or FW_RAS2) and for the 5’-end of KanX cassette (Table 3, RV_

KanXKRAS). KanX was amplified from pUG6 plasmid using primers that added homology for 

the 3’-end of KRAS (Table 3, FW_KanXKRAS) and for the flanking region at the 3’-end of RAS1 

or RAS2 (Table 3, RV_KanXRAS1 or RV_KanXRAS2). 

Further verifications confirmed the presence of KRAS in the yeast genome (Fig. 10A). 

Apparently, it is though not located correctly, as shown by the absence of amplification when 

using the primer that anneals upstream the 5’-terminal of the gene (Table 3, FW_RAS1gen 

or FW_RAS2gen) (Fig. 10B). A further attempt to successfully obtain a yeast properly 

transformed, planned for future work, would be to extend the homology region, in order to 

ensure the fusion with the right part of the yeast genome. The present state of the collection 

of constructions that constitute the S. cerevisiae-based platform for the study of processes 

and the effect of pharmacological drugs that demand the interaction between galectin-3 and 

KRAS is listed in Table 6. 
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Figure 10: KRAS chromosomal insertion validation following the transformation strategy 3. Several 

colonies selected by their ability to grow on medium supplemented with geneticin were verified by 

colony PCR for the presence of KRAS DNA (A). The colonies positive for the presence of KRAS were 

verified for positioning of KRAS in the chromosome, using the primers for a region upstream the 

5’-end of the gene and a region inside the KanX cassette. None of the colonies tested presented 

amplification using these primers, demonstrating that the insertion of KRAS occurred in a different 

place (B). The picture shows a representative agarose gel, in which the PCR products were run. 

BY4741 Δras1 and W303-1A Δras2 were used as DNA template to prove the actual ability of the 

primers to anneal to the yeast chromosomal DNA.

A

B



Table 6: Present state of the platform expressing human galectin-3 and KRAS proteins. cKRAS designation indicates the chromosomal insertion of human 

KRAS in the RAS1 or RAS2 yeast loci. The constructions indicated with  in the white background were successfully obtained and verified in both genetic 

backgrounds, while the ones indicated with x in grey background are planned for the future.

genetic 
background W303-1A BY4741

strain wt Δras1 Δras2 Δras1 
cKRAS

Δras2 
cKRAS wt Δras1 Δras2 Δras1 

cKRAS
Δras2 
cKRAS

p416 Ø    x x    x x
p426 Ø    x x    x x
p416LGALS3    x x    x x
p426KRAS    x x    x x
p416LGALS3GFP    x x    x x
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The growth on glucose of S. cerevisiae transformed with p416LGALS3 was monitored and 

compared with the recipient strains, in order to detect if the expression of human gal-3, a 

protein completely alien to yeast, induces any toxicity in the yeast cells. All the yeast strains 

were identically inoculated on YNB at O.D.600 0.05 and allowed to grow at 30°C until stationary 

phase (approximately 28 h). Statistically validated values of the specific µg are presented in 

Fig. 11. 

Yeast growth rate varied between the wt and the RAS mutants, even in the absence of gal-3. 

Indeed, W303-1A Δras1 grew ~15% faster, and Δras2 ~13% slower than wt (Fig. 11A). BY4741, 

on the other hand, behaved differently. The µg of Δras1 was still higher than the one of the 

wt, even though less significantly (~8%) than in W303-1A, but Δras2 grew ~10% faster than 

wt as well (Fig. 11B). This concurs with previous observations showing that the phenotypes 

deriving from the deletion of either RAS1 or RAS2 differ between genetic backgrounds (see 

following sections). The transformation of yeasts with the empty plasmid slightly decreased 

the µg of all strains, except of W303-1A Δras2. A decreased fitness of plasmid-transformed 

strains is expected, considering the energetic costs of plasmid replication. When gal-3 was 

expressed, the only significant difference in µg was observed between the W303-1A and 

BY4741 wt strains that responded in an opposite way. W303-1A expressing gal-3 grew 18% 

faster than the same strain harbouring the empty plasmid (Fig. 11A). The correspondent µg 

(0.270±0.020 h-1) thus became identical to the µg of Δras1 expressing gal-3 (0.275±0.035 

h-1). In BY4741 wt, the expression of gal-3 decreased µg of  14% (Fig. 11B). The RAS mutants 

from either genetic background resulted only mildly affected by the expression of gal-3 and 

none of those differences were statistically significant. This is not surprising, since a strong 

relationship between Ras proteins, specifically KRAS, and gal-3 has been well documented 

in human cells. The interaction between KRAS and gal-3 is particularly important to maintain 

KRAS signalling nanoclusters, thus promoting cell proliferation and survival (Elad-Sfadia et al., 

2004; Shalom-Feuerstein et al., 2008; Levy et al., 2010; Levy et al., 2011; Song et al., 2012). 

2. PHENOTYPING OF THE YEAST EXPRESSING LGALS3

Galectin-3 expression affects differently the growth rate of  wt and 
mutants depending on the yeast genetic background
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Figure 11: Specific µg of S. cerevisiae W303-1A and BY4741 transformed with p416LGALS3. S. 

cerevisiae W303-1A (A) and BY4741 (B) wt, Δras1 and Δras2 transformed with p416LGALS3 were 

grown on glucose for 28 h from O.D.600 0.05 up to stationary phase. The untransformed yeasts and 

the yeasts transformed with the empty plasmid (p416 Ø) were used as controls. Growth rates were 

estimated from log phase. Graphs show the average ±SD of three independent experiments. Statistical 

significant differences are shown: *(p-value ≤ 0.05) and **(p-value ≤ 0.01).

A

B

Chronological life span of  S. cerevisiae expressing human LGALS3

Growth rate measures the ability of the yeast to actively replicate when young and in fresh 

medium. On the other side, the chronological life span (CLS) indicates the capability of the 

yeast cell to remain viable in stationary phase, without nutrient replacement (Fabrizio et al., 

2001; 2003; 2004). There are differences in CLS of yeasts depending on genetic background, 

different culture conditions and compounds added to the medium. For example, ammonium 

sulphate, a very common nitrogen source for yeasts, can decrease substantially some strains 
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CLS (Santos et al., 2012). Also, the deletion of genes involved in pathways that regulate aging 

alters significantly the CLS of yeast (Fabrizio et al., 2001; 2003; 2004; Powers et al., 2006; 

Orlandi et al., 2012; Cao et al., 2016). These include genes that regulate nutrient assimilation 

and consumption, such as RAS1 and RAS2 (Sun et al., 1994; Shama et al., 1998; Lee et al., 

1999; Fabrizio et al., 2003; Longo, 2003). Given (i) the role of RAS genes in the effects caused 

by human gal-3 expression in S. cerevisiae described above, and (ii) the well-documented 

interaction between gal-3 and RAS proteins in human cells (Elad-Sfadia et al., 2004; Shalom-

Feuerstein et al., 2008; Levy et al., 2010; Levy et al., 2011; Song et al., 2012), it was particularly 

important to determine whether the expression of gal-3 in yeasts introduced any changes 

in CLS. 

W303-1A wt, Δras1 and Δras2, as well as the same strains transformed with p416LGALS3, 

were grown in YNB up to stationary phase (24 h of growth). BY4741 was not used in this assay 

in view of the absence of response to gal-3 above described. A 24 h time point was chosen 

as starting point for the test. At that point no further growth was observed since nutrients 

are exhausted. Therefore, most cells should still be viable though not actively dividing. This 

was considered the day 0 (T0 - 100% viable/alive cells). The replication ability of the yeast 

cells was measured by CFU (colony forming units) every 3 days, until the cells were not able 

to replicate anymore and no CFU were formed. The values of CFU were normalized with the 

ones obtained at T0 and considered as percentages of survival and plotted against time to 

create the ageing curve (Fig. 12A). It is immediately visible that the shape of the curve was 

different depending on the strains, though the time taken to obtain ≤10% of survival was 

very similar (10 to 14 days). 

In the absence of gal-3, W303-1A clearly maintained its ability to duplicate longer than the 

correspondent RAS mutants, especially when compared to Δras1 (Fig. 12A). Moreover, the 

replication ability of the Δras1 strain dropped significantly in the first 3-5 days, maintaining 

a slower decrease thereafter (Fig. 12A), in opposition to wt strain whose viability decreased 

along time more homogenously. The behaviour of the RAS2 mutant was somehow in 

between the one of the wt and the one of Δras1 (Fig. 12A). In the first 4-8 days it decreased 

faster than the wt, but not as fast as Δras1. When gal-3 was expressed, the CLS of the wt 
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strain was almost indistinguishable from the untransformed strain, or the one transformed 

with the empty plasmid. On the other hand, gal-3 accelerated the ageing of Δras1 compared 

to the empty plasmid, while the opposite happened in the case of Δras2, gal-3 inducing a 

significant delay in the aging process of this mutant. 

In order to better compare the different strains, the percentage of survival at day 5 was 

plotted (Fig. 12B). This time point was chosen since it represents approximately the middle 

of the CLS curve of the wt strain and the differences among strains were mostly observed 

in that ageing phase, not in the total amount of time necessary for complete culture death. 

Both Δras1 and Δras2 mutants, regardless of the transformation with empty plasmid or gal-

3, presented a much lower percentage of survival than wt, ranging from -60% to -90% (Fig. 

12B). Moreover, the wt strain was not affected significantly by the transformation with the 

empty plasmid, or the gal-3 expressing plasmid. On the other hand, the RAS mutants were 

more severely affected by gal-3 expression and behaved in an opposite manner. The survival 

of Δras1 decreased ~66%, while the survival of Δras2 surprisingly increased 3.5 times (arrows 

in Fig. 12B). 

As above, these results suggest a strong relationship between galectin-3 and Ras proteins. 

Moreover, the different results from the two mutants indicate that the roles of the two Ras 

proteins may not be interchangeable in the ageing process when gal-3 is present. A divergent 

role of Ras1 and Ras2 in the yeast ageing process was already described, even though in 

different S. cerevisiae genetic backgrounds (Sun et al., 1994; Shama et al., 1998; Fabrizio et 

al., 2003; Longo, 2003). This appears to be particularly important since some of these works 

describe that RAS2 deletion decreases CLS and RAS1 deletion increases it (Sun et al., 1994), 

while others suggest that RAS2 deletion increases CLS (Marek and Korona, 2013; Garay et 

al., 2014). This data inconsistency is quite common in the literature referring Ras proteins 

functions and the phenotypes associated with their absence, suggesting that auxotrophy, 

i.e. mutations in the metabolism of amino acid synthesis, are highly interconnected with the 

Ras pathway. 
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Figure 12: CLS of W303-1A transformed with 

p416LGALS3. S. cerevisiae W303-1A wt, Δras1 

and Δras2 transformed with p416LGALS3 

() were grown on glucose for ≥14 days, i.e. 

until the population was not able to duplicate. 

The untransformed yeast () and the yeast 

transformed with the empty plasmid (p416 

Ø) () were used as controls. The number of 

colonies of each time point was normalized as 

percentage of survival compared to T0 - 100% of 

survival, and the average ±SD from at least three 

independent experiments was estimated (A). 

The average ±SD of the percentage of survival 

of every strain at day 5 (correspondent to 

approximately the middle of the aging curve) was 

plotted (B). Statistical significant differences are 

shown between the wt and the mutant yeasts: 

***(p-value ≤ 0.001); the two different mutants: 

°°°(p-value ≤ 0.001); the differently transformed 

yeasts: # (p-value ≤ 0.05).

A

B
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One of the most time- and cost-effective ways to investigate the ability of S. cerevisiae 

strains and genotypes to resist stress or other environmental constraints is the dropout 

test. One of the purposes of the construction of the yeast platform expressing LGALS3 and 

KRAS is to determine the response of these strains to galectins inhibitor compounds. The 

platform also allows to determine the ability of the human KRAS to complement phenotypes 

associated with either RAS1 or RAS2 deletion. It is known that human HRAS can complement 

some of the ∆ras2 defects (Ho and Springer, 1982; Clark et al., 1985; Morishita et al., 1995), 

but less is known about KRAS. 

The first approach was to standardize the response of the recipient yeast strains to the 

desired growth conditions, including different carbon sources, stress-inducing physical 

conditions, or chemicals. As before, S. cerevisiae strains BY4741 and W303-1A wt and RAS 

mutants were assayed in parallel. Conditions were chosen according to previously reported 

Δras1 and Δras2 growth defects. RAS2 deletion mutant is the most frequently investigated. 

It is reported not to grow on non-fermentable carbon sources (Tatchell et al., 1985; Breviario 

et al., 1986; Lisziewicz et al., 1990; Petitjean et al., 1990) and at non-permissive high 

temperature (Ho and Bretscher, 2001; Ma et al., 2012). Moreover, RAS mutants have been 

reported to be affected by caffeine (Kuranda et al., 2006) and hyperosmotic stress (Wei et 

al., 2009). All the conditions above mentioned were tested. In addition, RAS mutants were 

assayed for resistance to other common stress stimuli, such as high ethanol and acetic acid 

concentrations (Table 4). 

Results turned out different from the literature. Globally, BY4741 was less affected in all 

conditions than W303-1A. Importantly, both BY4741 and W303-1A-derived RAS mutants 

grew identically to the controls when cultured at 37°C and when cultured using the non-

fermentable carbon source glycerol (Fig. 13). Also the effect of osmotic stress was different 

from the expected. While Wei et al. (2009) described Δras2 as more resistant to a 2M NaCl-

3. PHENOTYPING OF THE YEAST EXPRESSING KRAS

Preliminary stress resistance assays in RAS mutants highlight the 

differences between BY4741 and W303-1A
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induced hyperosmotic stress , the present W303-1A mutants strains showed an increased 

sensitivity to both 1.3M NaCl and 1.5M KCl, though more pronounced in the ∆ras1 than in 

the ∆ras2. The BY4741 strains were all identically not sensitive to these stress conditions. 

None of the genetic backgrounds used in the literature was BY4741 or W303-1A. These 

striking differences in behaviour highlight the important impact of genetic background on the 

outcome of experiments (Cohen and Engelberg, 2007; Young and Court, 2008; Petrezselyova 

et al., 2010; Kokina et al., 2014).

None of the BY4741 strains was affected by caffeine, while W303-1A wt and mutants 

showed a significant growth inhibition, partially recovered with the addition of sorbitol 

(Fig. 13). Interestingly, W303-1A ∆ras1 strain was less affected by caffeine and, accordingly, 

recovered slightly better than the other strains. The differences between BY4741 and W303-

1A backgrounds were even more evident in what regards the effects to ethanol and acetic 

acid. BY4741 Δras2 grew normally on the non-fermentable carbon source ethanol, while the 

correspondent W303-1A mutant presented a growth defect (Fig. 13). When exposed to 6% 

ethanol, BY4741 Δras2 was the mutant showing the most significant growth inhibition, while 

in the case of W303-1A the most affected one was Δras1 (Fig. 13). These results appear 

contradictory, but growing on 2% ethanol as carbon source is physiologically very different 

from growing on glucose in the presence of much higher ethanol concentrations. In these 

conditions, ethanol functions as a chaotropic agent decreasing substantially the aw of the 

surrounding environment. Identical result was observed in the presence of high amounts of 

acetic acid. Importantly, a highest concentration of acetic acid was used for BY4741 (65 mM), 

since the concentration used for W303-1A (50 mM, data not shown) caused no significant 

effects. 

Importantly, these results stress the fact that the differences between strains must not be 

underestimated, since they can significantly alter the results of an assay, and therefore the 

perception of the role of a protein. Moreover, they give a first indication of the conditions in 

which the platform expressing KRAS and LGALS3 should be used.



Figure 13: Serial drop test of BY4741 and W303-1A RAS mutants. S. cerevisiae BY4741 and W303-1A wt, Δras1 and Δras2 were subjected to stress resistance 

assay as described in Materials and Methods. The direction of the serial dilutions, from 10-1 to 10-5, proceeds from top to bottom. The image is representative 

of one of three independent experiments. 
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The following results using S. cerevisiae BY4741 expressing human KRAS through the p426KRAS plasmid are 
published in the Master thesis on Molecular Genetics of Carneiro E.R., entitled Heterologous expression of 
human KRASwt cDNA in Saccharomyces cerevisiae and its mutants from the RAS signalling pathway and 
phenotype screening (January 2015, CBMA, Uminho, Portugal), and were performed by Carneiro E.R. and 
Cazzanelli G. during the PhD thesis development. The thesis is publicly available at: http://repositorium.sdum.
uminho.pt/handle/1822/35689.

Serial drop test of  S. cerevisiae BY4741 expressing human KRAS

The first physiological screening of S. cerevisiae BY4741 wt and RAS mutants expressing 

p426KRAS was done with the purpose of verifying the capacity of KRAS to complement 

common yeast phenotypes associated with the deletion of either RAS1 or RAS2. Therefore, 

the BY4741 wt, ∆ras1 and ∆ras2 mutants were used to perform a large dropout assay 

screening. The stress conditions tested were very similar to the ones described above and 

included non-permissive temperature (37°C), non-fermentable carbon sources, osmotic 

stress and oxidative stress (Table 5). This screening differed from the above described in that 

tests were made in minimal YNB medium instead of the rich YPD medium. Representative 

results are shown in Fig. 14. Surprisingly, in opposition to the results obtained before in YPD 

(Fig. 11), as well as in opposition with the literature, neither strain (wt or mutant) showed any 

evident phenotype in none of the stressful conditions tested. This prompted the expansion 

of the platform to a second genetic background, W303-1A, known to be more responsive 

(Cohen and Engelberg, 2007; Young and Court, 2008; Petrezselyova et al., 2010; Kokina et 

al., 2014), and to the use of YPD instead on YNB.

The results, however, showed that the expression of human KRAS in yeast, especially in the 

BY4741 wt, caused a decrease in the strain resistance to high non-permissive temperature, 

osmotic stress and oxidative stress (Fig. 14). Moreover, both wt and RAS mutants expressing 

human KRAS were less able to grow on non-fermentable carbon sources like ethanol and 

glycerol (Fig. 14). This diminished stress resistance aligns with previous findings on yeast 

strains expressing a hyperactive variant of RAS2 (Fabrizio et al., 2003; Hlavata et al., 2003). 

