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Exploring galectin-3/KRASmut/p16INK4a interplay in colorectal cancer 
 
ABSTRACT 

KRAS is the most frequently mutated RAS isoform in many cancers, including colorectal 

cancer (CRC; 30-50% of the cases), which is a leading cause of death worldwide. Hotspot 

mutations on this oncogene on codons 12, 13 and 61, mainly resulting in G12V, G12D or G13D 

substitutions, have an important impact on therapy-related decisions. KRAS signalling 

nanoclusters are stabilized by the scaffold protein galectin-3 (Gal-3). Gal-3, the only 

chimaera-type galectin within the galectin family, has numerous intra and extracellular ligands, 

playing central roles in many cellular functions. Alterations in Gal-3 expression profile are 

correlated to a variety of cancers, including CRC, being involved in cancer cell growth, 

transformation, apoptosis, angiogenesis, adhesion, invasion and metastasis. Gal-3 mediated 

transformation is partially attributed to its specific interaction with KRAS and consequent 

activation of its downstream signalling effectors. The phenotypic outcomes of this interaction are 

not well established and thus constitute an important subject of research, with possible 

therapeutic implications. On its turn, p16 is a well-known tumour suppressor, which plays several 

additional roles, including in the regulation of angiogenesis, apoptosis, anoikis, immortalization 

and senescence. p16 seems to be related with KRAS and Gal-3, exerting its tumour suppressor 

function by downregulating both proteins to achieve cancer cell anoikis resistance reversion. 

It is possible to infer that KRAS and Gal-3 have a mutual and dual relationship, and that 

p16 downregulates both Gal-3 and KRAS, nevertheless, there is very limited knowledge about the 

Gal-3/KRAS/p16 interplay. In this project we aimed to understand if there is a direct interaction 

between these three proteins in CRC cell lines and to explore the effect of KRAS and/or Gal-3 

silencing in their interplay and in cancer-associated phenotypic characteristics. For that purpose 

we used SW480 and HCT116 CRC-derived cell lines, the normal colon cell line NCM460 and four 

others NCM460-derived cell lines previously transfected with Flag-KRASwt and FLAG-KRAS 

harbouring hotspot mutations: Flag-KRASG12V, Flag-KRASG12D and Flag-KRASG13D. 

In conclusion, this work provides, for the first time, evidences that support the existence 

of a biochemical interaction between Gal-3, KRAS and p16 in the CRC model, establishing a new 

research field that requires further exploration. Our data also suggest that KRAS can constitute a 

good target for new therapeutic strategies in CRC, as it impairs various cancer hallmarks. 

 

Keywords: KRAS, Gal-3, p16, KRAS mutations, interaction, colorectal cancer 
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Caracterização da interação galectin-3/KRASmut/p16INK4a no cancro colorretal 
 
RESUMO 

O KRAS é a isoforma RAS mais frequentemente mutada em vários cancros, incluindo no 

cancro colorretal (CCR; 30-50% dos casos), que é uma importante causa de morte em todo o 

mundo. As mutações mais frequentes neste oncogene, mutações pontuais nos codões 12, 13 e 

61, que maioritariamente resultam em substituições G12V, G12D, ou G13D, têm um impacto 

importante nas decisões terapêuticas. As plataformas de sinalização KRAS na membrana são 

estabilizadas pela proteína galectina-3 (Gal-3). Gal-3, a única galectina tipo “quimera” dentro da 

família das galectinas, tem inúmeros ligandos intra e extracelulares, desempenhando papéis 

centrais em várias funções celulares. Alterações no perfil de expressão da Gal-3 estão 

correlacionadas com uma variedade de tumores, incluindo CCR, estando envolvidas no 

crescimento tumoral, transformação, apoptose, angiogénese, adesão, invasão e metastização. A 

transformação mediada pela Gal-3 é parcialmente atribuída à sua interação específica com KRAS 

e consequente ativação das suas vias de sinalização. Os resultados fenotípicos dessa interação 

não estão bem estabelecidos, constituindo assim um importante tema de investigação com 

possíveis implicações terapêuticas. Por sua vez, p16 é um conhecido supressor tumoral que 

desempenha vários papéis adicionais, inclusivamente na regulação da angiogénese, apoptose, 

anoikis, imortalização e senescência. A p16 parece estar relacionada com KRAS e Gal-3, 

exercendo a sua função de supressão tumoral por regulação negativa de ambas as proteínas 

para atingir reversão de resistência a anoikis. 

Assim, é possível inferir que a KRAS e a Gal-3 têm uma relação mútua e dupla, e que a 

p16 regula negativamente tanto Gal-3 como KRAS, no entanto, o conhecimento sobre a 

interação p16/KRAS/Gal-3 é muito limitado. Neste projeto pretendíamos compreender se existe 

uma interação direta entre estas três proteínas em linhas celulares de CCR e explorar o 

resultado do silenciamento de KRAS e/ou Gal-3 nessa interação e em características fenotípicas 

tumorais. Com esse objetivo usamos as linhas celulares derivadas de CCR SW480 e HCT116, 

uma linha celular de cólon normal NCM460 e quatro outras linhas celulares derivadas da 

NCM460 anteriormente transfectadas com Flag-KRASwt e FLAG-KRAS com as mutações mais 

frequentes: Flag-KRASG12V, Flag-KRASG12D and Flag-KRASG13D. 

 Este trabalho fornece pela primeira vez, evidências a favor da existência de uma 

interação bioquímica entre Gal-3, KRAS e p16 no modelo CRC, estabelecendo um novo conceito 

que definitivamente deve constituir objeto de investigação futura. Sugerimos também que o 
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KRAS pode constituir um bom alvo para novas estratégias terapêuticas no CCR, na medida em 

que pode afetar vários hallmarks tumorais.  

 

Palavras-chave: KRAS, Gal-3, p16, mutações KRAS, interação, cancro colorretal 
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1.1. Cancer: the global burden 

According to the World Health Organization (WHO), cancer is defined as “the 

uncontrolled growth and spread of cells. It can affect almost any part of the body. The growths 

often invade surrounding tissue and can metastasize to distant sites” (WHO 2014). In 2012 

cancer accounted for 14.1 million new cases and 8.2 million deaths worldwide. Predictions point 

to an increase of 19.3 million new cancer cases by 2025, due to growth and ageing of the global 

world population (GLOBOCAN, 2012). 

Carcinogenesis is a multistep process with each step displaying dynamic changes in the 

genome. Such changes are translated by mutations in oncogenes with dominant gain of function, 

and tumour suppressor genes with recessive loss of function, which progressively transform 

normal cells into malignant derivatives. Through those steps, cells acquire a succession of 

capabilities that were initially referred as the “hallmarks of cancer” and were defined by the 

authors as “six essential alterations in cell physiology that collectively dictate malignant growth” 

(Hanahan & Weinberg 2000). Those six hallmarks were proposed as: self-sufficiency in growth 

signals, insensitivity to growth-inhibitory signals, evasion of programmed cell death, limitless 

replicative potential, sustained angiogenesis, and tissue invasion and metastasis (Hanahan & 

Weinberg 2000). Meanwhile, the past decade witnessed remarkable progresses in cancer biology 

that led to the update of the hallmarks list (Fig.1.1), adding two more: the capability to modify or 

reprogram the cellular metabolism and the ability of cancer cells to evade the immunological 

destruction. Moreover, two consequential characteristics that facilitate acquisition of both core 

and emerging hallmarks were mentioned: the genomic instability and mutability and the 

inflammation by innate immune cells (Hanahan & Weinberg 2011). Moreover, Floor et al. 2012, 

referred to another important characteristic - the loss of differentiation.  

Deregulation of signalling pathways is very important to acquire these hallmark 

capabilities, and the interconnections and crosstalk between the individual sub-circuits can make 

a certain oncogenic event to affect multiple capabilities (Hanahan & Weinberg 2011).  

The reductionist view that a tumour is nothing more than a collection of relatively 

homogeneous cancer cells has been put aside and tumours have increasingly been recognized 

as complex organs with specialized cell types and a tumour microenvironment constructed 

during the tumourigenesis process (Hanahan & Weinberg 2011). Therefore, this dynamic, 

complex and intra/inter-tumour heterogeneity contribute to explain the difficulty of treatment and 

the need for multi-target therapies. Despite the increasing accumulation of knowledge about 
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carcinogenesis and the successful advances in treatment strategies, scientific research must 

continue (Duffy 2013). 

 

 

1.1.1. Colorectal carcinogenesis 

Colorectal cancer is the third most common cancer in men and the second in women, 

being the third most frequently diagnosed worldwide. About 694 000 deaths from CRC are 

estimated worldwide, making it the fourth most common cause of cancer mortality. In Portugal, 

this is the second most common type of cancer in men and women, being responsible for the 

highest number of cancer mortality (GLOBOCAN, 2012). Hereditary predisposition, age and 

lifestyle factors, namely fat and alcohol regular consumption, physical inactivity, obesity and 

tobacco smoking represent risk factors for CRC development (Haggar & Boushey 2009). 

The first model of colorectal carcinogenesis was suggested in 1990 by Fearon and 

Vogelstein (Fearon & Vogelstein 1990) as a sequential pathway in which normal epithelium 

becomes hyperproliferative evolving to adenoma and ultimately to carcinoma. This pathway 

essentially requires mutational events in oncogenes, such as KRAS, and in tumour suppressor 

genes, such as APC, DCC and p53. Additional events may eventually lead to metastasis (Fig.1.2).  

Fig. 1.1. The hallmarks and emerging characteristics of cancer (Adapted from Hanahan & Weinberg 2011). 
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CRC can be subdivided in sporadic, which results from a stepwise accumulation of 

genetic and epigenetic alterations, or hereditary/familial, which arises from germline mutations in 

genes involved in colorectal carcinogenesis. Hereditary CRC accounts for less than 5% of all 

cases and among all the identified syndromes the most common are Familial Adenomatous 

Polyposis (FAP) and Lynch syndrome (also called Hereditary Non Polyposis Colorectal 

Cancer- HNPCC) (Al-Sohaily et al. 2012; Armaghany et al. 2012).  

Currently, genomic instability is known to play an important role in colorectal 

carcinogenesis. Accordingly, three not mutually exclusive events are considered to cause this 

instability: (1) chromosomal instability (CIN), (2) microsatellite instability (MSI) and (3) CpG island 

methylator phenotype (CIMP) (Al-Sohaily et al. 2012; Armaghany et al. 2012). CIN, also called 

adenoma-carcinoma sequence, is the most common cause of genomic instability. It is 

characterized by karyotypic abnormalities and the accumulation of mutations that led to the 

activation of proto-oncogenes (e.g.: KRAS) and inactivation of tumour suppressor genes (e.g.: 

APC and p53). MSI results from a defective mismatch repair (MMR) system that leaves 

microsatellites either longer or shorter than usual. According to defined markers, MSI is classified 

as microsatellite high (MSI-H), microsatellite low (MSI-L) or microsatellite stable (MSS). 

Inactivation of MMR enzymes can result either from abnormal methylation of promoter CpG 

islands or from point mutations in MMR family members. Germline mutations in MMR genes are 

in the origin of HNPCC (Al-Sohaily et al. 2012; Armaghany et al. 2012). Aberrant epigenetic 

regulation via inappropriate methylation of gene promoter regions is common in CRC and is as 

Fig. 1.2. A genetic model for colorectal carcinogenesis. Mutations in APC, activation of KRAS and 
inactivation of p53 are essential events in this carcinogenic process (Adapted from Sandouk et al. 2013). 
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significant as DNA mutation in the inactivation of tumour suppressor genes. CIMP is a result of 

aberrant hypermethylation that takes place in repetitive CG dinucleotides or CpG-rich stretches of 

DNA in a given gene, such as MLH1, promoter region. As well as MSI, CIMP has also been 

classified in levels (e.g.: CIMP-low, CIMP-high) (Armaghany et al. 2012).  

In addition to the traditional carcinogenesis adenoma-carcinoma sequence, some CRCs 

are believed to arise from lesions called serrated polyps, establishing the serrated pathway. 

Therefore, based on the molecular and pathological profile, Jass (2007) categorized 5 subtypes 

of CRC:  

(1) CIMP-high, methylation of MLH1, BRAF mutation, chromosomally stable, MSI-H, 

origin in serrated polyps, known generally as sporadic MSI-H (accounts for 12% of CRCs);  

(2) CIMP-high, partial methylation of MLH1, BRAF mutation, chromosomally stable, MSS 

or MSI-L, origin in serrated polyps (accounts for 8% of CRCs);  

(3) CIMP-low, KRAS mutation, MGMT methylation, CIN, MSS or MSI-L, origin in 

adenomas or serrated polyps (accounts for 20% of CRCs);  

(4) CIMP-negative, CIN, mainly MSS, origin in adenomas (sporadic or hereditary) 

(accounts for 57%).  

(5) Lynch syndrome, CIMP-negative, BRAF mutation negative, chromosomally stable, 

MSI-H, origin in adenomas (accounts for 3%) (also referred as familial MSI-H CRC).  

 

1.2. The RAS family: small proteins, high significance 

RAS proteins belong to the RAS superfamily of small GTPases, which is divided into at 

least 5 subfamilies: the RAS, Rho/Rac, Rab, Arf and Ran (Castellano & Santos 2011). 

Mammalian RAS proteins have a molecular weight of approximately 21 kDa and are codified by 3 

similar genes Harvey-RAS (HRAS), Neuroblastome-RAS (NRAS) and Kirsten-RAS (KRAS). KRAS 

gene originates two alternative spliced isoforms, A and B, being the latter an ubiquitously 

expressed form (Vögler et al. 2008) and hereafter designated as KRAS. As a result of their 

oncogenic role, these genes started to be identified more than 40 years ago and since then 

information has been accumulating, proving their relevance on signalling transduction and on 

molecular oncology (Malumbres & Barbacid 2003).  