The cause was suggested to be a stronger inhibition by PKA of the transcription factors 

acting on STRE responsive genes (Pedruzzi et al., 2000; Proft et al., 2001; Gorner et al., 2002; 

Ferguson et al., 2005; Pascual-Ahuir and Proft, 2007). The expression of KRAS in a yeast cell 
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already expressing its own RAS1 and RAS2 genes, as it happens in the wt strain, could induce 

an effect similar to a hyperactivation of the pathway. This would justify why the phenotype 

was more visible in this strain than in the RAS mutants also expressing the human KRAS. This 

strongly suggests that KRAS, once inside the yeast cell, has roles that are probably very close 

to the ones of the endogenous Ras proteins.

Figure 14: Serial drop test of BY4741 expressing human KRAS. S. cerevisiae BY4741 wt, Δras1 and 

Δras2 were subjected to stress resistance assay as described in Materials and Methods (stress 

stimulus described on the side of each box). The direction of the serial dilutions, from 10-1 to 10-5, 

proceeds from top to bottom. The image is representative of one of three independent experiments.
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The µg of yeast expressing human KRAS was measured and compared with the recipient 

strains (Fig. 15). Moreover, the growth rates were also compared to the ones displayed 

by the BY4741 wt strain transformed with p416LGALS3 (Fig. 11B). Globally, µg was slightly 

lower. However, it is important to take into consideration the bigger standard deviation (SD) 

obtained in this assay, which somehow masks the differences observed. Interestingly, the 

µg of the BY4741 RAS mutants, which is smaller than the one of the wt, decreases even 

more when KRAS is present. The empty plasmid, on the other hand, surprisingly seemed 

to contribute to improve the fitness of Δras1 mutant, whose µg was higher than the ones 

of wt and Δras2 also transformed with empty p426. However, none of differences above 

mentioned were statistically significant, probably because of a larger variability, indicated by 

the bigger SD values.

Growth rate measurement of  S. cerevisiae BY4741 expressing human 

KRAS

Figure 15: Specific µg of S. cerevisiae BY4741 transformed with p416KRAS. S. cerevisiae BY4741 wt, 

Δras1 and Δras2 transformed with p426KRAS were grown on glucose up to stationary phase. The 

untransformed yeasts and the yeasts transformed with the empty plasmid (p426 Ø) were used 

as controls. Growth rates were estimated from log phase. Graphs show the average ±SD of three 

independent experiments. 
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In this work we initiated the construction of a S. cerevisiae-based platform in which yeast 

expresses two human proteins, galectin-3 and KRAS, which are known to interact on 

the inner leaflet of the plasma membrane of human cells (Elad-Sfadia et al., 2004; Shalom-

Feuerstein et al., 2005; Ashery et al., 2006; Shalom-Feuerstein et al., 2008). The main 

purpose of building this platform is to use it as a tool for (i) pharmacological drug screening 

against KRAS and/or gal-3, and (ii) to enable the study of the interaction between gal-3 and 

KRAS in an environment free of the interference of the molecular complexity of human cells. 

Yeast, as an eukaryote that shares with human cell a great deal of proteins and molecular 

processes, can provide the ideal organism to test and screen a great number of compounds 

putatively inhibiting gal-3/KRAS interaction, relevant in cancer treatment. The use of yeasts in 

this regard is fully documented in the literature (Barberis et al., 2005; Mager and Winderickx, 

2005), as is the use of yeasts to study human proteins (Sekigawa et al., 2010; Pereira et al., 

2012; Laurent et al., 2016).

Yeast has no galectins orthologues (Hughes, 1997; Dodd and Drickamer, 2001). Maybe 

for this reason, they were expressed in yeast only once (Ryckaert et al., 2008). That study 

reported the expression of galectins in yeast, targeted to the outer leaflet on the plasma 

membrane with a highly specific membrane tag. The success of that work suggested that 

galectins are not toxic to the yeast cell, supporting the endeavour of expressing galectins 

in yeast with the purpose of retaining them intracellularly. There, gal-3 should be able to 

interact with KRAS also expressed by the same cells. 

In the present work, human LGALS3 cDNA was successfully cloned into S. cerevisiae of 

two different genetic backgrounds. WB analysis and fluorescent microscopy showed that 

S. cerevisiae is capable of expressing and retaining gal3, and its levels of degradation were 

minimal in the early logarithmic phase. As confirmation by fluorescence microscopy, no gal-3 

was observed in the vacuole of yeast, but most of it localized in the cytoplasm. However, when 

cells progressed into late exponential phase of growth, degradation increased, matching 

a decreased expression level. Consistently, less cells showed intense fluorescence with 

DISCUSSION
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increasing O.D.600 measurements (data not shown). The two genetic backgrounds behaved 

similarly in the first phases of growth, however, some differences were present in the intact 

protein level of gal-3 in late log phase, both between BY4741 and W303-1A and among wild 

type and RAS mutants. BY4741 seemed to degrade more efficiently gal-3 in all the three 

yeasts, wt, Δras1 and Δras2, while W303-1A presented some variations in expression levels, 

having wt a less intense degradation, Δras2 a more prominent degradation and Δras1 almost 

not expressing gal-3 at all. 

Studies performed in human cells report a correlation between RAS and gal-3 proteins 

levels. In particular, cell lines displaying a high level of KRAS always show a correspondently 

high level of gal-3 (Elad-Sfadia et al., 2004; Shalom-Feuerstein et al., 2005; 2008; Levy et 

al., 2010). In the present work, the other way around, it was demonstrated that silencing 

of KRAS in colorectal cancer cells caused a mild decrease in gal-3 protein level (chapter 6, 

this thesis). It may therefore be hypothesized that when the global level of Ras proteins is 

lower than physiological conditions, i.e. in Δras2 during late exponential phase when RAS1 

expression is partially repressed, gal-3 has a lower amount of intracellular “anchor”, gal-3. 

This may cause the degradation of gal-3, which would be no longer interacting with any yeast 

partner. This would happen only to a lesser extend in the wt, when only RAS1 is repressed in 

late exponential phase (Fig. 16).

Significant differences between the two genetic backgrounds, and between wt and RAS 

mutants, were a constant in this work. Indeed, they were observed as well when the yeasts 

growth rate was analysed. Even without expressing human proteins, W303-1A presented a 

slower growth in exponential phase compared to BY4741 and also the differences between 

wt and RAS mutants varied from W303-1A to BY4741, having W303-1A Δras2 the slowest 

growth, whereas for BY4741 this was represented by the wt strain. These results as many 

others throughout the present work clearly show that the yeast genetic background chosen 

to perform the experiments can determine their outcome (Petrezselyova et al., 2010; Kokina 

et al., 2014). Therefore, similarly to what is common practice in studies using human cells, it 

would be advisable to routinely test more than one yeast genetic background. 
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Figure 16: Schematic representation of the effects caused by RAS1 or RAS2 deletion on galectin-3 

expression in W303-1A in early and late logarithmic phase. In early exponential phase the presence/

absence of either Ras protein does not influence gal-3 expression level, which is high in all three 

strains, wt, Δras1 and Δras2. On the other hand, in late exponential phase, Δras1 does not express 

gal-3 and Δras2 mostly degrades gal-3 after expression.

Another clear difference between strains and between wt and RAS mutants was observed 

when yeast expressed gal-3. RAS mutants did not show any variation upon gal-3 expression, 

whereas wt strains from both genetic backgrounds did. They actually showed an opposite 

effect. W303-1A expressing gal-3 grew faster during exponential growth phase and BY4741 

grew more slowly. Since these variations were only seen in wt, it was hypothesized that both 

RAS genes should be present for gal-3 to exert its effects on growth rate. If only one Ras 

protein was necessary, a phenotype similar to the one triggered in the wt strain should have 

been also observed in the strain lacking the dispensable Ras protein, which was not the case 

(Fig. 17). The roles of Ras1 and Ras2 are reported to be mostly redundant and overlapping in 

yeast, the only difference between them being the transcriptional regulation and not different 
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downstream pathways. Ras1 is reported to be expressed at detectable levels only up to mid-

log phase and only on fermentable carbon sources and therefore could not complement for 

the absence of RAS2, which is always expressed at higher levels, in late log phase and on 

non-fermentable carbon sources (Breviario et al., 1986; 1988). When RAS1 was put under 

the regulation of constitutive promoters, its function was perfectly overlapping with Ras2 

(Marshall et al., 1987). The activity of Ras1 is often considered dispensable and no clear 

phenotype has been identified so far, causing also a scarce interest from the researchers 

for this Ras isoform. However, it is important to remember that some differences in the 

phenotype regarding ageing were found in RAS1 and RAS2 deletion mutants. In particular, 

the two proteins have been reported to have opposite roles in the yeast ageing process, 

RAS1 deletion increasing CLS and RAS2 deletion decreasing it (Sun et al., 1994). These data 

are not definitive, since other opposing studies reported RAS2 deletion to be one of the main 

causes of increased CLS (Fabrizio et al., 2003; Sun et al., 1994; Shama et al., 1998, Longo, 

2003), whereas other reported the opposite (Marek and Korona, 2013; Garay et al., 2014). 

In the present case, both BY4741 or W303 RAS1 mutants, which express Ras2 protein, did 

not show any alteration in the µg phenotype, contrarily to the wt strains, meaning that the 

presence of Ras2 protein alone is not sufficient to cause a detectable phenotype in growth 

rate (Fig. 17). It was therefore hypothesized that Ras1 might have a bigger impact on yeast 

cells than what is expected according to the literature. This concurs with the fact that Δras1 

responded differently than wt and Δras2 to some stress stimuli, such as acetic acid, high 

concentration of ethanol, osmotic stress and caffeine (see following sections).

Summarizing, human gal-3 activity on growth rate is mediated by both yeast Ras proteins 

and causes opposite effect on the wt strains of W303-1A and BY4741. The case of W303-1A 

seems to be more consistent with what usually happens in human cells, where both gal-3 

and KRAS exist. In human cells, gal-3 interacts with KRAS, stabilizing its active GTP-bound 

form (Elad-Sfadia et al., 2004; Shalom-Feuerstein et al., 2005; Levy et al., 2010; Song et al., 

2012) and its positioning on the inner side of the plasma membrane, the proper location 

for RAS signalling (Elad-Sfadia et al., 2004; Ashery et al., 2006; Bhagatji et al., 2010). Several 

mammalian RAS partners could successfully interact with yeast Ras protein, for example the 
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mammalian GTP activating protein NF1 (Gibbs et al., 1988; Han et al., 1991) and proteins 

involved in the autophagic process (Alves et al., 2015). It is therefore conceivable that yeast 

Ras proteins might interact as well with gal-3, a well-established KRAS partner, as mentioned 

above. In support of this hypothesis, the putative structure of RAS proteins inferred from 

amino acid sequence appears to be very conserved between human and yeast, enough to 

allow this interaction. This Ras/gal-3 interaction could therefore cause in yeast effects that 

are similar to the ones occurring in human cells, namely, the stabilization and activation of 

Ras proteins by gal-3, enhancing Ras signalling, this way increasing the growth rate. W303-

1A genetic background was used to further analyse the effects of expressing human gal-3 in 

yeasts on another important RAS pathway-dependent feature, the CLS. Only W303-1A was 

used because, according to the results on growth, it apparently mimics more accurately the 

behaviour of gal-3/KRAS in human cells. The CLS of W303-1A was therefore analysed, and the 

expression of human gal-3 only affected the ageing of the RAS mutants. In particular, gal-3 

caused opposite effects on Δras1 and Δras2, decreasing and increasing CLS, respectively. The 

importance of yeast Ras proteins in mediating human gal-3 effect was thereby emphasized 

when examining ageing.

Figure 17: Schematic representation of the effects caused by galectin-3 expression on W303-1A 

growth rate. The absence of Ras1 or Ras2 protein does not cause any significant alteration on W303-

1A µg when expressing gal-3. On the other hand, the wt strain displays µg alteration, showing that 

both Ras proteins are important in mediating gal-3 effect on µg.
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The involvement of yeast Ras proteins in ageing processes has been established, even 

though the specific effect of each Ras isoform is sometimes contradictory in the literature. 

RAS1 and RAS2 deletions were correlated both with decreased CLS (Sun et al., 1994; Marek 

and Korona, 2013; Garay et al., 2014) and with increased CLS (Sun et al., 1994; Fabrizio 

et al., 2003). In the present case, both Ras1 and Ras2 seem to have an anti-aging role in 

yeast, since their deletion significantly decreased CLS, more accentuated in the case of RAS2 

deletion. Gal-3 expression, as mentioned above, caused opposite effects on RAS mutants, 

pronouncedly increasing survival in Δras2, and decreasing it in Δras1. In this last mutant, it 

can be hypothesised that gal-3 interacts with Ras2 (the only available Ras protein) promoting 

an increase in activity that ultimately would cause decreased survival. This phenotype is 

similar to the one obtained when expressing the constitutively active RAS2val19 (Hlavata et 

al., 2003), which hyperactivates the pathway. Hyperactivated Ras2 downregulates stress 

response genes, through the transcription factors Msn2 and Msn4, leading to weaker ability 

to survive stressful environmental conditions (Longo, 2003, 2004; Longo and Fabrizio, 2012). 

The present results are consistent with the contribution of gal-3 in hyperactivating Ras2, 

which would falsely signal an abundance of nutrients to the cell, leading to a decrease in 

survival. On the other hand, the fact that the gal-3-induced phenotype was not identical 

in the ∆ras2 mutant, in spite that the Ras1 and Ras2 should be redundant, could derive 

from gal-3 being less suitable for interaction with Ras1, or from this interaction causing a 

downregulation of the Ras signalling pathway. Actually, CLS was shown previously to increase 

upon deletion of RAS2 (Longo, 2003). This time, the enhancement of CLS seems to be 

mediated by gal-3 expression. 

The effects of Ras pathway supposed hyperactivation were observed also in the case of 

human KRAS expression in yeast. An extra Ras protein, in addition to the two endogenous 

Ras1 and Ras2, triggered in yeast an increased sensitivity to various stress stimuli, such as 

high temperature, osmotic and oxidative stress, whereas the decrease in viability was less 

pronounced or non-existent in RAS deletion strains. So, apparently, KRAS can activate as well 

yeast Ras downstream cascade, leading to defective activation of stress response genes. 

However, KRAS activity may not be sufficient for Ras signalling hyperactivation in the absence 
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of one of the two endogenous Ras proteins. Moreover, human KRAS additive effect seems to 

be exclusive for stress response, since no significant effects were observed on growth rate. 

Taking into account the results from growth rate and CLS of yeasts expressing human gal-

3, and growth rate and stress response of yeast expressing human KRAS, relevant aspects 

concerning gal-3/RAS interaction were found: (i) the roles of Ras1 and Ras2 proteins in yeast 

might not be completely redundant and overlapping, since the deletion of these genes causes 

different effects, not only when grown on non-fermentable carbon source, but also in what 

regards stress response, growth rate and ageing, as well as gal-3 interaction; (ii) gal-3 effects 

on growth rate and ageing appear to be mediated by Ras proteins in yeast, confirming the 

great importance of this relationship in mammals, especially in the regards of cell growth; 

and (iii) the coordination of gal-3 and Ras proteins action in yeast seems to be mediated 

by divergent mechanisms influencing exponential growth, measured by growth rate, and 

ageing, measured by CLS. In the case of growth, gal-3 needs both Ras proteins to mediate its 

effect, either enhancing growth rate, for W303-1A, or decreasing it, for BY4741, whereas in 

the case of CLS, only yeast lacking one Ras protein showed a phenotype distinguishable from 

the untransformed yeast. Further confirmation of the two first points came from experiments 

done in yeast RAS mutants to test their stress response. 

W303-1A and BY4741 behaved very differently upon stress. BY4741 showed an overall 

higher resistance to various stress stimuli compared to W303-1A. In two cases a difference 

between wt and RAS mutants was observed (acetic acid and 6% ethanol). The less resistant 

yeast to these stressors was BY4741 Δras2, while Δras1 behaved identically to the wt. On 

the contrary, W303-1A Δras2 responded similarly to the wt and Δras1 was the most affected 

strain. At the same time, W303-1A Δras1 was also more sensitive than Δras2 to osmotic 

stress. While Δras1 showed no variation in growth when cultivated on the non-fermentable 

carbon source ethanol, it grew less on glycerol. This still confirms the previous reports stating 

that RAS1 is less expressed on non-fermentable carbon sources (Breviario et al., 1986; 1988). 

Glycerol is less assimilated by S. cerevisiae than ethanol as carbon source, so in this condition 

the reduced global levels of Ras proteins – deleted RAS2 together with reduced expression of 

RAS1 -  influences more strongly the growth on glycerol, decreasing yeast growth.
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These results give more importance to Ras1 in the response to stress stimuli, role that 

seems to be exclusive for the W303-1A genetic background. Ras1 function in yeast might 

then be more relevant and not completely overlapping with the one of Ras2 in W303-1A, as 

proven by the differential response to stress stimuli and to gal-3 expression for CLS, and by 

the requirement of both Ras1 and Ras2 to mediate gal-3 effect on cell growth rate.

In conclusion, this work provides the foundation of a yeast-based platform expressing 

human gal-3 and KRAS. Its phenotyping provided the detection of some easily readable 

phenotypes induced by gal-3 expression, which could be further screened in search for gal-3 

inhibitors (Table 7). Moreover, results showed that in the lower eukaryote S. cerevisiae, in 

which galectins are not expressed, gal-3 exerts a function mediated by yeast Ras proteins, 

highlighting the degree of conservation of the Ras proteins and pathway. Additionally, this 

confirms the pivotal role of gal-3/KRAS interaction for cell growth and the fact that yeast is 

a suitable model for the study of these two proteins. Finally, the pivotal role of the genetic 

background was clearly exposed, suggesting the need to routinely use and compare more 

than one strain to be confident of results. To finalize the yeast-based platform, further work 

is needed. The final aim was to simultaneously express human gal-3 and KRAS in the same 

yeast cell. For that purpose it was necessary to insert the KRAS cDNA into yeast chromosome. 