RAS proteins are regulated by guanine nucleotide exchange factors (GEFs) which activate 

the system by inducing GDP dissociation and GTP binding; and by GTPase activating proteins 

(GAPs) that inversely regulate the system (Fig.1.3). This binary behaviour enables RAS proteins to 
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function as molecular switches in a broad range of signalling transduction processes, from 

extracellular signals, for example soluble epidermal growth factor (EGF), to the interior of the 

cells. Importantly, the high number of RAS activators and effectors identified in mammalian cells, 

places these proteins at the crossroads of various cellular signalling networks, such us 

RAF/MEK/ERK, PI3K/AKT and RalGDS pathways. Consequently, they affect a wide range of 

cellular responses that influence cell fate, including proliferation, differentiation and apoptosis 

(Fig.1.3) (Normanno et al. 2009; Castellano & Santos 2011). 

 

The structure of these small monomeric G proteins can be divided into three domains 

(Vögler et al. 2008):  

(1) The G domain that is approximately 95% conserved among the different isoforms. 

This region of the protein binds guanine nucleotides, contains the switch 1 and 2 loops, which 

undergo major conformational changes on GTP–GDP exchange and are also the binding surfaces 

for effectors, exchange factors, and GAPs;  

Fig. 1.3. RAS mediated intracellular signal transduction pathways. Ligand binding to the extracellular 
domain of receptor tyrosine kinases (RTKs) result in activation and initiation of signalling cascades. Activated 
receptor complexes contain adaptors such as SHC and GRB2 that recruit proteins like SOS1, increasing RAS–GTP 
levels by catalyzing nucleotide exchange on RAS. GTP-bound RAS activates different signalling pathways including: 
RAF/MEK/ERK cascade, that regulate cell proliferation and motility via the transcription factors JUN and ELK; 
PI3K, which via AKT controls a number of downstream effectors responsible for anti-apoptotic responses and via 
Rac, regulates the actin cytoskeleton dynamics, being important in RAS-mediated transformation; RalGDS, RGL and 
RGL2, which activate PLD, resulting in control of cell-cycle progression and in RAS-dependent transformation; and  
PLCε, which regulates calcium release and PKC activation. To terminate this signal transduction, GAPs (eg.  

neurofibromin- NF1) bind to RAS–GTP and accelerate its conversion to RAS–GDP (Adapted from Normanno et al. 
2009). 
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(2) The poorly conserved C-terminal HVR (hypervariable region; less than 15% of 

sequence identity) domain that undergoes direct post-translational processing, being essential for 

plasma membrane anchoring as well as for the trafficking of newly synthesized and processed 

RAS, from the cytosolic surface of the endoplasmic reticulum to the inner surface of the plasma 

membrane. It also comprises the linker region that connects the anchor sequence with the 

N-terminal G-domain;  

(3) The C-terminal CAAX (C=cysteine, A=aliphatic, X=amino acid) motif that is 

post-translationally processed to generate an S-farnesyl cysteine carboxymethyl ester. The 

membrane anchor is completed by one (NRAS) or two (HRAS) proximal S-palmitoylable cysteine 

residues or a polybasic domain of six lysine residues in KRAS.  

 

1.2.1. RAS signalling output: localization matters 

Besides being mainly found at the inner surface of the plasma membrane, these proteins 

can also be found in other intracellular membranes such as endosomes, endoplasmic 

reticulum/Golgi and mitochondria, where they can generate signal output as well (Omerovic & 

Prior 2009). RAS interaction with the plasma membrane is highly dynamic and is located in 

specific microdomains (sites within the plasma membrane that have a distinct lipid and/or 

protein composition) (Hancock 2003). One of the best characterized microdomains are the lipid 

rafts, which consist of dynamic assemblies of cholesterol and sphingolipids at the exoplasmic 

leaflet of the bilayer. Additionally, caveolae is one subset of lipid rafts found in cell surface 

invaginations, formed by polymerization of caveolins- hairpin-like palmitoylated integral 

membrane proteins- that tightly bind cholesterol (Simons & Toomre 2000). As there are different 

C-terminal lipid anchors on N, H and KRAS isoforms - a farnesyl group with one, two palmitate 

groups or a polybasic domain, respectively - it would therefore be expected that they sort or 

target RAS proteins to different membrane microdomains (Hancock 2003). In fact, the HRAS 

membrane anchor targets this protein to lipid rafts and caveolae but, in contrast, the membrane 

anchor of KRAS predominantly (85% of the proteins) targets it to non-raft plasma membrane. 

Notably, HRAS is in dynamic equilibrium between lipid rafts and non-rafts sites of the plasma 

membrane: when GDP-loaded, a percentage of HRAS localizes at lipid rafts, however, 

GTP-loading redistributes HRAS from rafts to non-raft sites. Although localization in the rafts is 

necessary for signalling, this release from rafts is essential for HRAS efficient activation of RAF 

(Prior et al. 2001). Additionally, many studies have demonstrated that activated HRAS and KRAS 
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operate in non-overlapping, non-raft microdomains of the plasma membrane (Hancock 2003). 

This differential lateral segregation of RAS proteins within the plasma membrane can be a 

plausible explanation for distinct signal outputs generated by these highly homologous proteins. 

Furthermore, the C-terminal membrane anchor was shown to regulate RAS signal output 

(Hancock 2003).  

Additionally, at the plasma membrane, approximately 40% of activated RAS proteins form 

nanoclusters, whereas the remainder is distributed as monomers. These nanoclusters display 

some specific features: KRAS nanoclusters are actin-dependent and cholesterol-independent, and 

are stabilized by the scaffold protein galectin-3 (Gal-3), whereas HRAS-GDP nanoclusters are 

cholesterol and actin-dependent but, when activated (GTP loaded), are cholesterol and actin-

independent and are stabilized by galectin-1 (Gal-1) (Abankwa et al. 2007; Omerovic & Prior 

2009). Importantly, using KRASG12V it was shown that only nanoclustered proteins can recruit 

downstream signalling effectors and transduce signals with high-fidelity (Tian et al. 2007). In 

addition, RAF is recruited to and retained in KRAS nanoclusters but, in turn, it is not retained in 

HRAS nanoclusters. Similarly, upon epidermal growth factor receptor (EGFR) activation, RAF is 

preferentially recruited to KRAS and not to HRAS nanoclusters (Plowman et al. 2008).  

RAS interactions with Gal-1 and Gal-3 act as regulators of signal duration and effector 

usage. Gal-1 binds active HRAS-GTP and active KRAS-GTP (preferentially and in a higher extent 

with the former) and Gal-3 only binds KRAS-GTP (Elad-Sfadia et al. 2002; Elad-Sfadia et al. 

2004), all in a RAS farnesyl moiety-dependent manner (Paz et al. 2001; Elad-Sfadia et al. 2004). 

These interactions between RAS and galectins stabilize RAS in the active state (reducing the 

efficiency of GAP-mediated GTP hydrolysis) and promote its association with distinctive effectors 

(Elad-Sfadia et al. 2002; Elad-Sfadia et al. 2004). Thus, when HRAS-GTP interacts with Gal-1, it 

promotes activation of RAF but not of PI3K (Elad-Sfadia et al. 2002). In contrast, when KRAS-GTP 

interacts with Gal-3, it promotes activation of RAF and PI3K (Elad-Sfadia et al. 2004).  

In summary, despite the similarity of RAS isoforms, they display some functional and 

biological specificity. This is most likely a result of their intrinsically different biological potency 

and of their different spatiotemporal and subcellular compartmentalization. The combination of 

these features with the different cellular contexts in which each isoform is expressed, dictates 

their distinct signalling and consequent output (Omerovic & Prior 2009; Castellano & Santos 

2011).  
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Fig.1.4. RAS isoform-specific codon mutations. (A) RAS oncogenes are frequently mutated at codons 12 (in 
purple), 13 (in blue) and 61 (in green) and the incidence of mutation differs between the isoforms. (B) Isoforms –
specific mutation patterns are associated with particular cancer types (Adapted from Prior et al. 2012). 

1.2.2. RAS mutations and cancer 

The central role of RAS gene products in normal cell signalling is consistent with the high 

frequency of oncogenic activation of RAS genes in human cancers (Castellano & Santos 2011). 

RAS genes exhibit a pattern of isoform-specific codon and point mutations, which display varying 

incidences in different cancers and presents a specific association with particular cancers types 

(Fig.1.4). Typically, single mutations occur at codons 12, 13 or 61 with different frequencies in 

each isoform (Prior et al. 2012). These mutations favour GTP binding, leading to constitutive 

activation of RAS, meaning that the protein no longer requires ligand for activation. This 

constitutive activation deregulates RAS target signalling pathways leading to malignant 

transformation (Mccubrey et al. 2007).  

KRAS is the most frequently mutated isoform in most cancers, having a higher 

occurrence in pancreatic cancer, where 90% of the tumours harbour KRAS mutations. Its 

patterns of mutation are dominated by G→A transitions at the second base of codons 12 or 13, 

resulting in G12D or G13D mutations; G→T transversions at the second base of codon 12, 

producing G12V, and a special case in lung cancer where G→T transversion at the first base of 

codon 12 produce G12C mutations (Prior et al. 2012). 

Conclusively, one might speculate that this high frequency of RAS proto-oncogenes 

activation in human cancers makes RAS and their signalling pathways attractive targets for 

cancer therapy. 
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1.2.2.1. KRAS mutations in colorectal cancer: role and significance 

Back in 1990, the significance of KRAS mutations in CRC had already been recognized 

as an initial event in colorectal carcinogenesis (Fearon & Vogelstein 1990). Indeed, KRAS 

mutations are very frequent in CRC, occurring in approximately 30-50% of the cases, being 

considered an important factor to be taken into account in therapy-related decisions (Arrington et 

al. 2012).  

The RASCAL (Kirsten-RAS in colorectal cancer collaborative group) carried out the biggest 

studies about the impact of KRAS in CRC, reaching some important conclusions: KRAS mutations 

are associated with CRC development and progression, and their presence increase the risk of 

death; followed by codon 13, codon 12 is the most frequently mutated, being the change of 

glycine (G) to aspartate (D) the more frequent alteration. Additionally, also in codon 12, the 

mutation that results in the change of glycine (G) to valine (V) is associated with more aggressive 

and advanced cancers and represents an increased risk of tumour relapse and death (Andreyev 

et al. 1998; Andreyev et al. 2001). In sporadic MSS CRC, KRAS mutations have been related to 

more aggressive tumours and it has been suggested as a critical gene in the metastization 

process, increasing the ability to invade (Oliveira et al. 2007). In fact, primary CRC harbouring 

KRAS mutations is frequently associated with distant metastasis in liver and lungs, which are the 

main cause of death in CRC patients (Cejas et al. 2009; Nash et al. 2010). In MSI CRC, KRAS is 

less mutated than in MSS and mutations in this gene are inversely associated and mutually 

exclusive to the oncogenic BRAFV600E mutation, more frequent in this type of cancer (Rajagopalan et 

al. 2002; Oliveira et al. 2003).  

Additionally, the epidermal growth factor receptor (EGFR) is frequently overexpressed in 

CRC and its simultaneous presence with mutated KRAS, a downstream effector of EGFR-induced 

signalling cascade, has been identified as a potent predictor of anti-EGFR therapies resistance, 

namely to cetuximab and panitumumab (Vectibix) (Heinemann et al. 2009; Normanno et al. 

2009). Recently, meta-analysis studies have suggested that among the patients with KRAS 

mutations, the ones that harbour the mutation on codon 13 are more sensitive and may benefit 

more from the anti-EGFR therapy with cetuximab (Chen et al. 2013a ; Mao et al. 2013). Hence, 

KRAS and EGFR mutation status should be evaluated before the therapeutic decisions are 

considered (Heinemann et al. 2009; Normanno et al. 2009). 

In conclusion, the presence of KRAS mutations in CRC seems to be a bad prognostic 

biomarker with a relevant impact on therapy. 
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Fig. 1.5. Galectin family division into 3 groups: (a) prototypical galectins, (b) chimaera-type Gal-3 and (c) 
tandem-repeat-type galectins. As galectins are bivalent or multivalent, they can form lattices with multivalent 
glycoconjugates (Adapted from Yang et al. 2008). 

1.3. The galectin family  

Galectins are members of a larger family of β-galactoside-binding lectins that before 

being named as galectins in 1994, were referred as S-type or S-lac lectins. The author that 

suggested the terminology defined that membership to galectin family requires the fulfilment of 

two essential criteria: (1) affinity for β-galactosides and (2) a significant sequence similarity in the 

carbohydrate-binding site (Barondes et al. 1994). These lectins are evolutionary ancient being 

expressed and conserved from vertebrates to invertebrates and protists. Their presence in so 

many species through evolution suggests that they may have evolved to play fundamental roles in 

cell biology (Cooper 2002). 

The 15 identified mammalian galectins all contain conserved carbohydrate-recognition 

domains (CRDs) of about 130 amino acids, which served as a criteria for their classification into: 

prototypical galectins with one CRD (galectin-1, -2, -5, -7, -10, -11, -13, -14 and -15); the 

chimaera-type Gal-3 that contains a non-lectin N-terminal region (of about 120 amino acids) 

connected to a CRD; and the tandem-repeat-type galectins that contain two homologous CRDs in 

a single polypeptide chain, separated by a linker of up to 70 amino acids (galectin-4, -6, -8, -9 

and -12) (Fig.1.5). Galectins have sugar-binding specificity and with regard to their binding 

activity, they are bivalent or multivalent having the ability to form lattice-like structures (Yang et al. 

2008). 

In the extracellular space, galectins can modulate the interactions between matrix 

components and cell-surface integrins, regulating cell-cell and cell-matrix adhesion. These 
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interactions are extremely important in cellular motility, polarity and tissue formation, and their 

loss is associated with some diseases, such as inflammation and tumour progression (Hughes 

2001). Also, due to their multivalency, they can crosslink cell-surface glycoconjugates and trigger 

signalling events that can modulate cell behaviour (Liu & Rabinovich 2005). Intracellularly, by 

interacting with some specific ligands, galectins play a role in the regulation of essential cell 

processes like growth, apoptosis and cell cycle regulation (Liu et al. 2002). 