That was attempted targeting the RAS1 and RAS2 loci, using three different strategies, which 

did not yield the desired construction. In this way, the study of the interaction between the 

two human proteins could be achieved. 
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Table 7: Schematic representation of the phenotypes obtained in S. cerevisiae W303-1A and BY4741 

wt, Δras1 and Δras2 expressing human gal-3 or KRAS. When the expression of the human protein in 

yeast caused an increase in values compared to the untransformed strain, it is indicated by , when 

it caused a decrease is indicated by , while when it did not cause any alteration is indicated by =. In 

case the phenotype was not monitored in this work, it is indicated by nd (not determined).

genetic background W303-1A BY4741

strain wt Δras1 Δras2 wt Δras1 Δras2

phenotype analysed

+ human gal-3 + human gal-3

µg  = =  = =

CLS =   nd nd nd

+ human KRAS + human KRAS

µg nd nd nd = = =

temperature (37°C) nd nd nd  = =

YPG nd nd nd   

YPE nd nd nd   

osmotic stress nd nd nd  = =

oxidative stress nd nd nd   



308

References

Agrwal N., Sun Q., Wang S.Y. and Wang J.L. (1993) Carbohydrate-binding protein 35. I. Properties of the 
recombinant polypeptide and the individuality of the domains. J Biol Chem 268(20): 14932-14939.

Ahmed H. and AlSadek D.M. (2015) Galectin-3 as a potential target to prevent cancer metastasis. Clin Med 
Insights Oncol 9: 113-121.

Alves S., Castro L., Fernandes M.S., Francisco R., Castro P., Priault M. et al. (2015) Colorectal cancer-related 
mutant KRAS alleles function as positive regulators of autophagy. Oncotarget 6(31): 30787-30802.

Ashery U., Yizhar O., Rotblat B., Elad-Sfadia G., Barkan B., Haklai R. et al. (2006) Spatiotemporal organization of 
Ras signaling: rasosomes and the galectin switch. Cell Mol Neurobiol 26(4-6): 471-495.

Babst M., Katzmann D.J., Snyder W.B., Wendland B. and Emr S.D. (2002) Endosome-associated complex, ESCRT-
II, recruits transport machinery for protein sorting at the multivesicular body. Dev Cell 3(2): 283-289.

Bar-Sagi D. and Hall A. (2000) Ras and Rho GTPases: a family reunion. Cell 103(2): 227-238.

Barberis A., Gunde T., Berset C., Audetat S. and Luthi U. (2005) Yeast as a screening tool. Drug Discov Today 
Technol 2(2): 187-192.

Baroni M.D., Martegani E., Monti P. and Alberghina L. (1989) Cell size modulation by CDC25 and RAS2 genes in 
Saccharomyces cerevisiae. Mol Cell Biol 9(6): 2715-2723.

Botstein D. and Fink G.R. (2011) Yeast: an experimental organism for 21st Century biology. Genetics 189(3): 
695-704.

Breviario D., Hinnebusch A., Cannon J., Tatchell K. and Dhar R. (1986) Carbon source regulation of RAS1 
expression in Saccharomyces cerevisiae and the phenotypes of ras2- cells. Proc Natl Acad Sci U S A 83(12): 
4152-4156.

Breviario D., Hinnebusch A.G. and Dhar R. (1988) Multiple regulatory mechanisms control the expression of the 
RAS1 and RAS2 genes of Saccharomyces cerevisiae. Embo J 7(6): 1805-1813.

Brezniceanu M.L., Volp K., Bosser S., Solbach C., Lichter P., Joos S. et al. (2003) HMGB1 inhibits cell death in 
yeast and mammalian cells and is abundantly expressed in human breast carcinoma. Faseb j 17(10): 1295-
1297.

Broek D., Toda T., Michaeli T., Levin L., Birchmeier C., Zoller M. et al. (1987) The S. cerevisiae CDC25 gene 
product regulates the RAS/adenylate cyclase pathway. Cell 48(5): 789-799.

Burke D., Dawson D., Stearns T. and Laboratory C.S.H. (2000) Methods in Yeast Genetics. Cold Spring Harbor, 
Cold Spring Harbor Laboratory Press.

Busti S., Coccetti P., Alberghina L. and Vanoni M. (2010) Glucose signaling-mediated coordination of cell growth 
and cell cycle in Saccharomyces cerevisiae. Sensors 10(6): 6195-6240.

Califice S., Castronovo V. and Van Den Brule F. (2004) Galectin-3 and cancer. Int J Oncol 25(4): 983-992.

Cao L., Tang Y., Quan Z., Zhang Z., Oliver S.G. and Zhang N. (2016) Chronological lifespan in yeast is dependent 
on the accumulation of storage carbohydrates mediated by Yak1, Mck1 and Rim15 kinases. PLoS Genet 
12(12): e1006458.

Chang F., Steelman L.S., Shelton J.G., Lee J.T., Navolanic P.M., Blalock W.L. et al. (2003) Regulation of cell cycle 
progression and apoptosis by the Ras/Raf/MEK/ERK pathway Int J Oncol 22(3): 469-480.

Chen N. and Karantza V. (2011) Autophagy as a therapeutic target in cancer. Cancer Biol Ther 11(2): 157-168.

Christianson T.W., Sikorski R.S., Dante M., Shero J.H. and Hieter P. (1992) Multifunctional yeast high-copy-
number shuttle vectors. Gene 110(1): 119-122.

Clark S.G., McGrath J.P. and Levinson A.D. (1985) Expression of normal and activated human Ha-ras cDNAs in 
Saccharomyces cerevisiae. Mol Cell Biol 5(10): 2746-2752.

Cohen R. and Engelberg D. (2007) Commonly used Saccharomyces cerevisiae strains (e.g. BY4741, W303) are 

REFERENCES



309

Construction of  a Saccharomyces cerevisiae-based platform expressing human proteins galectin-3 and KRAS

growth sensitive on synthetic complete medium due to poor leucine uptake. FEMS Microbiol Lett 273(2): 
239-243.

Coleman M.L., Marshall C.J. and Olson M.F. (2004) RAS and RHO GTPases in G1-phase cell-cycle regulation. Nat 
Rev Mol Cell Biol 5(5): 355-366.

Cooper D.N. and Barondes S.H. (1999) God must love galectins; he made so many of them. Glycobiology 9(10): 
979-984.

Cox A.D. and Der C.J. (2003) The dark side of Ras: regulation of apoptosis. Oncogene 22(56): 8999-9006.

Cox A.D. and Der C.J. (2010) Ras history: the saga continues. Small GTPases 1(1): 2-27.

Dagher S.F., Wang J.L. and Patterson R.J. (1995) Identification of galectin-3 as a factor in pre-mRNA splicing. 
Proc Natl Acad Sci U S A 92(4): 1213-1217.

DeFeo-Jones D., Scolnick E.M., Koller R. and Dhar R. (1983) ras-Related gene sequences identified and isolated 
from Saccharomyces cerevisiae. Nature 306(5944): 707-709.

DeFeo-Jones D., Tatchell K., Robinson L.C., Sigal I.S., Vass W.C., Lowy D.R. et al. (1985) Mammalian and yeast ras 
gene products: biological function in their heterologous systems. Science 228(4696): 179-184.

Dhar R., Nieto A., Koller R., DeFeo-Jones D. and Scolnick E.M. (1984) Nucleotide sequence of two rasH related-
genes isolated from the yeast Saccharomyces cerevisiae. Nucleic Acids Res 12(8): 3611-3618.

Di Como C.J. and Prives C. (1998) Human tumor-derived p53 proteins exhibit binding site selectivity and 
temperature sensitivity for transactivation in a yeast-based assay. Oncogene 16(19): 2527-2539.

Dodd R.B. and Drickamer K. (2001) Lectin-like proteins in model organisms: implications for evolution of 
carbohydrate-binding activity. Glycobiology 11(5): 71r-79r.

Downward J. (2003) Targeting RAS signalling pathways in cancer therapy. Nat Rev Cancer 3(1): 11-22.

Dumic J., Dabelić S. and Flögel M. (2006) Galectin-3: an open-ended story. Biochim Biophys Acta 1760: 616–635.

Elad-Sfadia G., Haklai R., Ballan E., Gabius H.J. and Kloog Y. (2002) Galectin-1 augments Ras activation and 
diverts Ras signals to Raf-1 at the expense of phosphoinositide 3-kinase. J Biol Chem 277(40): 37169-37175.

Elad-Sfadia G., Haklai R., Balan E. and Kloog Y. (2004) Galectin-3 augments K-Ras activation and triggers a Ras 
signal that attenuates ERK but not phosphoinositide 3-kinase activity. J Biol Chem 279(33): 34922-34930.

Fabrizio P., Pozza F., Pletcher S.D., Gendron C.M. and Longo V.D. (2001) Regulation of longevity and stress 
resistance by Sch9 in yeast. Science 292(5515): 288-290.

Fabrizio P., Liou L.L., Moy V.N., Diaspro A., Valentine J.S., Gralla E.B. et al. (2003) SOD2 functions downstream of 
Sch9 to extend longevity in yeast. Genetics 163(1): 35-46.

Fabrizio P., Battistella L., Vardavas R., Gattazzo C., Liou L.L., Diaspro A. et al. (2004) Superoxide is a mediator of 
an altruistic aging program in Saccharomyces cerevisiae. J Cell Biol 166(7): 1055-1067.

Ferguson S.B., Anderson E.S., Harshaw R.B., Thate T., Craig N.L. and Nelson H.C. (2005) Protein kinase A regulates 
constitutive expression of small heat-shock genes in an Msn2/4p-independent and Hsf1p-dependent 
manner in Saccharomyces cerevisiae. Genetics 169(3): 1203-1214.

Forbes S.A., Bindal N., Bamford S., Cole C., Kok C.Y., Beare D. et al. (2011) COSMIC: mining complete cancer 
genomes in the Catalogue of Somatic Mutations in Cancer. Nucleic Acids Res 39(Database issue): D945-950.

Garay E., Campos S.E., González de la Cruz J., Gaspar A.P., Jinich A. and DeLuna A. (2014) High-resolution 
profiling of stationary-phase survival reveals yeast longevity factors and their genetic interactions. PLOS 
Genet 10(2): e1004168.

Gibbs J.B., Schaber M.D., Allard W.J., Sigal I.S. and Scolnick E.M. (1988) Purification of ras GTPase activating 
protein from bovine brain. Proc Natl Acad Sci U S A 85(14): 5026-5030.

Gibbs J.B. and Marshall M.S. (1989) The ras oncogene--an important regulatory element in lower eucaryotic 
organisms. Microbiol Rev 53(2): 171-185.

Gietz R.D., Schiestl R.H., Willems A.R. and Woods R.A. (1995) Studies on the transformation of intact yeast cells 
by the LiAc/SS-DNA/PEG procedure. Yeast 11(4): 355-360.



310

References

Gorner W., Durchschlag E., Wolf J., Brown E.L., Ammerer G., Ruis H. et al. (2002) Acute glucose starvation 
activates the nuclear localization signal of a stress-specific yeast transcription factor. Embo J 21(1-2): 135-
144.

Green M.R. and Sambrook J. (2012) Molecular cloning: a laboratory manual. New York.

Han J.W., McCormick F. and Macara I.G. (1991) Regulation of Ras-GAP and the neurofibromatosis-1 gene 
product by eicosanoids. Science 252(5005): 576-579.

Hanahan D. (1983) Studies on transformation of Escherichia coli with plasmids. J Mol Biol 166(4): 557-580.

Hegemann J.H., Güldener U. and Köhler G.J. (2006) Gene disruption in the budding yeast Saccharomyces 
cerevisiae. Methods Mol Biol 313: 129-144.

Hirabayashi J. and Kasai K. (1993) The family of metazoan metal-independent b-galactoside-binding lectins: 
structure, function and molecular evolution. Glycobiology 3(4): 297-304.

Hlavata L., Aguilaniu H., Pichova A. and Nystrom T. (2003) The oncogenic RAS2val19 mutation locks respiration, 
independently of PKA, in a mode prone to generate ROS. Embo J 22(13): 3337-3345.

Ho J. and Bretscher A. (2001) Ras regulates the polarity of the yeast actin cytoskeleton through the stress 
response pathway. Mol Biol Cell 12(6): 1541-1555.

Ho M.K. and Springer T.A. (1982) Mac-2, a novel 32,000 Mr mouse macrophage subpopulation-specific antigen 
defined by monoclonal antibodies. J Immunol 128(3): 1221-1228.

Hsu D.K., Zuberi R.I. and Liu F.T. (1992) Biochemical and biophysical characterization of human recombinant 
IgE-binding protein, an S-type animal lectin. J Biol Chem 267(20): 14167-14174.

Hu J., Ma X., Lindner D.J., Karra S., Hofmann E.R., Reddy S.P. et al. (2001) Modulation of p53 dependent 
gene expression and cell death through thioredoxin-thioredoxin reductase by the Interferon-Retinoid 
combination. Oncogene 20(31): 4235-4248.

Hughes R.C. (1997) The galectin family of mammalian carbohydrate-binding molecules. Biochem Soc Trans 
25(4): 1194-1198.

Jorgensen P., Nishikawa J.L., Breitkreutz B.J. and Tyers M. (2002) Systematic identification of pathways that 
couple cell growth and division in yeast. Science 297(5580): 395-400.

Jubin T., Kadam A., Jariwala M., Bhatt S., Sutariya S., Gani A.R. et al. (2016) The PARP family: insights into 
functional aspects of poly (ADP-ribose) polymerase-1 in cell growth and survival. Cell Prolif 49(4): 421-437.

Kasai K. and Hirabayashi J. (1996) Galectins: a family of animal lectins that decipher glycocodes. J Biochem 
119(1): 1-8.

Kataoka T., Powers S., McGill C., Fasano O., Strathern J., Broach J. et al. (1984) Genetic analysis of yeast RAS1 
and RAS2 genes. Cell 37(2): 437-445.

Kataoka T., Powers S., Cameron S., Fasano O., Goldfarb M., Broach J. et al. (1985) Functional homology of 
mammalian and yeast RAS genes. Cell 40(1): 19-26.

Kato S., Han S.Y., Liu W., Otsuka K., Shibata H., Kanamaru R. et al. (2003) Understanding the function-structure 
and function-mutation relationships of p53 tumor suppressor protein by high-resolution missense mutation 
analysis. Proc Natl Acad Sci U S A 100(14): 8424-8429.

Kim H.R., Lin H.M., Biliran H. and Raz A. (1999) Cell cycle arrest and inhibition of anoikis by galectin-3 in human 
breast epithelial cells. Cancer Res 59(16): 4148-4154.

Kokina A., Kibilds J. and Liepins J. (2014) Adenine auxotrophy--be aware: some effects of adenine auxotrophy in 
Saccharomyces cerevisiae strain W303-1A. FEMS Yeast Res 14(5): 697-707.

Krzeslak A. and Lipinska A. (2004) Galectin-3 as a multifunctional protein. Cell Mol Biol Lett 9(2): 305-328.

Kuranda K., Leberre V., Sokol S., Palamarczyk G. and Francois J. (2006) Investigating the caffeine effects in the 
yeast Saccharomyces cerevisiae brings new insights into the connection between TOR, PKC and Ras/cAMP 
signalling pathways. Mol Microbiol 61(5): 1147-1166.

Laemmli U.K. (1970) Cleavage of structural proteins during the assembly of the head of bacteriophage T4. 
Nature 227(5259): 680-685.



311

Construction of  a Saccharomyces cerevisiae-based platform expressing human proteins galectin-3 and KRAS

Langle-Rouault F. and Jacobs E. (1995) A method for performing precise alterations in the yeast genome using 
a recycable selectable marker. Nucleic Acids Res 23(15): 3079-3081.

Laurent J.M., Young J.H., Kachroo A.H. and Marcotte E.M. (2016) Efforts to make and apply humanized yeast. 
Brief Funct Genomics 15(2): 155-163.

Lee A.C., Fenster B.E., Ito H., Takeda K., Bae N.S., Hirai T. et al. (1999) Ras proteins induce senescence by altering 
the intracellular levels of reactive oxygen species. J Biol Chem 274(12): 7936-7940.

Levy R., Grafi-Cohen M., Kraiem Z. and Kloog Y. (2010) Galectin-3 promotes chronic activation of K-Ras and 
differentiation block in malignant thyroid carcinomas. Mol Cancer Ther 9(8): 2208-2219.

Levy R., Biran A., Poirier F., Raz A. and Kloog Y. (2011) Galectin-3 mediates cross-talk between K-Ras and Let-7c 
tumor suppressor microRNA. PLoS One 6(11): e27490.

Lisziewicz J., Brown J., Breviario D., Sreenath T., Ahmed N., Koller R. et al. (1990) Transcriptional regulatory 
elements of the RAS2 gene of Saccharomyces cerevisiae. Nucleic Acids Res 18(14): 4167-4174.

Longo V.D. (2003) The Ras and Sch9 pathways regulate stress resistance and longevity. Exp Gerontol 38(7): 
807-811.

Longo V.D. (2004) Ras: the other pro-aging pathway. Sci Aging Knowledge Environ 2004(39): pe36.

Longo V.D. and Fabrizio P. (2012) Chronological aging in Saccharomyces cerevisiae. Subcell Biochem 57: 101-
121.

Ma L., Ho K., Piggott N., Luo Z. and Measday V. (2012) Interactions between the kinetochore complex and the 
protein kinase A pathway in Saccharomyces cerevisiae. G3 (Bethesda) 2(7): 831-841.

Mager W.H. and Winderickx J. (2005) Yeast as a model for medical and medicinal research. Trends Pharmacol 
Sci 26(5): 265-273.

Malumbres M. and Barbacid M. (2003) RAS oncogenes: the first 30 years. Nat Rev Cancer 3(6): 459-465.

Marek A. and Korona R. (2013) Restricted pleiotropy facilitates mutational erosion of major life-history traits. 
Evolution 67(11): 3077-3086.

Marshall M.S., Gibbs J.B., Scolnick E.M. and Sigal I.S. (1987) Regulatory function of the Saccharomyces cerevisiae 
RAS C-terminus. Mol Cell Biol 7(7): 2309-2315.

Martinelli E., De Palma R., Orditura M., De Vita F. and Ciardiello F. (2009) Anti-epidermal growth factor receptor 
monoclonal antibodies in cancer therapy. Clin Exp Immunol 158(1): 1-9.

Matuo R., Sousa F.G., Soares D.G., Bonatto D., Saffi J., Escargueil A.E. et al. (2012) Saccharomyces cerevisiae as 
a model system to study the response to anticancer agents. Cancer Chemother Pharmacol 70(4): 491-502.

Menacho-Marquez M. and Murguia J.R. (2007) Yeast on drugs: Saccharomyces cerevisiae as a tool for anticancer 
drug research. Clin Transl Oncol 9(4): 221-228.

Mitsuzawa H. (1994) Increases in cell size at START caused by hyperactivation of the cAMP pathway in 
Saccharomyces cerevisiae. Mol Gen Genet 243(2): 158-165.

Morishita T., Mitsuzawa H., Nakafuku M., Nakamura S., Hattori S. and Anraku Y. (1995) Requirement of 
Saccharomyces cerevisiae Ras for completion of mitosis. Science 270(5239): 1213-1215.

Mumberg D., Muller R. and Funk M. (1995) Yeast vectors for the controlled expression of heterologous proteins 
in different genetic backgrounds. Gene 156(1): 119-122.

Newlaczyl A.U. and Yu L.G. (2011) Galectin-3--a jack-of-all-trades in cancer. Cancer Lett 313(2): 123-128.

Nitiss J.L. and Heitman J.E. (2007) Yeast as a tool in cancer research, Springer Netherlands.

Normanno N., Tejpar S., Morgillo F., De Luca A., Van Cutsem E. and Ciardiello F. (2009) Implications for KRAS 
status and EGFR-targeted therapies in metastatic CRC. Nat Rev Clin Oncol 6(9): 519-527.

Orlandi I., Casatta N. and Vai M. (2012) Lack of Ach1 CoA-transferase triggers apoptosis and decreases 
chronological lifespan in yeast. Front Oncol 2: 67.

Orr-Weaver T.L., Szostak J.W. and Rothstein R.J. (1981) Yeast transformation: a model system for the study of 
recombination. Proc Natl Acad Sci U S A 78(10): 6354-6358.



312

References

Pascual-Ahuir A. and Proft M. (2007) The Sch9 kinase is a chromatin-associated transcriptional activator of 
osmostress-responsive genes. Embo J 26(13): 3098-3108.

Pearson G.D. and Merrill G.F. (1998) Deletion of the Saccharomyces cerevisiae TRR1 gene encoding thioredoxin 
reductase inhibits p53-dependent reporter gene expression. J Biol Chem 273(10): 5431-5434.

Pedruzzi I., Burckert N., Egger P. and De Virgilio C. (2000) Saccharomyces cerevisiae Ras/cAMP pathway controls 
post-diauxic shift element-dependent transcription through the zinc finger protein Gis1. Embo J 19(11): 
2569-2579.

Pereira C., Coutinho I., Soares J., Bessa C., Leao M. and Saraiva L. (2012) New insights into cancer-related 
proteins provided by the yeast model. FEBS J 279(5): 697-712.

Perkins E., Sun D., Nguyen A., Tulac S., Francesco M., Tavana H. et al. (2001) Novel inhibitors of poly(ADP-ribose) 
polymerase/PARP1 and PARP2 identified using a cell-based screen in yeast. Cancer Res 61(10): 4175-4183.

Petitjean A., Hilger F. and Tatchell K. (1990) Comparison of thermosensitive alleles of the CDC25 gene involved 
in the cAMP metabolism of Saccharomyces cerevisiae. Genetics 124(4): 797-806.

Petrezselyova S., Zahradka J. and Sychrova H. (2010) Saccharomyces cerevisiae BY4741 and W303-1A laboratory 
strains differ in salt tolerance. Fungal Biol 114(2-3): 144-150.

Powers R.W., 3rd, Kaeberlein M., Caldwell S.D., Kennedy B.K. and Fields S. (2006) Extension of chronological life 
span in yeast by decreased TOR pathway signaling. Genes Dev 20(2): 174-184.

Powers S., Kataoka T., Fasano O., Goldfarb M., Strathern J., Broach J. et al. (1984) Genes in S. cerevisiae encoding 
proteins with domains homologous to the mammalian ras proteins. Cell 36(3): 607-612.

Proft M., Pascual-Ahuir A., de Nadal E., Arino J., Serrano R. and Posas F. (2001) Regulation of the Sko1 
transcriptional repressor by the Hog1 MAP kinase in response to osmotic stress. Embo J 20(5): 1123-1133.

Pruitt K. and Der C.J. (2001) Ras and Rho regulation of the cell cycle and oncogenesis. Cancer Lett 171(1): 1-10.

Rabinovich G.A. (1999) Galectins: an evolutionarily conserved family of animal lectins with multifunctional 
properties; a trip from the gene to clinical therapy. Cell Death Differ 6(8): 711-721.

Rabinovich G.A. and Toscano M.A. (2009) Turning ‘sweet’ on immunity: galectin-glycan interactions in immune 
tolerance and inflammation. Nat Rev Immunol 9(5): 338-352.

Rajalingam K., Schreck R., Rapp U.R. and Albert S. (2007) Ras oncogenes and their downstream targets. Biochim 
Biophys Acta 1773(8): 1177-1195.

Robert V., Michel P., Flaman J.M., Chiron A., Martin C., Charbonnier F. et al. (2000) High frequency in esophageal 
cancers of p53 alterations inactivating the regulation of genes involved in cell cycle and apoptosis. 
Carcinogenesis 21(4): 563-565.

Ryckaert S., Callewaert N., Jacobs P.P., Dewaele S., Dewerte I. and Contreras R. (2008) Fishing for lectins from 
diverse sequence libraries by yeast surface display - an exploratory study. Glycobiology 18(2): 137-144.

Saif M.W. (2010) Colorectal cancer in review: the role of the EGFR pathway. Expert Opin Investig Drugs 19: 357-
369.

Santos J., Sousa M.J. and Leao C. (2012) Ammonium is toxic for aging yeast cells, inducing death and shortening 
of the chronological lifespan. PLoS One 7(5): e37090.

Sato S. and Nieminen J. (2004) Seeing strangers or announcing “danger”: galectin-3 in two models of innate 
immunity. Glycoconj J 19(7-9): 583-591.

Seguin L., Kato S., Franovic A., Camargo M.F., Lesperance J., Elliott K.C. et al. (2014) An integrin b(3)-KRAS-RalB 
complex drives tumour stemness and resistance to EGFR inhibition. Nat Cell Biol 16(5): 457-468.

Sekigawa M., Kunoh T., Wada S., Mukai Y., Ohshima K., Ohta S. et al. (2010) Comprehensive screening of human 
genes with inhibitory effects on yeast growth and validation of a yeast cell-based system for screening 
chemicals. J Biomol Screen 15(4): 368-378.

Shalom-Feuerstein R., Cooks T., Raz A. and Kloog Y. (2005) Galectin-3 regulates a molecular switch from N-Ras 
to K-Ras usage in human breast carcinoma cells. Cancer Res 65(16): 7292-7300.

Shalom-Feuerstein R., Plowman S.J., Rotblat B., Ariotti N., Tian T., Hancock J.F. et al. (2008) K-ras nanoclustering 



313

Construction of  a Saccharomyces cerevisiae-based platform expressing human proteins galectin-3 and KRAS

is subverted by overexpression of the scaffold protein galectin-3. Cancer Res 68(16): 6608-6616.

Shama S., Kirchman P.A., Jiang J.C. and Jazwinski S.M. (1998) Role of RAS2 in recovery from chronic stress: effect 
on yeast life span. Exp Cell Res 245(2): 368-378.

Shields J.M., Pruitt K., McFall A., Shaub A. and Der C.J. (2000) Understanding Ras: ‘it ain’t over ‘til it’s over’. 
Trends Cell Biol 10(4): 147-154.

Simon J.A. and Bedalov A. (2004) Yeast as a model system for anticancer drug discovery. Nat Rev Cancer 4(6): 
481-492.

Smaczynska-de Rooij I.I., Allwood E.G., Mishra R., Booth W.I., Aghamohammadzadeh S., Goldberg M.W. et al. 
(2012) Yeast dynamin Vps1 and amphiphysin Rvs167 function together during endocytosis. Traffic 13(2): 
317-328.

Song L., Tang J.W., Owusu L., Sun M.Z., Wu J. and Zhang J. (2014) Galectin-3 in cancer. Clin Chim Acta 431: 185-
191.

Song S., Ji B., Ramachandran V., Wang H., Hafley M., Logsdon C. et al. (2012) Overexpressed galectin-3 in 
pancreatic cancer induces cell proliferation and invasion by binding Ras and activating Ras signaling. PLoS 
One 7(8): e42699.

Sun J., Kale S.P., Childress A.M., Pinswasdi C. and Jazwinski S.M. (1994) Divergent roles of RAS1 and RAS2 in 
yeast longevity. J Biol Chem 269(28): 18638-18645.

Tamanoi F. (2011) Ras signaling in yeast. Genes Cancer 2(3): 210-215.

Tatchell K., Chaleff D.T., DeFeo-Jones D. and Scolnick E.M. (1984) Requirement of either of a pair of ras-related 
genes of Saccharomyces cerevisiae for spore viability. Nature 309(5968): 523-527.

Tatchell K., Robinson L.C. and Breitenbach M. (1985) RAS2 of Saccharomyces cerevisiae is required for 
gluconeogenic growth and proper response to nutrient limitation. Proc Natl Acad Sci U S A 82(11): 3785-
3789.

Toda T., Uno I., Ishikawa T., Powers S., Kataoka T., Broek D. et al. (1985) In yeast, RAS proteins are controlling 
elements of adenylate cyclase. Cell 40(1): 27-36.

Toda T., Broek D., Field J., Michaeli T., Cameron S., Nikawa J. et al. (1986) Exploring the function of RAS oncogenes 
by studying the yeast Saccharomyces cerevisiae. Princess Takamatsu Symp 17: 253-260.

Torgler C.N., de Tiani M., Raven T., Aubry J.P., Brown R. and Meldrum E. (1997) Expression of bak in S. pombe 
results in a lethality mediated through interaction with the calnexin homologue Cnx1. Cell Death Differ 4(4): 
263-271.

Wang L. and Guo X.L. (2016) Molecular regulation of galectin-3 expression and therapeutic implication in 
cancer progression. Biomed Pharmacother 78: 165-171.

Wei M., Fabrizio P., Madia F., Hu J., Ge H., Li L.M. et al. (2009) Tor1/Sch9-regulated carbon source substitution 
is as effective as calorie restriction in life span extension. PLoS Genet 5(5): e1000467.

Wendland J. (2003) PCR-based methods facilitate targeted gene manipulations and cloning procedures. Curr 
Genet 44(3): 115-123.

Wennerberg K., Rossman K.L. and Der C.J. (2005) The Ras superfamily at a glance. J Cell Sci 118(5): 843-846.

Wu K.L., Huang E.Y., Jhu E.W., Huang Y.H., Su W.H., Chuang P.C. et al. (2013) Overexpression of galectin-3 enhances 
migration of colon cancer cells related to activation of the K-Ras-Raf-Erk1/2 pathway. J Gastroenterol 48(3): 
350-359.

Xu Q. and Reed J.C. (1998) Bax inhibitor-1, a mammalian apoptosis suppressor identified by functional screening 
in yeast. Mol Cell 1(3): 337-346.

Young M.J. and Court D.A. (2008) Effects of the S288c genetic background and common auxotrophic markers 
on mitochondrial DNA function in Saccharomyces cerevisiae. Yeast 25(12): 903-912.

Zaman S., Lippman S.I., Zhao X. and Broach J.R. (2008) How Saccharomyces responds to nutrients. Annu Rev 
Genet 42: 27-81.

Zaman S., Lippman S.I., Schneper L., Slonim N. and Broach J.R. (2009) Glucose regulates transcription in yeast 



314

References

through a network of signaling pathways. Mol Syst Biol 5: 245.

Zhang H., Xu Q., Krajewski S., Krajewska M., Xie Z., Fuess S. et al. (2000a) BAR: An apoptosis regulator at the 
intersection of caspases and Bcl-2 family proteins. Proc Natl Acad Sci U S A 97(6): 2597-2602.

Zhang H., Cowan-Jacob S.W., Simonen M., Greenhalf W., Heim J. and Meyhack B. (2000b) Structural basis of 
BFL-1 for its interaction with BAX and its anti-apoptotic action in mammalian and yeast cells. J Biol Chem 
275(15): 11092-11099.



Chapter4
Uncover the Role of 

KRAS/galectin-3/p16INK4a Axis 
Regulation in Colorectal Cancer





317

Uncover the role of  KRAS/galectin-3/p16INK4a axis regulation in colorectal cancer

ABSTRACT

Galectin-3 belongs to the galectin family, characterized by a conserved carbohydrate-

recognition domain. Its role in human cells varies depending on the subcellular localization, 

the cell type and the proliferation state. It is involved in human carcinogenesis, promoting 

cell growth, transformation, angiogenesis, invasion and metastasis, and suppressing 

apoptosis. Its function as pro-survival protein can be exerted through the interaction with 

KRAS oncoprotein, acting as its scaffold protein, stabilizing and increasing its signalling. KRAS 

is one of the most frequently mutated protein in colorectal carcinoma. Its mutations lead to 

increase proliferation and evasion from apoptosis. p16INK4a is a well-known tumour suppressor 

and it seems to be related with both gal-3 and KRAS, downregulating these proteins. The aim 

of this study is to better understand the role of the KRAS/gal-3/p16INK4a axis regulation, using 

the colorectal cancer cell line SW480 and the immortalized cell line NCM460 transfected 

with FlagKRASwt. It was shown that the three proteins interact physically with each other 

and co-localize in colorectal cells, confirming the existence of a KRAS/gal-3/p16INK4a axis. The 

effect of the silencing by RNA interference of gal-3 and KRAS, both alone and simultaneously, 

on cell proliferation, apoptosis induction and cell cycle was further analyse. The silencing 

of KRAS alone decreases cell proliferation and viability, while increases the percentage of 

death cells, confirming previous results on the role of KRAS in survival. The silencing of gal-

3, on the other hand, provokes milder effect, while the silencing of both proteins seems to 

revert the effect of KRAS silencing, suggesting a possible feedback loop between gal-3 and 

KRAS. Moreover, the levels of proteins expression were analysed upon gal-3 and/or KRAS 

silencing and the results suggest that there is a feedback loop regulation in the expression of 

these proteins. In addition, a first viability test on cell treated with novel galectins inhibitors 

confirms that when galectins are inhibited, cells slightly increase their mortality, offering 

a good start for future development and studies on the role of gal-3/KRAS interaction in 

colorectal cancer.
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Galectin-3 (gal-3) is a member of the galectin family. Galectins are lectins proteins 

characterized by a conserved carbohydrate recognition domain (CRD) that has a high 

affinity and specificity for galactoside glycans (Cooper and Barondes, 1999; Boscher et al., 

2011; Compagno et al., 2014). Gal-3 is the only chimera- type galectin and the most studied 

among them, due to the high variety of its roles and its ubiquitous expression (Hirabayashi 

and Kasai, 1993; Rabinovich, 1999). It is characterized by a C-terminal carbohydrate binding 

domain and an N-terminal atypically long domain, proline and glycine rich (Hsu et al., 1992; 

Agrwal et al., 1993). The N-terminal domain is essential for the biological activity of gal-3, 

since it allows the oligomerization of the monomeric proteins in multimers and therefore 

the cross-linking activity of its CRD domain (Massa et al., 1993). Gal-3 has multiple glycan 

ligands that differ in structure and function. The specificity of gal-3 toward one ligand instead 

of another depends on sugar-binding affinity, on the phosphorylation status of gal-3 and on 

the time and space coordination of the ligand expression. Importantly, gal-3 can interact 

also with unglycosylated protein due to its N-terminal domain (Sato and Hughes, 1992; 

Hirabayashi and Kasai, 1993). Upon binding to the proper ligand, the conformation of gal-3 

changes, with the rearrangement of the backbone loops near the binding site (Agrwal et al., 

1993; Umemoto et al., 2003). Gal-3 is ubiquitously expressed in human adults, in particular 

in epithelial cells, myeloid and amoeboid cells. Gal-3 is synthetized in the cytoplasm, but it is 

found also on the cell membrane, in the nucleus and in the extracellular space (Dumic et al., 

2006). The transcription of its coding gene, LGALS3 (Raimond et al., 1997), is modulated by 

various factor, including the proliferation state of the cell (Moutsatsos et al., 1987), infections 

(Elliott et al., 1991) and tumour progression (Hebert and Monsigny, 1994). Gal-3 protein 

localization inside the cell and the cell typology in which it is expressed define its biological role. 