 

1.3.1. Galectin-3: a pleiotropic lectin 

Firstly identified in 1982 as a 32kDa antigen (Muc-2) on the surface of mouse 

thioglycollate-elicited macrophages (Ho & Springer 1982), over the years Gal-3 was isolated from 

many other sources and received many designations, until the introduction of the “galectin” 

nomenclature. Among the galectins family, Gal-3 is the most studied member (Dumic et al. 

2006).  

Structurally Gal-3 is composed by two distinct conserved domains: the N-terminal domain 

(ND), responsible for multimerization, consists of a 110-130 amino acids sequence with 7-14 

tandem repeats of Pro-Gly-Ala-Tyr-Pro-Gly followed by three additional amino acids, and the 130 

amino acids C-terminal CDR, that accommodates the carbohydrate-binding site (Dumic et al. 

2006). These two domains are necessary for Gal-3 functionality: the ND contributes to 

carbohydrate-binding (Barboni et al. 2000) and the C-terminal is involved in Gal-3 self-association 

(depending on whether it is bound to saccharides or not) (Yang et al. 1998). The ND is also 

necessary for Gal-3 subcellular localization (Gong et al. 1999) and is susceptible to cleavage by 

metalloproteinases (MMPs; particularly MMP-2 and MMP-9), which play an important function in 

several physiological processes such as extracellular matrix degradation and tissue remodeling 

(Ochieng et al. 1998). Its Ser6 residue phosphorylation was demonstrated to play key roles in Gal-

3 ligand binding, acting like the “on/off” switch of some downstream biological effects, including 

its anti-apoptotic and anti-anoikis (apoptosis upon loss of anchorage) activities (Mazurek et al. 

2000; Yoshii et al. 2002). The former has been attributed to the C-terminal NWGR (Asn-Trp-Gly-

Arg) motif, which is similar to the BH1 domain of the Bcl-2 family proteins (Akahani et al. 1997).  

Gal-3 is one of the members of the family that exhibits a dual localization, intra and 

extracellular, but lacks a transport signal sequence, thus its mechanism of externalization does 

not involve the classical endoplasmic reticulum-Golgi complex pathway (Hughes 1999). 

Meanwhile, Gal-3 was found in dendritic cells’ secreted exosomes (Théry et al. 2001), and has 
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been shown to interact with membrane phospholipids and cholesterol, having the propensity to 

rapidly penetrate and traverse the lipid bilayer in either direction (Lukyanov et al. 2005). In the 

intracellular space, Gal-3 shuttles between the nucleus and the cytoplasm, being 

exclusively/mainly in one compartment or distributed by both, depending for example on cell 

type or specific in vitro experimental conditions, and many studies have been carried out in 

search for import and export signals (Haudek et al. 2010). Gal-3 can migrate into the nucleus by 

distinct pathways: passive diffusion, ND-dependent active transport system (Nakahara et al. 

2006a), or it can be imported by the importin (karyopherin) α/β complex, as it has a nuclear 

localization signal (NLS)-like sequence in the C-terminal (Nakahara et al. 2006b). Recently, it was 

elucidated that nucleoporin Nup98 mediates Gal-3 nuclear export by interacting with its 

C-terminal domain (Funasaka et al. 2013).  

Numerous intracellular molecules have been identified as Gal-3 ligands (Fig.1.6) and the 

interaction with most of them is established through protein-protein interactions instead of 

protein-carbohydrate recognitions (Haudek et al. 2010). In the nucleus, Gal-3 plays a part in 

spliceossome assembly by interacting with Gemin4 (Park et al. 2001), participates in the 

regulation of transcription by interacting with transcription factors like the thyroid transcription 

factor 1 (TTF-1) (Paron et al. 2003), or by enhancing/stabilizing transcription factor binding to 

CRE and possibly SP1 sites, which are often found at the promoter region of many genes, 

including cyclin D1 (Lin et al. 2002). In the cytoplasm Gal-3 interacts, among others, with Bcl-2, 

functioning in its pathway (Yang et al. 1996); with synexin, which mediates its translocation to the 

perinuclear mitochondrial membranes, where it regulates mitochondrial integrity (Yu et al. 2002); 

and with nucling, which downregulates Gal-3 and consequently mediates apoptosis (Liu et al. 

2004). Furthermore, Gal-3 also can exert its anti-apoptotic activity by modulating mitochondrial 

homeostasis, in particular by reducing intracellular ROS generation and influencing the 

mitochondrial membrane potential (Matarrese et al. 2000). Hence, intracellular Gal-3 is an active 

participant and regulator of essential cell processes namely proliferation/cell cycle regulation, 

survival and death. 

Gal-3 biological roles are also regulated by its subcellular localization, for example: in 

contrast with the intracellular anti-apoptotic activity, when extracellular, Gal-3 has an opposite 

effect, acting as a pro-apoptotic factor, what has been demonstrated in human thymocytes and T 

cells (Stillman et al. 2006).  Extracellularly, Gal-3 is found on cell surfaces, in the extracellular 
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Fig. 1.6. Intracellular ligands and functions of Gal-3. Gal-3 plays important roles in cell biology, such as in: 
pre-mRNA splicing, transcription regulation, proliferation and regulation of cell cycle and apoptosis. (Red arrows 
indicate positive effects, blue lines indicate negative effects) (Adapted from Dumic et al. 2006). 

matrix, in biological fluids and sera, as well as in culture media of certain cell lines, exhibiting 

several autocrine and paracrine effects (Dumic et al. 2006). 

 

As a result of its multivalent properties and the ability to bind cell surface glycoproteins 

and glycosylated components, like laminin, fibronectin, hensin, elastin, collagen IV and tenascin-C 

and -R, some integrins and lipopolysaccharides, Gal-3 participates in cell-cell, cell-matrix and also 

cell-pathogen interactions. These interactions translate into the modulation of cell adhesion, cell 

activation, receptor turnover and endocytosis, interfering with important biological processes, 

namely maintenance of cellular homeostasis, immune reactions, organogenesis and 

angiogenesis, tumour cell invasion and metastasis (Ochieng et al. 2004; Rabinovich et al. 2007). 

Regarding its membrane localization, in migrating dendritic cells, this lectin was found localized 

in membrane lipid rafts (in a lectin-carbohydrate interaction independent way), arising the 

suggestion that it is necessary for the formation of more complex ruffle structures, and possibly 

regulates cell migration at least in part by regulating the cell membrane architecture (Hsu et al. 

2009). 
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As far as the immunoregulatory properties of this lectin are concerned, it acts as a 

chemoattractant for immune cells, namely monocytes, macrophages as well as neutrophils (Sano 

et al. 2000), participates in many T-cell mediated inflammatory processes, infections and 

autoimmune diseases (e.g.: diabetes mellitus and multiple sclerosis), acting in general as pro-

inflammatory, and in innate anti-tumour immunity favouring tumour progression (Radosavljevic et 

al. 2012).  

In summary, Gal-3 is a multifaceted protein: it displays pleiotropic effects that are 

dependent on its localization and interaction with its extensive list of ligands, being involved in 

normal cell function but also in pathological processes. 