Cytoplasmic gal-3 is involved in various intracellular events, such as regulation of apoptosis, 

through the interaction of proteins like Bcl-2 (Yang et al., 1996; Fukumori et al., 2006), CD95 

(Fukumori et al., 2004), Alix (Liu et al., 2002), Annexin VII (Yu et al., 2002) and Nucling (Liu et 

al., 2004). Gal-3 is also involved in cell proliferation and differentiation, by interacting with 

INTRODUCTION
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the oncoprotein KRAS (Elad-Sfadia et al., 2004; Shalom-Feuerstein et al., 2008; Levy et al., 

2010; Levy et al., 2011; Song et al., 2012). Moreover, it has been discovered that gal-3 is 

highly expressed in a variety of tumours and that its expression and localization within the 

cell are often altered in cancer cells (Cay, 2012). In this perspective, many researches have 

been focused on the study of the role of gal-3 in different cancer progression, trying to use 

gal-3 as a diagnostic and prognostic marker (Sanjuan et al., 1997; Kim et al., 1999; Honjo et 

al., 2000; van den Brule et al., 2000; Danguy et al., 2002; Puglisi et al., 2004; Nakahara et al., 

2005; Newlaczyl and Yu, 2011). However, the role of gal-3 in cancer has not been completely 

unveiled. In the nucleus gal-3 is associated with the ribonucleoprotein complexes (Laing and 

Wang, 1988), being involved in the spliceosome assembly and in mRNA splicing (Dagher 

et al., 1995). When gal-3 is localized on the cell surface, it exerts functions like adhesion, 

interacting with glycoprotein on the extracellular matrix, and recognition of specific glycans 

pattern on the surface of microorganism or host cells (Krzeslak and Lipinska, 2004; Dumic et 

al., 2006)

KRAS belongs to the RAS proteins family, which accounts for 36 members and is part of 

the superfamily of small guanosine triphosphatases (GTPases). They all share a common 

biochemical mechanism as they work as binary molecular switches that alternate an active 

state, in which they are bound to GTP, to an inactive state, in which they are bound to GDP 

(Bar-Sagi and Hall, 2000; Malumbres and Barbacid, 2003; Wennerberg et al., 2005). The switch 

from GTP to GDP and vice versa is mainly regulated by two classes of proteins: the guanine-

nucleotide exchange factors (GEFs), which enhance the intrinsically low exchange activity 

of RAS proteins, and the GTP-ase activating proteins (GAPs), which accelerate the GTPase 

activity, constitutively low in RAS proteins (Boguski and McCormick, 1993; Zheng and Quilliam, 

2003; Rajalingam et al., 2007). RAS proteins work as transducer of pro-survival signals from 

the extracellular space to the intracellular compartment, through different tyrosine kinases 

receptors, such as the ones belonging to the ErbB family of related cell membrane receptor, 

among which the most studied is EGFR (epidermal growth factor receptor). The dimerization 

of the receptors upon ligand binding triggers a conformational change that activates the 

catalytic tyrosine kinase domain, enabling the autophosphorylation of the intracellular 
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carboxyl-terminal domain and therefore its activation. Once phosphorylated, it provides the 

ideal docking sites for multiple signaling proteins (Martinelli et al., 2009; Normanno et al., 

2009; Saif, 2010). Phosphorylated intracellular domain of EGFR recruits guanine tyrosine 

exchange factors and these proteins remove GDP from RAS proteins, which consequently 

bind to GTP, resulting in activated RAS which is able to signal downstream (Schulze et al., 

2005). Activated RAS proteins can bind and activate at least 20 different effectors, among 

which the best known and characterized are RAF kinases, phosphatidylinositol 3-kinase 

(PI3K) and RAL guanine nucleotide dissociation stimulator (RALGDS). Other less studied 

effectors of RAS proteins are p120GAP, RIN1, Tiam, Af6, Nore1, PLCε and PKCζ (Shields et 

al., 2000; Downward, 2003; Herrmann, 2003; Rajalingam et al., 2007). Briefly, activated 

RAF kinases phosphorylate and activate MEK, leading to the activation of MAPK (also called 

ERK, extracellular signal-regulated kinase). MAPK regulates several transcriptional factors 

that influence cell cycle progression, proliferation and survival (Malumbres and Barbacid, 

2003). In the other pathway, activated PI3K leads to the production of the second messenger 

lipid phosphatidylinositol (3,4,5)-triphosphate (PIP3), which activates phosphatidylinositol 

dependent kinase 1 (PDK1). PDK1 phosphorylates and activates AKT, which in turn promotes 

proliferation and survival while controlling cell death (Yan et al., 1998; Scheid and Woodgett, 

2001a, 2001b). RAS, when interacting with RALGDS, one of four RAS-related RAL proteins, 

stimulates RAL (RAS-like) GTPases, inducing the activation of phospholipase D1 and CDC42/

RAC-GAP-RAL binding protein 1 (RALBP1). These, among other pro-survival functions, 

promote the progressing of the cell cycle, inhibiting transcription factors implicated in cell 

cycle arrest such as the FORKHEAD transcription factors (Downward, 2003; Rajalingam et al., 

2007). Therefore, RAS proteins have a critical role in human oncogenesis, not only providing 

crucial signalling in proliferation and survival pathways like autophagy (Furuta et al., 2004; 

Elgendy et al., 2011; Guo et al., 2011; Lock et al., 2011; Alves et al., 2015), but also promoting 

related processes such as angiogenesis and invasiveness (Shields 2000, Downward 2003). 

Our group has recently found that mutated KRAS induces autophagy in colorectal cancer 

cells through ERK activation and that autophagy induction significantly leads to tumour 

survival in starvation conditions (Alves et al., 2015). Importantly, RAS protein are frequently 
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found mutated in cancer cells (approximately 20% of all cancers). KRAS is the most frequently 

mutated among all RAS proteins, accounting for about 85% of the total. KRAS mutations are 

particularly frequent in CRC (colorectal carcinoma), where they are found in around 30 to 

50% of the cases (Malumbres and Barbacid, 2003). All the mutations of RAS proteins disrupt 

the proper endogenous GTP-ase activity of the protein, leading to the accumulation of the 

activated GTP-bound form of RAS and therefore to a constant pro-survival signalling in the 

cells. KRAS mutations are single nucleotide point mutations occurring mostly on codon 12 

and 13 of exon 2. They all are substitution of a glycine with another amino acid, the most 

frequent of which is an aspartate (32.5%), followed by a valine (22.5%) (Andreyev et al., 2001; 

Normanno et al., 2009; Prior et al., 2012). Mutation are found, even if less frequently, also 

in the other main RAS proteins, HRAS and NRAS. Every member of RAS family has its specific 

functions, pattern of expression and subcellular localization (Malumbres and Barbacid, 2003; 

Wennerberg et al., 2005; Omerovic et al., 2007; Castellano and Santos, 2011). 

Importantly, KRAS has been found to interact with gal-3 in the cytoplasm. The interaction 

does not occur through gal-3 CRD and it only happens with activated KRAS (Elad-Sfadia et 

al., 2004; Shalom-Feuerstein et al., 2005). The interaction has been found to be specific, 

since gal-3 does not interact with any other RAS protein and KRAS does not interact with any 

other galectin (Ashery et al., 2006). It has been hypothesized that gal-3 may render KRAS less 

sensitive to GAPs and therefore maintain KRAS in a state of perpetual activation, increasing 

the pro-growth signalling transmitted by KRAS through membrane Epidermal Growth 

Factors. Indeed, it has been noticed that the interaction between gal-3 and KRAS enhances 

PI3K activity and RAF-1 activation (Elad-Sfadia et al., 2004). Moreover, when KRAS interacts 

with gal-3, the cell starts using preferentially KRAS at the expenses of the other RAS isoforms 

present and when KRAS is preferred over NRAS, the anti-apoptotic effect of gal-3 in increased 

(Shalom-Feuerstein et al., 2005). Many of the effect due to the interaction between gal-3 and 

KRAS are caused by the fact that gal-3 acts as a scaffold protein for KRAS, maintaining KRAS in 

a proper orientation, relevant to regulate its activity (Abankwa et al., 2010), and in organized 

nanoclusters at the cell membrane, which allow the access to its multiple effectors (Ashery et 

al., 2006; Shalom-Feuerstein et al., 2008; Bhagatji et al., 2010). In addition, it seems that the 
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expression of gal-3 increases not only the activation, but also the expression of KRAS (Levy et 

al., 2010). Since KRAS has an important role in promoting cell proliferation, autophagy and 

inhibition of apoptosis and since gal-3 appears to enhance KRAS activity through different 

mechanisms, it is conceivable to expect that this interaction could favour cancer progression. 

It has been proved that gal-3 interaction with KRAS enhances thyroid cancer progression, 

increasing KRAS signalling and thus proliferation (Levy et al., 2010). In addition, gal-3 has 

been found overexpressed in pancreatic cancer and its increased amount augments the 

signalling of KRAS, influencing proliferation, adhesion and anchorage-independent growth 

(Song et al., 2012). Gal-3 expression has an impact also on migration of colorectal cancer 

cells. Gal-3 overexpression increased migration, while it happened the opposite when gal-3 

was downregulated. This effect was found to be mediated by RAS/RAF/ERK/MEK pathway. 

Indeed the knock-down of gal-3 decreased phosphorylated RAF and ERK1/2 expression, 

while its overexpression increased the level of the two proteins. Moreover, the silencing 

of KRAS decreased the migration rate, especially in cells overexpressing gal-3, confirming 

the hypothesis of a relationship between KRAS, gal-3 and tumorigenicity (Wu et al., 2013). 

In conclusion, an increase expression or availability of cytoplasmic gal-3 confer to the cells 

tumorigenic properties, such as uncontrolled growth and downregulated apoptosis, that the 

cells also acquire upon mutation of the KRAS oncogene. This is why it is particularly important 

to better understand the interaction between the gal-3 and KRAS. 

p16INK4a (known as well as CDKN2A) is a well-established tumour suppressor protein, which 

acts as inhibitor of the cyclin-dependent kinases (CDK) 4 and 6, competing with cyclins-D (D1, 

D2 and D3) for their binding. The formation of the complex made of CDK and cyclin allows 

cell cycle progression and, in the specific case of these complexes, the transition of the G1/S 

restriction point and the beginning of DNA replication. CDK-cyclin complexes phosphorylate 

the Retinoblastoma (Rb) protein. The hyper-phosphorylation of Rb relieves p16INK4a from 

its inhibitory role on E2F transcription-factor family, leading to the transcription of genes 

necessary for S phase (Reed, 1997; Sherr and Roberts, 1999; Coleman et al., 2004; Bertoli 

et al., 2013). By binding to CDK4 and CDK6, p16INK4a inhibits the proper formation of the 

complexes and therefore the entry in S phase, having therefore a role in stopping cell cycle 
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progression. Not surprisingly, inactivation of p16INK4a are among the most frequently found 

aberrations in cancer (Hirama and Koeffler, 1995; Romagosa et al., 2011). Moreover, p16INK4a 

has been implicated in senescence, being its expression and/or protein amount higher in 

senescent cells, and it seems to be involved in a cell cycle arrest with the same phenotypical 

features of senescence (Ruas and Peters, 1998; Rocco and Sidransky, 2001; Canepa et al., 

2007; Li et al., 2011; LaPak and Burd, 2014).   

Considering their respective roles, it is clear that the functions of RAS proteins and p16INK4a 

are antagonistic. Indeed, while p16INK4a is a strong inhibitor of CDK4 and 6 and cell cycle 

progression, it has been proved that RAS proteins are mediators of cell cycle progression 

through the activation of cyclins, among others. RAS proteins promote the transcription 

of cyclin D1 through the RAF/ERK/MEK pathway and PI3K activation; they increase its 

stability by inhibiting the kinases that cause its ubiquitination and consequent degradation; 

through PI3K activation, they induce cyclin D1 mRNA translation and they facilitate the 

assembly with CDK4 and CDK6. RAS pathway further helps cyclin D1 activity by reducing 

the level of CDK-cyclins complexes inhibitors such as p27 (Mittnacht et al., 1997; Peeper 

et al., 1997; Pruitt and Der, 2001; Coleman et al., 2004). However, little is known about a 

possible direct relation between RAS proteins, in particular KRAS, and p16INK4a. In the middle 

90´s Serrano et al. published several works highlighting an indirect relationship between 

HRAS and p16INK4a. They proved that the introduction of a plasmid encoding p16INK4a to cells 

transformed with HRASG12V and c-Myc decreased the tumorigenicity of the cells (Serrano et 

al., 1995). On the other way around, when HRAS was transfected into p16INK4a-/- fibroblasts, 

the tumorigenicity of the cells greatly increased, while no effect was observed when using 

p16INK4+/+ or p16INK4+/- cells (Serrano et al., 1996). Moreover, they showed that cells lacking 

functional p16INK4a do not undergo senescence (Serrano et al., 1996) and that RAS-caused 

cell cycle arrest, phenotypically indistinguishable from senescence, is mediated by p16INK4a. 

Indeed cells capable to block cell cycle progression through RAS over-activity are growing 

continuously only when p16INK4a is inactivated (Serrano et al., 1997). Oncogenic HRASG12V 

was proved to increase p16INK4a expression in late papilloma and the balanced activity of RAS 

pathway and p16INK4a induced senescence (Yamakoshi et al., 2009). A reciprocal regulation 
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of the two proteins was discovered in the case of KRAS. In primary pancreatic duct epithelial 

cells (PDEC) it was noticed that KRASwt was able to increase p16INK4a expression, inducing 

senescence and preventing cancer formation, while KRASG12D repressed almost completely 

p16INK4a expression (Lee and Bar-Sagi, 2010). On the other side, also p16INK4a has been 

shown to affect oncogenic KRAS (KRASG12V). Introduction of active p16INK4a in cells in which 

p16INK4a was not working restored its function and lowered selectively KRAS protein level by 

decreasing protein stability (Rabien et al., 2012). Moreover, the simultaneous expression at 

normal level of p16INK4a and KRASG12V caused the cell to became resistant to anoikis and highly 

clonogenic, while both these features did not occur in cells expressing p16INK4a only, proving 

that the suppression of oncogenic KRAS is necessary for p16INK4a to exert its anti-proliferative 

function (Rabien et al., 2012). Interestingly, a relationship between p16INK4a and gal-3 seems 

to exist as well. Upon p16INK4a expression, a clear decreased in gal-3 level was observed both 

in vitro and in vivo, in particular p16INK4a diminished the cell-surface expression of gal-3 and 

its consequent cell-surface presentation (Sanchez-Ruderisch et al., 2010).

Due to the proven interaction between gal-3/KRAS/p16INK4a and the importance of these 

interactions for several physiological features of cells, here we aimed at further investigate 

the mutual relationship and regulation of gal-3, KRAS and p16INKa using colorectal cancer 

cells as a model. As previously stated, KRAS mutations are particularly relevant for this type 

of cancer, but no deep investigation has been made about a possible regulation of mutated 

KRAS by gal-3 (positive) and p16INK4a (negative). Even less was known about the interaction 

between gal-3 and p16INK4a. 

With this work, we proved that the three proteins physically interact in vitro and co-

localize frequently in cell culture. Moreover, the silencing of KRAS, LGALS3 or both has an 

effect on the expression of all the three proteins and on cell survival and proliferation. This 

indicate a possible mutual regulation at the protein level and highlights the importance of 

KRAS and gal-3 for colorectal cancer cells survival.
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Cell lines and culture conditions

We used CRC-derived cell line SW480 (ATCC-CCL-228) (Ahmed et al., 2013) and the 

non-cancerous colon NCM460 cell line (Moyer et al., 1996). NCM460 cells were previously 

transfected with a plasmid harboring either FLAG-tagged wild-type KRAS (KRASwt) or mutated 

KRAS (KRASG12V) (Alves et al., 2015). Both cell lines were grown in RPMI 1640 medium 

supplemented with 10% heat inactivated fetal bovine serum (FBS) and 1% penicillin-

streptomycin. All cell lines were cultured in a humidified incubator with 5% CO2 at 37°C. The 

medium was renewed twice or three times a week, depending on the growing conditions, 

and the cells were subcultures every week by detachment with 0.05% trypsin. The cells were 

used for the assays when they reached 80-90% confluence. 

Galectin-3 and KRAS silencing by RNA interference 

SW480 cells were transiently transfected with siRNA in order to obtain the silencing 

of gal-3, KRAS and the two proteins together. The target sequences used were 

5’-CACGGTGAAGCCCAATGCAAA-3’ (Hs_LGALS3_3) and 5’-AAGGAGAATTTAATAAAGATA-3’ 

(Hs_KRAS2_8) (Qiagen), in the concentration of 50nM and 150nM, respectively. AllStars 

negative control siRNA (Qiagen) (5’-AATTCTCCGAACGTGTCACGT-3’) was used as scramble 

control. The transfections were performed using Lipofectamine 2000 (Invitrogen), 

according to the manufacturer instructions. Briefly, OptiMEM (reduced serum medium) and 

Lipofectamine 2000 were mixed in the desired ratio. After 5 minutes of incubation at room 

temperature, the siRNA was added and further incubated for 20 minutes. The siRNA mixture 

was then transferred into the appropriate culture plate. SW480 cells at the density of 4x105 

cells/ml, suspended in RPMI 1640 supplemented only with 10% FBS, were added on top of 

the siRNA mixture and shaken carefully. The cells were incubated for 24 h, considered the 

time 0 of the assay, after whicd the medium was replaced with completed RPMI 1640. The 

effects of the proteins transient silencing were analyzed after 48 h of incubation in completed 

RPMI 1640.  

MATERIALS AND METHODS
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Western blot analysis

The total protein content was extracted from cells at the end of the siRNA experiments or 

when they reached 85-90% confluence, in the case of different experiments. The cells were 

rinsed repetitively with PBS 1X (phosphate buffer saline) and detached by 0.05% trypsin. The 

so obtained pellet was rinsed twice in cold PBS 1X. RIPA (radioimmunoprecipitation assay) 

buffer supplemented with 20 mM NaF, 20 mM Na3VO4, 1 mM PMSF and 1:100 proteases 

inhibitor cocktail (Sigma-Aldrich) was added to the cell pellet, subsequently incubated on ice 

for 1 h, vortexed every 10 minutes. After centrifugation, the protein content of the supernatant 

was quantified using the protein Bradford Assay (Bio-Rad), according to the manufacturer 

instructions. The volume of protein extracts containing 50 μg of proteins was mixed with 

Laemmli Buffer 5x (Laemmli, 1970) and dH2O to a final volume of 20 μl. The samples were 

run in a 15% polyacrylamide gel until complete separation. The proteins were then blotted 

on a PVDF (polyvinylidene difluoride) membrane, treated with the appropriate primary and 

secondary antibody and revealed by chemiluminescence (ECL Bio-Rad).  The antibodies used 

were: anti-galectin-3 (Santa Cruz Biotechnology), anti-p16INK4a (Proteintech), anti-KRAS and 

anti-β-actin (Sigma-Aldrich) as primary; anti-goat (Santa Cruz Biotechnology), anti-rabbit and 

anti-mouse (Sigma-Aldrich) as secondary. Densiometry analysis was performed using the free 

software ImageJ (http://imagej.nih.gov/ij/) and protein expression level were normalized to 

the level of β-actin.   

Cell proliferation and viability determination 

After RNA interference (RNAi) experiments, both cells attached to the culture plate and 

from the supernatant medium were used to determine proliferation and viability. To determine 

proliferation, cells were counted using a Neubauer chamber. The cell concentration (n°cells/

ml) was normalized to the control cells that was considered 100%.  To determine viability, 

the cell suspension was mixed with a 0.4% trypan blue dye (Sigma-Aldrich) solution in a 1:1 

ratio. Stained (unviable) and unstained (viable) cells were counted separately in a Neubauer 

chamber. Viability was calculated as percentage of unstained cells/total number of cells.    
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Cell cycle analysis

Cell cycle analysis was performed on cells subjected to RNAi experiments. Cells were 

harvest from both the plate surface and the supernatant medium and washed three times 

in cold PBS 1x. They were fixed in 70% ethanol, adding it drop by drop while vortexing, 

and then they were incubated at 4°C for at least 24 h. The cell pellet was washed twice 

in dH2O and resuspended in a solution containing 50 μg/ml PI (propidium iodide; Sigma-

Aldrich) and 9 μg/ml RNAase A (NZYTech) in PBS 1x. The samples were incubated in the 

dark, for 1h, at 37°C and analyzed using an Epics® XL™ (Beckman Coulter) flow cytometer 

at 488nm/600nm excitation/emission. In the flow cytometer 20.000 to 30.000 cells were 

examined per sample. Data were analyzed using the freeware Flowing Software 2. Image 

were obtained using FlowJo software. 

Annexin V/PI assay

A total amount of 2.5x104 cells was collected from both suspended and attached cells 

after RNAi experiment and washed twice in binding buffer 1x (BD Biosciences, San Jose, CA, 

USA). Annexin V (AV)/PI  assay was performed as described previously (Alves et al., 2015). 

The dye amount was adjusted to 3 μl AV-fluorescein isothiocyanate (BD Biosciences, San 

Jose, CA, USA) and 1 μl PI 1 mg/ml. 20.000 to 30.000 cells were examined per sample. Data 

were analyzed using the freeware Flowing Software 2.

Physical interaction analysis by immunoprecipitation assay

Protein extracts for co-immunoprecipitation experiments were obtained as in the above 

section (western blot analysis). A volume corresponding to 250 to 500 μg of protein was 

used. Immunoprecipitation of the proteins with the appropriate antibodies was done using 

Dynabeads® Protein G (LifeTechnologies), following the manufacturer’s instructions. Anti-

galectin-3 (Santa Cruz Biotechnology), anti-p16INK4a (Proteintech) and anti-KRAS (Sigma-

Aldrich) were used as antibodies. The immunoprecipitated proteins were eluted in 60 μl of 

Leammli buffer 2x (Laemmli, 1970). 20 μl of the eluted immunoprecipitation were load in 

each well of a 12% polyacrylamide gel, to test co-immunoprecipitation with KRAS of gal-3. 
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Western blot analysis was performed as described in the previous section, using anti-KRAS 

(Sigma-Aldrich) and anti-gal-3 (Santa Cruz Biotechnology) as primary antibodies and anti-

mouse (Sigma-Aldrich) and anti-goat (Santa Cruz Biotechnology) as secondary antibodies, 

respectively.

Immunofluorescence assay

Protein localization in the cells was assessed by immunofluorescence. NCM460 

transfected with either Flag-tagged wild type KRAS (KRASwt) or mutated KRAS (KRASG12V) were 

grown in normal condition on microscope glass slide up to 60-70% confluence and fixed 

in paraformaldehyde (PFA). Briefly, cells culture was gently washed 3 times in PBS 1x. For 

fixation with PFA, a solution of 2% PFA was added to the cells and incubated for 12 minutes 

at room temperature. For all the following step, washing and incubation solutions were 

made in PBS 1x.  Fixed cells were washed three times and permeabilized with 0.7% Triton 

X-100 for 7 minutes. They were blocked in 10% FBS, incubated sequentially with two primary 

antibodies (the first one overnight at 4°C and the second for 1 h and 30 minutes, at room 

temperature) and, after three washes, with the secondary antibodies. In the case of co-

immunofluorescence of gal-3 and p16INK4a, also secondary antibodies were added sequentially 

(1 h of incubation with the first, followed by three washes and 1 h of incubation with the 

second). Finally, DAPI (4’, 6-diamidino-2-phenylindole) was added for 5 minutes and cells 

were visualized in an Olympus FV1000 laser scanning microscope with the appropriate filter 

settings. The images obtained were analyzed using Olympus Fluoview software. Antibodies 

combinations used are listed in table 1.
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Table 1: Primary and secondary antibodies used in the immunofluorescence assay in this study.

proteins primary antibody secondary antibody
(ThermoFischer Scientific)

galectin-3 + 
FlagKRAS

Anti-galectin-3 1:100
(Santa Cruz Biotechnology)

Donkey anti-goat Alexa Fluor® 488

Anti-Flag 1:100
(Sigma-Aldrich)

Chicken anti-mouse Alexa Fluor® 594

galectin-3 + 
p16INK4a

Anti-galectin-3 1:100
(Santa Cruz Biotechnology)

Donkey anti-goat Alexa Fluor® 488

Anti-p16INK4a 1:50
(Santa Cruz Biotechnology)

Donkey anti-rabbit Alexa Fluor® 546

FlagKRAS + 
p16INK4a

Anti-Flag 1:100
(Sigma-Aldrich)

Chicken anti-mouse Alexa Fluor® 594

Anti-p16INK4a 1:50
(Santa Cruz Biotechnology)

Goat anti-rabbit Alexa Fluor® 488

 SW480 cells were plated in 24 well plate at a density of 5x104 cells/ml, 0.5 ml/well. 

After 24 h of incubation in normal conditions, RPMI 1640 completed medium was replaced 

with medium supplemented with one of the two galectin inhibitors: MBS4Flac (C21H27F4NO12) 

or MBS5Flac (C20H24F5NO11), kindly provided by Prof. Oscarsson S. and collaborators, at the 

concentrations of 1 μM, 10 μM, 100 μM and 1000 μM. Negative control of cells consisted 

in cells treated with the maximum amount of buffer in which the inhibitors were dissolved 

(PBS 1x). Every condition was performed in duplicate for each experience. To determine 

the effect of the galectin inhibitors on proliferation after 48 h treatment, sulforhodamine B 

(SRB) assay was performed as in Vichai (Vichai and Kirtikara, 2006), with modifications. Cells 

were fixed in 1% v/v acetic acid in methanol at -20°C for at least 2 h instead of using 10% TCA 

(trichloroacetic acid) at 4°C. After dye solubilization, an aliquot of 100 μl was transferred into 

a 96 well plate and the optical density was measured at 540 nm. After calculating the average 

of the duplicates, proliferation was calculated as percentage compared to the negative 

control (cells cultured only with buffer), considered as 100% proliferation. 

Analysis of   the effect of  galectins inhibitors on cell growth by 

Sulforhodamine B assay
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Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 software. When multiple 

columns were compared, One-way Anova analysis was used. Results were considered 

statistically significant when p-value ≤0.05.
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In order to understand the functions and reciprocal regulation of gal-3, KRAS and p16INK4a, 

the expression of gal-3 and KRAS was downregulated by RNA interference. LGALS3 and KRAS 

were silenced both alone and in combination, to understand the cellular effect of silencing 

both proteins. SW480 cell line was subjected to RNAi protocol using a scramble siRNA as 

control and siRNA for LGALS3, KRAS or both. The level of the three proteins was measured 

by western blot after each silencing experiment. The level of the silenced proteins decreased 

by approximately 75% in the single silencing for KRAS and gal-3. When the double silencing 

was performed, the efficiency of KRAS siRNA was proved to be lower compared to the single 

silencing (55% silencing), while LGALS3 silencing remained unaltered (about 75%) (Fig. 1A, 

B). We could observe that LGALS3 and/or KRAS silencing affected the expression of both 

proteins underwent changes. Indeed, in the case of siRNA of LGALS3, KRAS expression 

increased by approximately 30%, while when KRAS was silenced, gal-3 level decreased by 

about 20% taking into consideration actin loading control levels. However, the decrease of 

gal-3 level upon KRAS silencing was very variable among different replicates, ranging from 

-60% to the same level as the control (100%), therefore the robustness of the statistical 

analysis was not as significant as KRAS level increase upon LGALS3 silencing. This result 

suggests a strong correlation between gal-3 and KRAS expression regulation. The level of 

p16INK4a did not significantly change when only one protein was silenced, even though it is 

possible to observe a tendency toward reduced expression, being more pronounced in the 

double silencing. We showed that there is a correlation between p16INK4a, KRAS and gal-3 

proteins expression. Our results show that this regulation may work as a feedback loop. 

When LGALS3 and/or KRAS was silenced, p16INK4a expression seems to decrease and the 

maximum effect was observed when both proteins were silenced at the same time. This 

result is in accordance with the hypothesis that p16INK4a may act as inhibitor of gal-3 and KRAS 

and thus if the levels of gal-3 and KRAS are decreased, a lower amount of p16INK4a would be 

necessary. 

RESULTS
Silencing of  galectin-3 and/or KRAS shows a reciprocal regulation 
of  galectin-3/KRAS/p16INK4a expression
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Figure 1: Proteins level after siRNA experiments in SW480 cells. The protein expression of KRAS 

and gal-3 was downregulated by siRNA both alone and in conjunction. The level of KRAS, gal-3 and 

p16INK4a were measured by Western Blot analysis after every silencing experiments and compared to 

the control protein β-actin, as shown in two representative experiments of at least 5 independent 

experiments (A). The bands intensity was measured using ImageJ software. The level of protein 

expression compared to β-actin level was normalized using the values of the protein level in cells 

subjected to scramble siRNA, which represents 100% of protein expression (B). Values are average 

of 4 to 6 independent experiments ±SD. Statistically significant differences between the level of the 

protein in the siRNA scramble sample and the  samples in which KRAS and/or LGALS3 are silenced are 

shown: * (p-value ≤ 0.05), ** (p-value ≤ 0.01) and *** (p-value ≤ 0.001). 
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Galectin-3 and/or KRAS inhibition affects cells number and viability 

to a different extent 

When performing the RNAi experiment, an identical number of cells was plated for each 

condition and, after 24 h of growth together with the silencing solution, the cells were allowed 

to proliferate in normal medium during 48 h. At the end of this period, the number of cells 

was counted to estimate the proliferation ability when the different proteins were silenced. 

The lowest number of cells, indicating the lowest proliferation capability, was obtained for 

the cells in which KRAS was silenced. The inhibition of gal-3 caused also a decrease in the 

number of cells, but not as evident as the one induced by KRAS silencing (44±2.9% for gal-3 

and 56±18.5% for KRAS). Interestingly, the simultaneous silencing of LGALS3 and KRAS did 

not cause a sum up effect on proliferation, but it led to a slight increase in the number of 

cells compared to the single silencing, since the reduction observed was only of 35±9.0% 

(Fig. 2A).

The reduced number of cells is most likely caused by a decreased viability or an increased 

apoptosis or cell cycle arrest. The cells were therefore tested for several parameters that 

help estimate viability and apoptosis. A first viability test was performed using trypan blue 

exclusion assay. When the cells subjected to protein silencing were compared with the siRNA 

scramble control, a slight decrease in the percentage of viable cells was notice for all the 

samples (Fig. 2B). As expected, the most significant decrease was observed for cells with 

lowered KRAS expression (15±7.5% reduction). In the cells subjected to LGALS3 silencing, the 

loss of viability accounted for around 10%, while the double silencing caused a reversion of 

the effect caused by decreased KRAS or gal-3 level, triggering only a 5% decrease. 
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Galectin-3 and/or KRAS inhibition effect in cell apoptosis 

In order to determine more accurately the causes of the loss of viability and the possible 

induction of apoptosis, Annexin V/PI staining was performed on the cells after 48 h of 

recovery in complete medium. The results partially confirmed the ones obtained with trypan 

blue exclusion assay. At a first analysis, a similar pattern was observed comparing the trypan 

blue exclusion assay results and the percentage of apoptotic/late apoptotic/necrotic positive 

cells (AV+ PI+/-) obtained with the Annexin V/PI assay (Fig. 3A). There was indeed an increase 

Figure 2: Number of cells in cultures undergone siRNA for LGALS3 and/or KRAS. SW480 cell cultures 

were subjected to RNAi protein downregulation for 24 h and the number of cells in each culture 

was counted with a Neubauer chamber after the recovery period of 48 h. The number of cells 

obtained in each samples was normalized with the number of cells of the control (no siRNA), which 

was considered 100% of cells (A). Values are an average of 3 to 5 independent experiments ±SD. 

Statistically significant difference between the siRNA scramble and the silenced proteins samples: 

* (p-value ≤ 0.05) and *** (p-value ≤ 0.001). Viability of cells after silencing of LGALS3 and/or KRAS. 

Cells undergone siRNA treatment were evaluated for viability using trypan blue exclusion assay after 

48 h of recovery period. Cells in solution were mixed 1:1 with trypan blue dye and counted with a 

Neubauer chamber. Blue stained cells were considered unviable. Viability percentage was calculated 

as (n° viable cells/tot n° cells) x 100. The values were normalized to the viability percentage of siRNA 

scramble, which was considered 100% viable (B). The bars represent the average of 7 independent 

experiments ±SD. Statistically significant differences between the viability in the siRNA scramble 

sample and the samples in which KRAS and/or LGALS3 are silenced are shown: ** (p-value ≤ 0.01).
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in the unviable percentage of cells when one of the proteins were silenced, although not 

statistical significant. In particular, the highest percentage of dead cells was triggered by the 

silencing of KRAS (19±9.0% AV+ PI+/-), followed by the single silencing of LGALS3 (13.5±1.3% 

AV+ PI+/-) in comparison with the scramble control (7.8±0.8 AV+ PI+/-). Similarly, to the 

trypan blue exclusion assay results, the simultaneous silencing of the two proteins reverted 

the effect caused by the single silencing. Indeed the percentage of death was 11±4.2% (AV+ 

PI+/-). It was further analyzed whether the loss of viability was to ascribe to early induction 

of apoptosis or late apoptosis/necrosis. The percentage of unviable cells (Annexin V positive) 

was therefore divided into apoptotic (AV+/PI-) and late apoptotic/necrotic cells (AV+/PI+) 

based on the PI staining. In all the samples analyzed, the percentage of cells that stained 

AV+/PI+ (late apoptotic/necrotic) was higher than the percentage of (AV+/PI-) (Fig. 3B). 

Figure 3: Cell death analysis by Annexin V/PI. After siRNA experiment, SW480 cells were evaluated 

for AV/PI staining by cytometry. Bars represent the percentage of viable (AV-/PI-) and unviable cells 

(AV+/PI±) (A). Unviable cells were further analyzed to determine if the loss of viability was due to 

apoptosis (PI-) or necrosis/late apoptosis (PI+) (B). Values are an average ± SD of 3 to 4 independent 

experiments.  None of the p-value calculated for the differences between controls and treated 

samples was statistically significant at 95% level of confidence.
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Galectin-3 and/or KRAS silencing influences the cell cycle

The cell cycle of the cell population was analyzed, in order to understand if the decreased 

proliferation of samples in which KRAS or LGALS3 was silenced was due to block of the cell 

cycle at any checkpoint. 

In KRAS silenced cells there was a statistically significant decrease in the percentage of 

cells in S phase compared to the cells subjected to scramble RNA interference (Fig. 4A, B). 

This modification in the distribution of the cells throughout the cell cycle may account for a 

lower proliferation rate, and therefore for the lower number of cells. Indeed, the cells may 

be blocked at the G1-S checkpoint, delaying a correct DNA replication. Moreover, the KRAS 

silenced cells presented a higher percentage of sub-G1 cells (12.3±9.0%) compared to both 

the negative control and the siRNA scramble control, confirming the increased induction of 

cell death observed by trypan blue and Annexin V/PI analysis. The changes in the cell cycle 

of the other cell populations (siRNA LGALS3 and siRNA LGALS3+KRAS) were not as evident. 

However, a pattern similar to the one obtained with the previous experiments was observed. 

The percentage of cells in sub-G1 for the population of siRNA LGALS3 was slightly higher than 

the siRNA scramble (7.6±3.5% vs. 5.0±1.5%) and in the cells subjected to double silencing it 

was lower than in cells silenced with KRAS and LGALS3 alone (6.5±2.2%). The number of cells 

in S phase did not change significantly from the siRNA scramble control in any of the two 

populations (siRNA LGALS3 and siRNA LGALS3+KRAS), highlighting the severity of KRAS single 

silencing effect on cell behavior compared to the other two conditions tested. 
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Figure 4: Cell cycle analysis. The distribution throughout the cell cycle phase of the SW480 cells 

subjected to siRNA was evaluated by PI staining measured by cytometer. The cells were subdivided 

into four different categories according to their DNA content: sub-G1, representing debris or 

apoptotic cells, G1, S and G2. A representative image of the cell cycle in the differently treated 

samples shows the different distribution in the cycle phases (A). The percentage of cells in each 

phase was measured and the average ±SD of 5 independent experiments was plotted (B). Statistically 

significant differences between the cells undergone scramble siRNA and LGALS3 and/or KRAS siRNA 

are shown with * (p-value ≤ 0.05). 
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Galectin-3, KRAS and p16INK4a interact physically in vitro and 

localize in the same cell compartment 

Since the previous results strongly indicate a reciprocal regulation and a connection 

between the three proteins in analysis, it was evaluated if they have a physical interaction. 

A co-immunoprecipitation assay was therefore performed. The three proteins were 

immunoprecipitated with their specific antibody and subjected to western blot analysis 

using anti-KRAS (Fig. 5A) and anti-gal-3 antibodies (Fig. 5B). It was shown that both KRAS 

and gal-3 interact in vitro with each other and with p16INK4a. 

Figure 5: Co-immunoprecipitation. Protein extracts from SW480 were immunoprecipitated using 

anti-KRAS, anti-gal-3 and anti-p16INK4a antibodies. The elutes obtained were used to perform Western 

Blot and proteins co-immunoprecipitation was detected using anti-KRAS (A) and anti-galectin-3 (B) 

antibodies. The elutes were not run in the same gel, thus the lanes were separated. The images show 

a representative result of two independent experiments.
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In order to determine if this result has a significance in the co-localization of the proteins 

in the cells, the localization of the proteins was determined by immunofluorescence. First, 

the localization of each protein was evaluated alone. The cell line used for these experiments 

were NCM460 transfected with either Flag-tagged KRASwt or KRASG12V. Gal-3 had a ubiquitous 

localization throughout the cell and it was often found grouped, forming large agglomerates 

and not uniformly spread. These agglomerates may represent clusters or vesicles containing 

gal-3. KRAS was mainly found in the cytoplasm, but in some cases it seemed to localize in 

the nucleus as well. In the case of cells transfected with KRASG12V, a higher amount of KRAS 

protein was concentrated in the plasma membrane area compared to KRASwt. p16INK4a was 

mainly found in the nucleus, uniformly spread, however, smaller amount of p16INK4a was also 

localized in the cytoplasm. Due to the heterogeneous localization of the proteins in different 

cells and even inside the same cell, the evaluation of the co-localization was not always 

clear. KRAS and gal-3 signals were found overlapping in some of the cells in analysis. The 

overlapping was more intense in the case of cells transfected with KRASwt compared to the 

one transfected with KRASG12V. The highest percentage of co-localization was observed in the 

nucleus, but a smaller amount was detected in the cytoplasm as well. In some cases, the 

evaluation was made more difficult by the clustering of gal-3 proteins (Fig. 6A). The same 

happened when evaluating the co-localization of gal-3 and p16INK4a and it was possible to 

detect some signals overlapping, especially inside the nucleus (Fig. 6B). Due to the different 

localization of p16INK4a and KRAS, these two proteins were not found to co-localize in the 

majority of the cells analyzed. Some minor overlapping was detected in the nucleus of cells 

transfected with KRASwt and, to a lesser extent, in the cytoplasm of cells transfected with 

KRASG12V (Fig. 6C).
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Figure 6: Immunofluorescence. NCM460 FlagKRASwt and NCM460 FlagKRASG12V PFA-fixed cells were 

treated simultaneously with two primary antibodies and two correspondent secondary antibodies 

with a florescent tag. Gal-3 (green) and FlagKRAS (red) co-localization is shown in (A), gal-3 (green) 

and p16INK4a (red) in (B) and FlagKRAS (green) and p16INK4a (red) in (C). Cell nuclei were stained by DAPI. 