 

1.3.1.1. Galectin-3 in cancer: roles and KRAS interaction  

Gal-3 altered expression has been connected to the progression of a variety of cancers, 

such as prostate (Knapp et al. 2013), thyroid (Chiu et al. 2010), breast (Zhang et al. 2014), 

colorectal (Endo et al. 2005; Povegliano et al. 2011), ovarian (Kim et al. 2011), hepatocellular 

(Jiang et al. 2014) and melanoma (Brown et al. 2012), being in some cases considered a potent 

diagnostic and prognostic biomarker and therefore a good therapeutic target. 

Notably, Gal-3 is an active player in the carcinogenesis process from transformation to 

metastization (Fig. 1.7). Direct evidence has shown that Gal-3 plays a pivotal role in malignant 

transformation: inhibition of Gal-3 in breast cancer cells led to the reversion of the transformed 

phenotype both in vivo and in vitro (Honjo et al. 2001), and the introduction of Gal-3 cDNA into 

normal thyroid follicular cells conferred them a malignant phenotype (Takenaka et al. 2003). 

Additionally, Gal-3 participates in every step of the metastatic cascade including in angiogenesis, 

dissemination through the blood flow, tumour embolism formation and extravasation (Funasaka 

et al. 2014).  

A list of evidences has been highlighting Gal-3 angiogenic role through different 

mechanisms (Funasaka et al. 2014). For example, Gal-3 seems to be connected to vascular 

endothelial factor (VEGF) and basic fibroblast growth factor-mediated angiogenesis by its 

carbohydrate-mediated interaction with αvβ3 integrin, which leads to subsequent activation of 

signalling pathways that promote the formation of new blood vessels (Markowska et al. 2010). 

Likewise, increased circulating Gal-3 is capable of induce secretion of metastasis promoting 

cytokines such as interleukin-6 and colony-stimulating factor from the blood vascular endothelial 

cells (in vitro and in vivo) that will enhance the expression of endothelial cell surface adhesion 
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molecules resulting in increased association between cancer and endothelial cells leading to 

increased migration and tubule formation (Chen et al. 2013b). Moreover, it has been recently 

demonstrated that Gal-3 produced by the tumour can induce M2-like macrophages migration and 

thereby, indirectly promoting angiogenesis and tumour growth (Jia et al. 2013). In addition, this 

lectin is required for stabilization of the epithelial-endothelial interactions, with proteolytically 

cleaved Gal-3 displaying a 20-fold higher affinity for endothelial cells when compared to the 

full-length protein (Shekhar et al. 2004). This ND-cleaved form occurs in vivo and has been 

demonstrated to play an important role in angiogenesis: tumour cells expressing non-cleavable 

Gal-3, showed reduced growth and angiogenesis (Nangia-Makker et al. 2007). In the same way, 

cells expressing an MMP-2/-9 cleavable-Gal-3 form showed increased endothelial cells 

chemotaxis, invasion and interaction with endothelial cells resulting in increased angiogenesis 

and 3D morphogenesis (Nangia-Makker et al. 2010).   

Gal-3 subcellular localization also appears to be important and determinant for its roles 

in cancer. In prostate cancer, Gal-3 expression is generally decreased, but when detected it is 

only present in the cytoplasm, localization that is related to disease progression (Van Den Brûle 

et al. 2000). The same group proved that, in human prostate cancer, Gal-3 exerts opposite 

biological activities according to its localization: nuclear Gal-3 has anti-tumour functions whereas 

cytoplasmic Gal-3 promotes tumour progression (Califice et al. 2004). Also, in tongue cancer a 

translocation of Gal-3 from the nucleus to the cytoplasm during neoplastic progression was 

observed and was suggested to act as a prognostic factor (Honjo et al. 2000). On the other hand, 

in clear cell renal cell carcinoma, Gal-3 seems to be overexpressed and is significantly 

translocated into the nucleus (Straube et al. 2011).  

Furthermore, by suppressing cancer cell drug-induced apoptosis, Gal-3 has been 

frequently implicated in drug resistance and its targeting could improve the efficacy of anticancer 

drug chemotherapy in several types of cancer (Fukumori et al. 2007). Fortunately, the investment 

on the design of therapeutic Gal-3 inhibitors is becoming a reality (Blanchard et al. 2014). 
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KRAS is one of the Gal-3 ligands (Fig. 1.6): they have been shown to interact in various 

cellular models and Gal-3 mediated transformation is partially attributed to this interaction (Fig. 

1.7) (Elad-Sfadia et al. 2004; Shalom-Feuerstein et al. 2005; Levy et al. 2010; Song et al. 2012; 

Wu et al. 2013). Gal-3 specific interaction with KRAS-GTP promotes strong and prolonged KRAS 

activation of PI3K and RAF-1, but on the other hand, promotes attenuation of ERK activation by 

an unknown mechanism (Elad-Sfadia et al. 2004). Importantly, some results indicate that 

tumours can acquire KRAS-transforming characteristics without a KRAS activating mutation but 

by elevated expression of Gal-3 (Shalom-Feuerstein et al. 2005). Gal-3 is capable of directly bind 

KRAS and mediate the activation of its signalling pathways (Shalom-Feuerstein et al. 2005; 

Shalom-feuerstein et al. 2008; Song et al. 2012), but also indirectly increases KRAS expression 

Fig. 1.7. Gal-3 contributes to tumourigenesis and tumour progression through several different 
mechanisms. Galectin-3 has an important role in the initiation of tumourigenesis especially through its interaction 
with KRAS triggering its downstream signalling pathways (not only PI3K/AKT pathway, represented in the image, but also 

the RAF/MEK/ERK pathway). Additionally, it has anti-apoptotic activity and maintains cell survival. Cell surface Gal-3 
acts as an adhesion molecule in homotypic (cell–cell) and heterotypic (cell–matrix) interactions and is involved in the 
formation of tumour emboli and attachment of tumour cells to endothelium during metastasis. It is also able to 
protect cancer cells against anoikis allowing them to survive and spread through the blood flow, and to contribute to 
tumour immune escape by inducing apoptosis of immune cells. Gal-3 can also regulate tumour cell migration and 
invasion and sustains secondary tumour survival and growth. Particularly the ND-cleaved Gal-3 form has angiogenic 
activity promoting new capillaries formation (Adapted from Radosavljevic et al. 2012; Funasaka et al. 2014). 
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and improves its membrane stability and activity, by downregulating miRNA let-7, which is known 

for negatively regulating KRAS transcription (Levy et al. 2011). Data about this interaction using 

cancer cell models has been accumulating and proving its relevance in malignancy (Table 1.1). 

 

Table. 1.1. Evidences of Gal-3-KRAS interaction in cancer cell models 

Model Gal-3-KRAS connection Reference 

Breast cancer 
cells 

 

- Overexpression of Gal-3 coincide with a significant increase in KRASwt-GTP 
coupled with loss of NRASwt-GTP; 

- Gal-3 acquires several oncogenic properties by binding to KRASwt with the 
consequent activation of RAF-MEK-ERK signalling. 

Shalom-
Feuerstein et 

al. 2005 

- Gal-3 is an integrant structural component of KRAS-GTP membrane 
nanoclusters and is determinant for nanoclusters formation and signal output. 

Shalom-
Feuerstein et 

al. 2008 

Thyroid 
cancer cells 

- Gal-3 overexpression positively correlates with high levels of KRASwt -GTP, 
contributing to malignant phenotype. 

Levy et al. 
2010 

Pancreatic 
cancers and 
cancer cells 

- Gal-3 binds RAS, is responsible for its attachment to the membrane and 
mediates its downstream signalling activation. 

Song et al. 
2012 

Colon cancer 
cells 

- Through the activation KRAS/RAF/MEK/ERK pathway, Gal-3 mediates 
cancer cell migration and potential distal localization. 

Wu et al. 
2013 

 

 

1.3.1.1.1. Galectin-3 in colorectal cancer 

Gal-3 is expressed in the normal colonic mucosa both in the nucleus and cytoplasm, but 

more strongly in the nucleus (Lotz et al. 1993; Sanjuán et al. 1997). Despite some studies 

demonstrated a decreased Gal-3 expression in CRC (Lotz et al. 1993; Sanjuán et al. 1997) and 

that Gal-3 decrease is related with the malignant invasive behaviour (Tsuboi et al., 2007), the 

majority of the studies have confirmed an increased Gal-3 expression and a correlation with the 

degree of dysplasia and metastatic potential (Lotan et al. 1991; Irimura et al. 1991; Schoeppner 

et al. 1995; Legendre et al. 2003; Hittelet et al. 2003; Endo et al. 2005; Povegliano et al. 2011). 

Emphasizing the relevance of Gal-3 in CRC, a CRC rat model was designed to study its 

expression and its ligands along carcinogenesis. The expression of Gal-3 demonstrated to be 

increased in primary lesions and diminished in tumours and metastasis (Hill et al. 2010), which 

is partially in agreement with the studies aforementioned. In one aspect seems to be consensus: 

along tumour progression, Gal-3 intracellular localization is cytoplasmic rather than nuclear. This 

localization seems to be related to a higher risk of recurrence and thereby can be considered a 

poor prognosis factor (Lotz et al. 1993; Sanjuán et al. 1997; Lotan et al. 1991; Irimura et al. 

1991; Hittelet et al. 2003; Povegliano et al. 2011). 
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Overexpression of this lectin was also found at the cell surface of CRC cells (Lee et al. 

1991; Greco et al. 2004) where it is suggested to facilitate metastization (Lee et al. 1991). In 

agreement with this author and the ones that described increased expression of Gal-3 correlated 

with metastatic potential, is the finding that reduction of Gal-3 mRNA and protein levels (both on 

cytoplasm and cell surface), through antisense inhibition, significantly reduced cells’ ability to 

colonize the liver and conversely, elevation of the lectin levels resulted in a derivative cell line with 

a high liver-colonizing potential (Bresalier et al. 1998). This relation between Gal-3 and 

metastasis seems to be explained by its interaction with cancer-associated MUC1, via the 

oncofetal Thomsen-Friedenreich (TF) antigen, which induces polarization of MUC1 cell surface 

localization and thereby allows exposure of some underlying adhesion molecules, enhancing 

cancer-endothelial adhesion and promoting metastasis (Zhao et al. 2009). Gal-3 role in CRC cells 

adhesion, is also supported by its range of ligands that are involved in cell adhesion and 

metastasis, such as carcinoembyonic antigen (CEA; to which Gal-3 co-localizes on the cell 

membrane) and other members of the immunoglobulin superfamily, laminin, lamp-1 and lamp-2 

(Ohannesian et al. 1995). Meanwhile, in the rat model, it was observed that Gal-3 ligands at the 

extracellular matrix are expressed in late phases of tumourigenesis (Hill et al. 2010), which is in 

agreement with the proposed role for Gal-3–ligand interactions in cancer invasion and 

metastasis.  

Furthermore, serum levels of Gal-3 are greatly elevated in CRC patients, particularly 

those with metastasis (Barrow et al. 2011). Simultaneous detection of serum Gal-3/-4 levels can 

distinguish metastatic from non-metastatic patients with high specificity and sensitivity and can 

be a useful tool to detect CRC metastasis (Barrow et al. 2013).  

Importantly, using human colon cancer cell lines (DLD-1 and Caco-2), it has been 

demonstrated that overexpression of Gal-3 is related to increased cell migration rate and to 

lamellipodia formation and distal lung localization in SCID mice, whereas its knockdown 

decreased the migration. Importantly, this Gal-3 effect on migration is mediated by KRAS and its 

subsequent activation of RAF/MEK/ERK pathway (Wu et al. 2013).  

 

1.4. p16INK4a: more than a tumour suppressor gene   

p16INK4a (abbreviated as p16) is part of the INK4 family of cyclin-dependent kinase (CDK) 

inhibitors, which includes three more members: p15INK4b, p18INK4c, p19INK4d (Vermeulen et al. 2003). 

This protein was isolated in a yeast two-hybrid screening searching for proteins that interact with 
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the human CDK4 and it was suggested to be a negative regulator of proliferation in normal cells 

(Serrano et al. 1993). After its isolation, some authors established a direct connection between 

p16 inactivation and tumour susceptibility and it was confirmed as a tumour suppressor gene 

(Liggett & Sidransky 1998).  

The formation of CDK4/6-cyclin D active complexes is essential for entry in G1 phase, 

and during early G1 CDK4/6-cyclin D active complexes are responsible for retinoblastoma 

protein (pRb) phosphorylation. This, in turn, leads to the disruption of pRB complexes with the 

histone deacetylase protein and release of the transcription factors E2F-1 and DP-1, which 

positively regulate the transcription of genes whose products are required for S phase 

progression. As the CDK inhibitor (CKI) p16 inhibits the association of CDK4/6-cyclin D 

complexes, pRb is not phosphorylated and thereby the genes necessary for the progression to S 

phase are not transcribed, resulting in cell cycle arrest in G1 (Fig. 1.8). Therefore, cells that lose 

p16 will indiscriminately progress through the cell cycle (Liggett & Sidransky 1998; Vermeulen et 

al. 2003).  

 

 

Fig. 1.8. Cell cycle regulation by p16. Cyclin D1 regulate the function of CDK4 and/or CDK6, which 
phosphorylates pRB. Phosporylation inactives pRB and allows E2F release followed by the transcription of critical 
cell-cycle proteins for the progression through the restriction point. p16 has a negative effect in this regulation and 
acting as a CKI, prevents cyclin D-CDK4 and/or CDK6 complex formation rendering cells to cell cycle arrest 
(Adapted from Liggett & Sidransky 1998) 
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The mechanisms behind p16 inactivation involve point mutations, promoter methylation 

or deletions (Rocco & Sidransky 2001). The ubiquitous and frequent inactivation of p16 in human 

tumours led to the hypothesis that loss of p16 must provide a selective cellular growth advantage 

to many tumours (Liggett & Sidransky 1998).  Importantly, in CRC cell lines, inactivation of p16 

seems to be common and promoter methylation-dependent (Herman et al. 1995; Tominaga et 

al. 1997; Kim et al. 2005). Conversely, in CRC tissues, the methylation status had been 

demonstrated to be variable and p16 expression has been repeatedly detected, overexpressed in 

some cases (Ohhara et al. 1996; Dai et al. 2000; Palmqvist et al. 2000; Norrie et al. 2003; Kim 

et al. 2005). Decreased or no p16 expression as a result of promoter methylation is associated 

with a more aggressive phenotype and poor prognosis (Liang et al. 1999; Yi et al. 2001; Kim et 

al. 2005; Bihl et al. 2012). Moreover, the variable density of methylation (high, low or non-

methylated) appears to be important since it correlates with p16 mRNA expression (Kim et al. 