The immunofluorescence photomicrographs were obtained using Olympus FV1000 laser scanning 

microscope with the appropriate filter settings and analyzed using the Olympus Fluoview software. 

All the images are represented at the same amplification (60x). A 200% enlargement is shown for 

each microphotograph. 
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Effect of  newly synthetized galectins inhibitors in cell proliferation

In order to better understand the role of gal-3 in the cells, and use it as a possible target 

in CRC cells,  two different newly synthesized galectins inhibitors were used and their effects 

on cell growth was evaluated by SRB assay. These inhibitors were never tested before in cell 

cultures and their effect on cell survival was not known. However, analog compounds were 

verified for binding capability to gal-3 and the IC50 value for binding inhibition of gal-3 to the 

appropriate substrate was estimated in the range of 1 to 10 μM (Sorme et al., 2002). The 
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inhibitors were used at a final concentration between 1 and 1000 μM and incubated with the 

cells for 48 h. Both the inhibitors caused an effect on cell survival only at high concentrations. 

In particular, MBS4Flac reduced cell survival by 30% at 1000 μM (Fig.7A), while MBS5Flac 

provoked a slight decrease (10%) when used at 100 μM (Fig. 7B).  Although we have not 

analyzed the levels or activity of gal-3, these results suggested that gal-3 inhibition in the 

cells using gal-3 inhibitors reduced only moderately cell survival, as we also observed for 

LGALS3 siRNA. Moreover, the results showed that inhibitors with a good IC50 for chemical 

binding activity may not work in vitro in cells at comparable concentrations, thus we might 

have to test higher concentrations.  

Figure 7: Survival of cells treated with new galectins inhibitors. Cells were treated for 48 h with 

two different galectins inhibitors, MBS4Flac and MBS5Flac and their survival was measured by 

sulphorhodamine B assay. The treatment was performed in parallel with a negative control composed 

by the buffer in which the inhibitors were dissolved (PBS 1x). The survival was calculated as percentage 

to the negative control, where the negative control constituted 100% of survival. Four different 

concentration of inhibitors were used. Bars represent the average of survival percentage after 

MBS4Flac (A) and MBS5Flac (B) treatment. Values are average ± SD of 3 independent experiments. 

Statistically significant differences between the negative control and the treated culture are shown: 

* (p-value ≤ 0.05) and *** (p-value ≤ 0.001).       
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In this work we showed for the first time that gal-3, KRAS and p16INK4a have a strong 

interaction in a colorectal cancer cell lines model, modulating reciprocally their protein 

levels. Moreover, we demonstrated that this association might be exerted by a physical 

binding, since we showed by co-immunoprecipitation assay that the three proteins physically 

interact and by immunofluorescence that they frequently co-localized in “normal” colon cells. 

A relationship between gal-3, KRAS and p16INK4a has already been shown, even if in different 

models. In particular, there are several proves of interaction between RAS proteins and 

galectins (Elad-Sfadia et al., 2004; Shalom-Feuerstein et al., 2005; Ashery et al., 2006; Shalom-

Feuerstein et al., 2008; Abankwa et al., 2010; Bhagatji et al., 2010; Levy et al., 2010; Levy et 

al., 2011; Song et al., 2012; Wu et al., 2013) and between RAS proteins and p16INK4a(Serrano 

et al., 1995; Serrano et al., 1996; Serrano et al., 1997; Lee and Bar-Sagi, 2010; Rabien et al., 

2012), but, as far as we are aware, not in the colorectal cancer model.  Moreover, the axis 

regulation of these three proteins all together was never investigated in the colorectal cancer 

or in any other model. The interaction between KRAS and gal-3 is widely known. Gal-3 has 

been demonstrated to stabilize KRAS nanoclusters (Ashery et al., 2006; Shalom-Feuerstein 

et al., 2008; Abankwa et al., 2010; Bhagatji et al., 2010) and this interaction has been shown 

to promote cancer progression in different model, such as pancreatic (Song et al., 2012), 

thyroid (Levy et al., 2010), breast (Shalom-Feuerstein et al., 2005; Shalom-Feuerstein et al., 

2008) and colorectal (Wu et al., 2013) cancers. Moreover, gal-3 seems to be relevant to 

promote both the activity and the expression of KRAS (Levy et al., 2010). Here we showed 

that KRAS and gal-3 regulate their reciprocal protein expression in colorectal cancer cells in 

an opposite manner. When the expression of KRAS was downregulated, gal-3 protein levels 

decreased as well, while when gal-3 was silenced, the levels of KRAS increased, suggesting a 

regulation of the two proteins. Indeed, if the role of gal-3 is stabilizing KRAS nanoclusters, we 

could hypothesize that, when low levels of KRAS are present, the cell may need less gal-3 to 

stabilize KRAS. Therefore, there should be a feedback loop mechanism that signals the amount 

of gal-3 needed to stabilize the amount of KRAS present at the membrane nanoclusters. Data 

DISCUSSION
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present in the literature suggest that a regulatory mechanism of reciprocal protein expression 

between gal-3 and KRAS exists. Several evidences reported that cell lines that express a high 

level of KRAS always express high level of gal-3 (Elad-Sfadia et al., 2004; Shalom-Feuerstein 

et al., 2005; Shalom-Feuerstein et al., 2008; Levy et al., 2010), whereas downregulation of 

gal-3 caused a reduced amount of active, but not a decrease level of KRAS protein (Song 

et al., 2012). On the other hand, if less gal-3 is available to stabilize KRAS nanoclusters, it 

is plausible to suggest that a higher amount of KRAS might be necessary to mediate KRAS 

signalling. It is indeed known that the efficiency of KRAS signalling and the access to its 

downstream effectors is related to its proper orientation on the plasma membrane and to 

KRAS organization in nanoclusters (Omerovic et al., 2007; Bhagatji et al., 2010). Therefore, 

KRAS signalling is not as efficient when gal-3 is not at the optimal level and to compensate 

for it, KRAS expression may be upregulated. RAS proteins and p16INK4a are involved in the 

regulation of cell cycle in an opposite manner (Mittnacht et al., 1997; Peeper et al., 1997; 

Pruitt and Der, 2001; Coleman et al., 2004). A direct antagonistic relationship between 

p16INK4a and HRAS was proved by Serrano and collaborators both in tumour progression and 

senescence induction. Indeed, they demonstrated that HRAS effect on cancer progression 

is greatly increased in the absence of p16INK4a (Serrano et al., 1995; Serrano et al., 1996) and 

that senescence caused by over-activity of HRAS is necessarily mediated by p16INK4a (Serrano 

et al., 1997). KRAS was shown to decrease p16INK4a protein levels (Lee and Bar-Sagi, 2010) 

and p16INK4a was found to decrease KRAS protein functionality by reducing the protein level. 

Indeed, when functional p16INK4a was reinstated in cells with mutant p16INK4a, KRAS protein 

levels were reduced, without alterations in the transcription rate or in the mRNA stability, 

suggesting an inhibitory mechanism of p16INK4a that acts at the protein level (Rabien et al., 

2012). When we silenced KRAS or LGALS3, we observed a slight decreased in p16INK4a protein 

levels, that reached the maximum level when both KRAS and gal-3 were downregulated at 

the same time. This could be explained if we consider the antagonistic roles of KRAS/gal-3 

and p16INK4a. When both LGALS3 and KRAS are silenced, the pro-survival signal that they 

transduce is probably lower compared to normal level, therefore the tumour suppressor and 

inhibitor p16INK4a is not needed and its level might be reduced in order to maintain a balanced 
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equilibrium between cell cycle progression and blockage in the cancer cell. 

To further confirm the reciprocal regulation of the three proteins, we aimed to uncover if 

they could physically interact by performing co-immunoprecipitation assay for gal-3 or KRAS. 

We showed that KRAS and gal-3 can co-immunoprecipitate with each other and they can 

both co-immunoprecipitate with p16INK4a. These results are in accordance to our previous 

results and suggest that the reciprocal protein level regulation might be explained by a 

physical interaction between these proteins. This may be a sensing mechanism to detect 

gal-3, KRAS and p16INK4a reciprocal protein levels and to signal them to the cells, in order 

to maintain the balance between oncogenes and tumour suppressor genes, by adjusting 

the levels of proteins in case of physiological variations from the normal state. However, 

co-immunoprecipitation assay only gives information about the possible biochemical 

interaction of proteins. The intracellular localization of the three proteins is known to be 

slightly different in most of the cases and this may raise some doubts about the actual 

interaction of the proteins in the cell. KRAS is a cytoplasmic protein that needs to translocate 

in the inner part of the plasma membrane in order to be activated. RAS proteins associations 

with the membranes of intracellular organelles, such as ER and Golgi, have also been found 

(Plowman and Hancock, 2005; Omerovic et al., 2007; Prior and Hancock, 2012). However, 

RAS proteins have occasionally been found also in other localization, such as mitochondria 

(Bivona et al., 2006; Wolfman et al., 2006) and nucleus (Wurzer et al., 2001; Birchenall-

Roberts et al., 2006; Jeong et al., 2006; Fuentes-Calvo et al., 2010). Gal-3 is mostly expressed 

in the cytoplasm and nucleus (Wang et al., 2004; Haudek et al., 2010), but it is expected to 

localize in the inner side of plasma membrane when interacting with KRAS. p16INK4a main 

activity is performed in the nucleus, but it is hypothesized to found its partners, the CDKs, in 

the cytoplasm before they can form an active complex (Guan et al., 1996; Reynisdottir and 

Massague, 1997). Considering the reported localization of the proteins, we hypothesised if 

KRAS and gal-3 co-localize at the inner leaflet of the plasma membrane and if p16INK4a and gal-

3 co-localize in the nucleus. We observed co-localization of gal-3 and KRAS in the cytoplasm, 

with gal-3 organized probably in multimers, since the fluorescent signal was grouped into 

distinct dots, but, surprisingly, both proteins were found in the nucleus as well and often co-
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localizing. In the case of p16INK4a, the co-localization with gal-3 happened less frequently and 

in most occasions in the nucleus. Interestingly, also KRAS and p16INK4a seemed to co-localize 

in the nucleus, especially in cells with KRASwt. The most difficult event to interpret is the 

co-localization of KRAS and p16INK4a. Cells transfected with oncogenic KRASG12V presented a 

much higher amount of plasma membrane associated KRAS, suggesting a constantly active 

state of mutated KRAS, therefore allowing a less frequent co-localization with p16INK4a in the 

nucleus. Taken all together, the results show that the three proteins seemed to have a shared 

localization in the nucleus, especially when expressing KRASwt, where at least a portion of 

KRAS is not active and therefore free to be in localizations other than the inner plasma 

membrane. This somehow unusual localization of KRAS may be caused by the Flag-construct 

plasmid used to overexpress KRAS in our “normal” colon model cells. Indeed, we used cells 

transfected with either KRASwt or KRASG12V, whose protein products are overexpressed in 

cells that already harbour endogenous wild type KRAS.  The total amount of KRAS protein 

resulted in excess compared to physiological levels and this may be the reason why a 

percentage of the protein was found in less usual cellular compartments, such as the nuclei. 

On the other hand, the three proteins may actually interact at some level in the nucleus and 

this interaction m ay regulate their reciprocal protein expression levels. The fact that the 

proteins are able to physically interact provide support for this hypothesis. It remained to be 

unclosed if this regulation happens directly at the protein level, or rather at the translational 

or transcriptional level.

We also confirmed the effect that KRAS and gal-3 have on cancer progression. Indeed, 

their silencing decreases cell proliferation and slightly increases cell death. However, we 

demonstrated that the double silencing of the two proteins does not sum up the effects of 

the single silencing and not only it does not significantly increase cell death, but also seems 

to revert the effect of the silencing of KRAS alone. 

We further analysed the cellular effects of KRAS and/or LGALS3 silencing on cancer cell. 

The notion that KRAS, gal-3 and p16INK4a seem to be so finely regulated in colorectal cancer 

cells may be due to their relevance for cancer cell progression. As expected, in all the assays 

performed, which measured cell viability and cell death induction, the silencing of KRAS 
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always caused the most dramatic effects, while the silencing of LGALS3 induced only mild 

decrease in viability. This is probably due to the fact that KRAS has the most central role in 

cell proliferation (Downward, 2003; Rajalingam et al., 2007), cell cycle progression (Pruitt 

and Der, 2001; Coleman et al., 2004), autophagy regulation (Furuta et al., 2004; Elgendy et 

al., 2011; Alves et al., 2015) and escape from death (Downward, 1998; Cox and Der, 2003), 

while gal-3 has an accessory role in relationship to KRAS (Shalom-Feuerstein et al., 2005; 

Ashery et al., 2006; Shalom-Feuerstein et al., 2008; Abankwa et al., 2010). Interestingly, the 

double silencing of the two proteins never triggered a sum of effects. In most of the assays 

performed, the double silencing actually caused the effects of KRAS silencing to be reverted. 

Taking into consideration the fine regulation of the two proteins, it may be hypothesized 

that the cell might use a different pro-survival pathway and bypass the KRAS/gal-3/p16INK4a 

axis regulation when KRAS and gal-3 pro-survival activity is below a certain threshold. This 

may not happen when only one protein is silenced, because the cells try to compensate 

modulating the other proteins levels and because the lack of functionality is not enough to 

severely compromise the cell balance.

The effects observed in all the assays, cell proliferation, viability and cell death induction, 

were never as severe as expected considering the pivotal roles of the proteins silenced. This 

was somehow surprising, but it can be explained by several factors. First of all, the silencing 

of the proteins never reached 100% of effectiveness and varied between experiments. The 

residual level of proteins was probably enough to provide a survival mechanism and the lack 

of a percentage of protein, both KRAS and gal-3, only caused a mild effect. Second, this may 

be a further prove of the accurate mechanism of regulation that the cells have to maintain 

their survival. They compensate the loss of one protein by up- or downregulating the others, 

thus keeping the balance constant. In case both proteins were loss, the cells probably bypass 

their pathway, choosing a different way to maintain its viability.  The decrease in number of 

cells when KRAS or gal-3 were silenced was more evident compared to loss of viability in 

the same conditions, detected in a statistically significant way only by trypan blue assay and 

not by Annexin V/PI. It seems that the silencing of KRAS or LGALS3 stopped the replication 

of the cells at an earlier stage during the recovery time, but did not altered significantly the 
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viability of the cells that were able to proliferate and grow. Moreover, the different results 

obtained with the two viability assays may indicate that the loss of viability encountered is 

mainly due to late apoptosis or necrosis. In our cellular model the lack of KRAS most likely 

triggers blockage in proliferation, evidenced by a decreased cell number after 48 h. The 

reduced number of cells that we observed could be caused by either a massive arrest at G1/S 

restriction point due to the lack of KRAS or to an early death. Cell cycle analysis showed that 

a slight decrease in the number of cell in S phase occurred when KRAS was silenced, but was 

not accompanied by a significant increase in the G1 phase. However, a higher percentage of 

cells were detected in sub-G1, indicating a higher number of cells debris associated with cell 

death. These results indicate that the reduction in cell number at 48 h was most probably due 

to an early induction of apoptosis and not to the arrest of the cell cycle. It seems conceivable 

that the cells die earlier than 48 h, having the time to be almost completely degraded. A 

support for this hypothesis is the fact that much less cells are detected at 48 h, with no 

significant increase of apoptosis, and that the unviable cells found at 48 h mostly are in the 

late phases of death process. In order to be able to confirm this hypothesis, further work 

would be necessary, focused on shorter timing after protein silencing induction.  

Finally, here we showed that the usage of new galectins inhibitors in cancer cells may 

be a starting point or a co-adjuvant, but it does not seem to be enough for effective cell 

death induction, at least at low concentrations. Recently it has been proven that a gal-1 

inhibitor used together with the more common anti-cancer agent rapamycin ablated almost 

completely the HRAS-driven tumour growth (Michael et al., 2016). Taking into consideration 

these findings and the similarity between gal-1/HRAS and gal-3/KRAS interactions (Paz et 

al., 2001; Elad-Sfadia et al., 2002), we tested for the first time novel gal-3 inhibitors in a cell 

culture context. We observed that gal-3 has an effect on cell proliferation, even if not as 

significant as the one caused by KRAS. However, we may hypothesise that the effectiveness 

of galectin inhibitors may be higher than siRNA silencing, since we observed a significant, 

even if not massive, reduction of cell viability when cells are treated with galectins inhibitors, 

but not when gal-3 is silenced by siRNA. Very few is known about these inhibitors, since 

they have never been tested on cell cultures. Similar inhibitors were only tested in in vitro 
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assays, to determine the binding specificity and affinity (Sorme et al., 2002; Sorme et al., 

2005). We therefore performed a preliminary assay to test the possible cytotoxicity of these 

compounds. We used several concentrations, in order to determine the most effective 

one. The results of the viability assay show a slight decrease in viability only when using 

the highest concentrations, in the order of 100-1000 µM, in contrast with the established 

binding IC50 value that ranges in the order of 1-10 µM (Sorme et al., 2002). The low efficacy 

of these compounds may be due to several reasons. First of all, as we observed in our cellular 

model, the lack of gal-3 did not cause dramatic changes in cell proliferation and viability. 

Furthermore, the inhibitors used were not strictly specific for gal-3, thus they may bind to 

other galectins as well, decreasing the specific effect on gal-3. Finally, we have to consider 

that there are significant differences between a cell model context, in which multiple 

partners interact and relate to a changing environment, and a binding assay in which only 

gal-3 and substrate are present. However, this result must not discourage, as it shows for 

the first time that gal-3 has the potential to inhibit, at least partially, cell proliferation, with 

the consistent advantage to be dissolved in a non-toxic buffer for normal cells. They may be 

further developed to optimize binding ability and concentration and they might be thought 

as co-adjuvant in stopping cancer cell proliferation. We suggest the improvement of the 

galectin inhibitors here tested for the first time, and the optimization of their concentration, 

to reach a better level of cell proliferation inhibition, in order to study their usage as co-

adjuvant in the treatment of colorectal carcinoma.          

In conclusion, with this work we provide a first insight into a novel axis regulation in colorectal 

cancer cell, specifically involving gal-3, KRAS and p16INK4a (Fig. 8). These three proteins seem to 

regulate their reciprocal protein levels to maintain the equilibrium between oncogenes and 

tumour suppressor genes, in order to ensure cell survival. We hypothesize that the reciprocal 

regulation between them may occur by direct physical interaction, since gal-3, KRAS and 

p16INK4a were found to co-localize and to physically interact by co-immunoprecipitation.   We 

further proved the pivotal role of KRAS and gal-3 for cell survival, since their silencing caused 

a decreased in cell number and an increased in cell death. Interestingly, we showed that the 

simultaneous silencing of the two proteins does not augment the pro-apoptotic effect of 
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the single silencing, but, contrarily, it seems to slightly revert it. We therefore suggest that 

when both proteins are silenced, the cell might prefer an alternative pro-survival pathway, 

which allows to bypass KRAS/gal-3/p16INK4a axis to ensure proliferation. We showed that 

the silencing or inhibition of these two proteins may not be enough to stop dramatically 

cell proliferation and induce complete cell death, probably because of the fine modulation 

mechanism of the level of the proteins that ensure the proper balance between pro- and 

anti-survival signals and, in case of failure of this mechanism, a second system that does not 

rely exclusively on the gal-3/KRAS/p16INK4a axis will act. 

Therefore, this study suggests that many factors must be taken into account when 

considering the development of new treatment strategies for CRC. In particular, this work 

evidences that it is often not enough to focus on a single protein, but that it is necessary 

to consider signalling pathways, and the cell, as a whole. Moreover, this research gives 

strong indications on the fact that the simultaneous inhibition of proteins involved in cancer 

progression might not always be a good strategy, since the cell may develop resistance by 

feedback loops in response to the protein downregulation, thus bypassing the inhibited 

proliferation pathway by choosing/activating a different one.

Figure 8: proposed model of KRAS/galectin-3/p16INK4a axis regulation in CRC. The hypothesized 

model of KRAS/gal-3/p16INK4a axis regulation envisages a reciprocal regulation of protein level and 

stabilization of position between KRAS and gal-3, which are in turn inhibited by p16INK4a.
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The work hereby developed encompasses some of the goals and objectives defined 

within the Glycopharm ITN network. This included diverse expertise (on structural 

chemistry, pharmacology, biomedicine and molecular biology) to assess several aspects of 

the biology of galectins, in particular galectin-3. The central aim of this work was to build a set 

of yeast strains that could be further used as a platform for pharmacological drug screening. 

The knowledge in regard to galectins in yeasts was almost inexistent, since these organisms do 

not naturally express galectins, so the work had to begin from zero. The effects of exogenously 

added galectin-3 on yeast were assessed and compared with the effects of expressing and 

accumulating gal-3 intracellularly. These were further compared with the effects caused by 

other galectins representing other structural groups. This was done using in parallel two 

very distinct yeast models, S. cerevisiae and C. albicans, as well as mutants defective in the 

yeast Ras pathway, known to govern cell growth and proliferation in animal cells, with the 

specific contribution of gal-3. Concurrently, human KRAS was identically expressed in yeast, 

as a step towards the future co-expression of gal-3 and KRAS. Furthermore, the relation 

between gal-3, KRAS and p16INK4a, fundamental proteins in the oncogenic processes, was 

assessed using colorectal carcinoma cells as model. All taken, the work answered to some 

major questions, as presented below, while providing the yeast platform of six yeast strains 

humanized through the expression of either human gal-3 or KRAS.

One comment must go to the methodologies used in the present work. Galectins are 

not available in very high amounts (neither from personal or commercial origin). Therefore, 

the use of these proteins to perform regular yeast protocols demanded for their extreme 

miniaturization, up to the microliter scale. Being aware that downsizing a protocol does not 

necessarily ensures its success, and though this is not described in the thesis, the effectiveness 

and reproducibility of each protocol was tested before using galectins. Moreover, the cell 

surface microarrays had never been attempted before with yeasts whole cells. They were 

created and optimized for bacteria use. The optimization of the arrays protocols for yeasts 

was also done within the scope of the thesis. The success of these methodologies was the 

foundation for all the work presented.
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Does yeast recognize and react to the external presence 

of  human galectins? Are the effects caused by exogenous 

galectins mediated by galectin binding to yeast cells? 

Various galectins have a well-established role in recognizing glycans on the surface 

of several different microorganisms, including viruses, bacteria and parasites. The 

recognition by galectins of specific glycans present on the cell surface can trigger different 

cellular responses, such as the onset of the immune defence by the host, the cell adhesion 

and fusion by the invading organism and the direct clearance of the pathogen (Sato et al., 

2009; Vasta, 2009; Vasta et al., 2012; Baum et al., 2014). Among the various microorganisms 

investigated, pathogenic fungi such as Candida albicans never had a prominent role. Very 

few studies report the ability of galectins to bind to the surface of this pathogenic yeast. 

In particular, only gal-3 was identified to bind to C. albicans β-1,2-linked oligomannosides, 

causing morphological changes and mortality (Fradin et al., 2000; Jouault et al., 2006; 

Kohatsu et al., 2006). Since galectins bind with highest affinity to galactosides, which are 

supposedly absent from yeast cell wall, it was difficult to hypothesize recognition in spite of 

the reported phenotypes.

In this work, the analysis of galectins binding to yeasts was expanded, exposing yeast to at 

least one galectin from each structural subgroup (gal-3, the only member of the chimera type 

group, gal-4 from the tandem repeat group, and gal-7 and gal-1 from the proto-type group), 

and comparing their effects on the pathogenic model yeast C. albicans and on the non-

pathogenic model yeast S. cerevisiae. Additionally, the binding ability of the same galectins 

to the surface of the yeast cells was investigated, in order to confirm that direct binding of 

the galectins to the yeast cell surface occurs.

Three galectins were able to cause intracellular effects on yeasts and to bind to their 

surface, gal-3, gal-4 and gal-7. Gal-1 did not trigger any recognizable response in either 

C. albicans or S. cerevisiae, nor did it bind to yeast cell surface. This difference suggests 

that each galectin behaves differently and specifically in regard to binding and subsequent 

effects. Concurrently, the three galectins showed different binding pattern and induced 
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different responses in each yeast species. Moreover, in general both binding and cellular 

effects were more evident in S. cerevisiae than in C. albicans, in opposition to  the only two 

previous reports available (Jouault et al., 2006; Kohatsu et al., 2006).This could be due to the 

different genetic backgrounds of S. cerevisiae and C. albicans, as well as to the very different 

experimental conditions and physiological state of the cells described by those authors. Both 

strongly impact in the molecular composition of the cell wall and membrane.

Gal-3, gal-4 and gal-7 caused a specific combination of effects in S. cerevisiae. Gal-3  induced 

a stress response characterized by cell enlargement, DNA alterations and ROS accumulation 

that ultimately led to decreased viability. Gal-4 and gal-7 caused similar effects, namely ROS 

accumulation and plasma membrane rupture. The three galectins  bound to the S. cerevisiae 

concentrated cell wall and membrane fractions, though with different intensity. Different 

binding ability could implicate the activation of different responses from the cells, i.e. different 

signalling pathways, or at least different intensity of response/pathway activation.Gal-4 and 

gal-7 showed binding to yeast whole cells. This could mean that gal-4 and gal-7 could find 

more binding sites/ligands on yeast surface and therefore yielding a more significant binding, 

detectable also when ligand samples were less concentrated, as when using whole cells. 

The different binding ability can additionally be caused by different ligands typology, since 

galectins are sensitive to the organization of glycans presentation on the cell surface (Gabius 

et al., 2011; Andre et al., 2015) and clusters of glycans are differently recognized by different 

galectins. Moreover, each type of galectin has a different ability to multimerize, depending 

on the number of CRDs and linker peptides, and that leads to different affinity for the ligands 

and the consequently a different duration of the binding (Gabius et al., 2011; Andre et al., 

2015). All these factors contribute to make both the galectins binding to the yeast cells and 

the effects caused in the cell extremely differentiated and specific. 

Intracellular components also greatly contribute to determine the final response of the 

cell to exogenous galectins Namely, the correspondent response signalling pathways must 

be fully functional. The outcome of signalling greatly depends on the integrity and molecular 

composition of the cell outer structures, membrane and wall, with inevitable consequences 

in recognition by extracellular effectors. That is the case of deleting the RAS2 isogene in 
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S. cerevisiae. The Δras2 mutant was the yeast strain showing the biggest binding ability 

for all the galectins, either using sub-cellular fractions or yeast whole cells. However, the 

exposure of this mutant to exogenous gal-3. Other galectins were not tested with Δras2 did 

not yield any significant effect. This means that the interruption of the Ras pathway causes 

rearrangements of the yeast cell surface that improve the cell affinity for galectins, but, on the 

other side, that the Ras2 protein is needed to activate the specific stress response induced 

by gal-3. As mentioned above, the cell surface changes are not necessarily in composition, 

they can simply be glycans rearrangements. Finally, it cannot be excluded the hypothesis that 

in the Δras2 mutant gal-3 might activate a different pathway, not causing a stress response 

identical to the correspondent wild type strain.

In conclusion, the present work showed that galectins cause a response in yeast cells,  

more evident in S. cerevisiae than in C. albicans, and that this response is galectin-specific. 

Concomitantly, galectins were shown to bind to the yeast cell surface, and also in this case the 

binding was galectin-specific. Therefore, it was hypothesized that yeast response to galectins 

may be directly mediated by the galectins binding to the yeast cell surface. Moreover, the 

necessity of having functional intracellular Ras/cAMP/PKA signalling pathway to mediate gal-

3 response in S. cerevisiae was showed. This could work by providing the necessary proteins 

to activate intracellularly the response, or by modulating the yeast surface composition. 

Future perspectives

Further work is needed to better understand the effects of galectins on yeasts, namely 

how the binding occurs. In this regard, the next step could be to further purify the 

yeast cell surface components, in order to identify the specific ligand of each galectin. As 

mentioned, yeast cell wall does not present galactosides (Klis et al., 2006; Free, 2013). After 

showing that microarray technology is suitable for yeast printing, this new tool could be used 

for that purpose. Additionally, using various other lectins with different and well-established 

specificity, it could contribute to determine the composition and glycan presentation of yeast 

cells. This could be particularly useful to discover the differences between pathogenic and 
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non-pathogenic yeasts, helping in the identification of factors that could be significant for 

pathogenesis. In addition, future work should be done to better understand the intracellular 

response of yeast to each galectin. Specifically, it would be very informative to measure the 

activity of Ras/cAMP/PKA pathway by determining the intracellular concentrations of cAMP. 

Testing other mutants of the Ras and other pathways for the response and binding to gal-3 

or other galectins would be useful to further establish if gal-3 causes an hyper- or hypo-

activation of the pathway and if other pathways may be involved. 

Does the presence of  yeast Ras proteins influence the effects 

of  endogenous galectin-3 on yeast?

Similarly to the results obtained when analysing on yeast the effects and binding of 

exogenous galectins , the functionality of the S. cerevisiae Ras pathway influenced 

the response to the endogenously expressed human gal-3. 

Human gal-3 and KRAS were separately expressed in S. cerevisiae and basic features of 

yeast life, such as growth rate, chronological life span and stress response, were analysed. 

These features, in addition to be useful to determine the impact of human proteins on yeast 

viability, can also be easily used to test other proteins or compounds that can revert the 

identified phenotypes, therefore inhibiting the human proteins. This is the conceptual basis 

behind the construction of the referred platform. Importantly, the human proteins were 

expressed in wild type strains and in RAS pathway deletion mutants, Δras1 and Δras2. When 

gal-3 was expressed in yeast, the presence or absence of endogenous yeast Ras proteins 

greatly influenced the outcome of the experiments. Gal-3 expression did not affect growth 

rate in either RAS mutants,  but affected growth rate in the wt strain. The other way around, 

gal-3 only affected CLS in RAS mutants but not in the wt strain. Gal-3 has been described in 

human cells as a partner and regulator of KRAS, mainly directing and stabilizing its membrane 

specific localization in nanoclusters (Elad-Sfadia et al., 2004; Ashery et al., 2006; Shalom-

Feuerstein et al., 2008; Bhagatji et al., 2010). The interaction between KRAS and gal-3 drives 

cell proliferation and apoptosis escape in different types of cancers, including pancreatic, 
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colorectal, thyroid and breast cancers (Shalom-Feuerstein et al., 2005; Shalom-Feuerstein et 

al., 2008; Levy et al., 2011; Song et al., 2012; Wu et al., 2013), having therefore an important 

clinical role. The results obtained in the present work suggest that in yeasts, similarly to 

human cells, the endogenous Ras proteins, in particular Ras2, might cooperate with gal-3 in 

conditioning the survival/death processes. 

This work showed for the first time that galectins can be successfully expressed in yeast, 

even though no galectins orthologue is present in yeast (Kasai and Hirabayashi, 1996; Dodd 

and Drickamer, 2001), and showed also that the presence of yeast Ras proteins determines 

the outcome of the results when gal-3 is expressed or simply allowed to interact with yeast 

extracellularly. This instils hope in the applicability and usefulness of the yeast platform to 

test compounds able to inhibit gal-3/KRAS interaction. 

The further cloning of KRAS in yeast wt and RAS pathway mutants resulted in the absence 

of complementation of either RAS gene deletion, but showed a hyper-activation of the 

pathway caused by the extra RAS allele in the transformed wt strain, which implies that the 

human protein is actually contributing to the pathway flux. These strains are part of the 

above-mentioned platform and will be controls for the further construction of the yeast 

strain expressing both human gal-3 and KRAS.

Future perspectives

The logical consequence of the results obtained with this work is to obtain the fully 

operational platform, expressing both human cDNAs and amenable to simple 

phenotyping. Presently, the phenotypes that can be used to assess independently the effects 

of either gal-3 or KRAS in yeast may not be the ideal ones to assess the interaction between 

the two proteins.  The platform will provide a useful tool to test chemical compounds or 

other proteins able to revert the associated phenotypes, and thereby able to inhibit gal-3 

and/or KRAS and the consequent cell proliferation in human cells. 
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Do the results obtained using S. cerevisiae as a model translate 

in higher eukaryotes?

Our findings in yeast about the relevance of gal-3/Ras relationship for cell behaviour, 

especially viability and proliferation rate, confirm previous reports on the importance 

of gal-3/KRAS interaction for the progression of various types of cancers (Shalom-Feuerstein 

et al., 2005; Shalom-Feuerstein et al., 2008; Levy et al., 2011; Song et al., 2012; Wu et al., 

2013; Seguin et al., 2014) and give firmer ground to our findings in colorectal cancer cells.

Similarly to what happened in yeast, the level of KRAS protein in CRC influenced cell 

behaviour, specifically viability and growth, and, importantly, modulated as well gal-3 protein 

levels. We indeed identified a reciprocal regulation axis among gal-3, KRAS and a third protein, 

the tumour suppressor p16INK4a. Gal-3 and KRAS seem to modulate their reciprocal protein 

level, together with the one of p16INK4a, adjusting them to the needs of the cell. Namely, 

when KRAS is silenced, also gal-3 level decreases, while the opposite happens when gal-3 

silenced, with KRAS being overexpressed. When both proteins are silenced, also p16INK4a 

level diminishes. Our hypothesis is that the protein levels adapt to the cancer cell proliferation 

needs. If few KRAS is available, less gal-3 is necessary to stabilize KRAS nanoclusters, but 

when low gal-3 is present, a higher amount of KRAS is needed, because when KRAS is not 

organized in nanoclusters by gal-3 is less functional (Tian et al., 2007). When neither protein 

is present, less amount of their inhibitor p16INK4a is necessary to maintain the equilibrium 

between gal-3 and KRAS activation and inhibition.  

With our work in human cells, we confirmed the well-established relationship between 

KRAS and gal-3, with the support of the data obtained in yeast, and we discovered a new 

partner in this axis regulation, p16INK4a. Indeed, in addition to modulating their protein levels, 

the three protein physically interact and co-localize in cells.
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Future perspectives

Further work is needed to confirm the KRAS/gal-3/p16INK4a axis regulation in colorectal 

cancer, mainly by showing a similar mechanism in other CRC cell lines. 

In addition, the effects of KRAS and/or gal-3 silencing on cell proliferation and death 

should be further investigated. Other important cellular processes in which gal-3 and KRAS 

are involved, both independently and when interacting, namely cell adhesion and motility, 

should be analysed when the proteins are silenced.

Important informations could derive by experiments in which the third member of the 

axis regulation, p16INK4a, is silenced, in order to determine if its downregulation causes similar 

effects on the level of the other two proteins and opposite effects on viability and death, 

since its putative role is to inhibit gal-3 and KRAS.

Finally, CRC cell line could be a useful model to test the gal-3 and/or KRAS inhibiting 

compounds that could be identified in the S. cerevisiae platform. In CRC cell line we confirmed 

the importance of both gal-3 and KRAS for proper proliferation and death escape, and 

we provide important information supporting the notion that these proteins interact and 

regulate each other. Therefore, the idea would be to first screen a high number of compound 

using the S. cerevisiae platform and then test the best performing ones in CRC cell lines, in 

order to identify useful drug capable to stop or slow down cancer progression. 
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