2005) and yet it might not result in transcriptional silencing (Norrie et al. 2003; Kim et al. 2005).  

Aside from its tumour suppressor CKI status, p16 has been proving to exert a function in 

other cell biology aspects, including in the regulation of angiogenesis (Alhaja et al. 2004; Lu et al. 

2012), apoptosis (Al-Mohanna et al. 2004; Lu et al. 2012), anoikis (Plath et al. 2000; André et 

al. 2007; Sanchez-Ruderisch et al. 2010; Amano et al. 2012) and, immortalization and 

senescence (Hara et al. 1996; Serrano et al. 1997; Lin et al. 1998; Jacobs & Lange 2004; Lu et 

al. 2012).  

 

1.4.1. p16 connection with galectin-3 and KRAS 

From the point of view of p16 connection with Gal-3 and KRAS, some of p16 roles in 

anoikis and senescence need to be addressed. 

In a variety of cell lines, reconstitution of p16 expression confers the lost capability to 

undergo anoikis, what seems to be related to a p16-reconstitution induced upregulation of the 

fibronectin receptor (α5β1 integrin) (Plath et al. 2000). Beyond the transcriptional upregulation of 

the α5β1 integrin, p16 might have significant biological influences in other aspects. In fact, in 

Capan-1 pancreatic carcinoma p16 positive cells, a concerned expression of 

β1,4-galactosyltransferases as well as a decreased sialylation of O-/N-glycans, were observed. 

These aspects correlate with increased β1-integrin maturation, subunit assembly and increased 

binding activity of the α5β1-integrin. Besides, as a result of the reduced sialylation, that normally 

masks terminal galactoside residues for lectins, the presentation of glycan binding sites is 
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increased along with the cells capacity to bind Gal-1 (a galectin that favours anoikis), that was 

also increased at the transcription level (André et al. 2007). Moreover, in addition to altering 

α2,6-sialyltransferase expression, p16 acts through the regulation of enzymes on the pathway of 

sialic acid biosynthesis (Amano et al. 2012).  

The concerned effects of p16 to restore tumour cells anoikis susceptibility also affect 

Gal-3. As already mentioned, Gal-3 is important to protect cells from anoikis induction, effect that 

is exerted intracellularly and at the cell surface by antagonizing Gal-1 pro-anoikis effects. 

Likewise, forced expression of Gal-3 in p16-positive cells reduces their susceptibility to anoikis but 

the presence of p16 decreases Gal-3 mRNA levels and cell surface presentation (Sanchez-

Ruderisch et al. 2010). In addition, it was shown that this tumour suppressor controls oncogenic 

KRAS function in human pancreatic cancer cells: restitution of p16 downregulates KRASG12V 

activity, decreases its stability and expression, event that is necessary for p16-mediated 

restoration of anoikis resistance and suppression of cells clonogenicity (phenomena that was also 

verified in CRC cells- SW480 cell line) (Rabien et al. 2012). In this model, reduced levels of Gal-3 

were found (Rabien et al. 2012), and in the light of the exposed information one might speculate 

that those could be a result of p16 expression and might also have contributed for the observed 

effects on KRAS. In summary, p16 coordinately orchestrates important changes to suppress the 

transformed phenotype with relevant impact in the galectin network and on the oncogenic KRAS. 

As far as the p16 role in senescence is concerned, besides being involved in other 

senescence mechanisms, namely the ones induced by telomere erosion or DNA damage, p16 is 

involved in prematurely oncogenic stimuli-induced senescence (OIS). This mechanism was firstly 

referred by Serrano et al. 1997 and has been suggested to have a tumour suppressive function 

in a variety of different tumours (Collado & Serrano 2013). p16 levels increase in response to 

prolonged oncogenic HRASG12V expression/activation and provoke permanent cell cycle arrest in 

G1 phase. The mechanism underlying this requires RAS-mediated MAPK activation, which can 

produce two precisely opposite effects: cell-cycle arrest or forced mitogenesis, depending on the 

integrity of the senescence cooperative program controlled by p53 and p16, thereby reinforcing 

the tumour suppressor status of these genes (Serrano et al. 1997; Lin et al. 1998). This duality 

of effects seems to depend on the level of RAS activation: low levels led to hyperplasia, whereas 

high levels induce irreversible cellular senescence. This oncogene-induced senescence is 

followed by RAS downregulation and subsequent apoptosis, which could be explained by the so 

called “RAS addiction” hypothesis: once established, oncogenic RAS activation may be required 
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for the survival of the growth-arrested cells or in other words, the cells may become “addicted” to 

the RAS oncogenic stimulus (Sarkisian et al. 2007). As for oncogenic KRASG12V, it has been shown 

that it induces senescence-related markers following MAPK pathway activation in colon cancer 

Caco-2 cells. However, in this cell line, p16 is hypermethylated and p53 mutated and although 

pRb and p19ARF were working to induce senescence-related markers, they were not sufficient to 

induce growth arrest, demonstrating the importance of p16 and p53 tumour suppressors 

(Oikonomou et al. 2009). In a serrated colon cancer mice model, KRASG12D has been 

demonstrated to be capable of induce tumour suppressive senescence and deletion of Ink4a/Arf 

locus prevents senescence and leads to invasive, metastasizing carcinomas (Bennecke et al. 

2010). Once again, this emphasizes the relevance of the cellular context in which a given 

molecular alteration occurs. 

In conclusion p16 exerts its tumour supression activity not only by its CKI function, but 

also by interfering with other tumour progression mechanisms, including anoikis and 

senescence, in which it is indirectly connected to Gal-3 and KRAS. 

 

1.5. Rationale and aims 

Gal-3 and KRAS seem to have a mutual and dual relationship: Gal-3 is necessary for 

KRAS membrane nanoclusters formation and signal output (Shalom-feuerstein et al. 2008), and 

increases its expression, stability and activity by downregulating let-7 miRNA (Levy et al. 2011); in 

its turn, Gal-3 transformation effects have been described as being mediated by its interaction 

with KRAS and subsequent activation of its downstream signalling pathways, namely in models of 

breast (Shalom-Feuerstein et al. 2005), thyroid (Levy et al. 2010), pancreatic (Song et al. 2012) 

and colon cancer (Wu et al. 2013). Furthermore, it is possible to postulate the existence of a 

relation between p16, downregulating both Gal-3, and KRAS (Sanchez-Ruderisch et al. 2010; 

Rabien et al. 2012) (Fig. 1.9). Gathering all the data from the literature, it is possible to infer that 

Gal-3, KRAS and p16 are all important players in the carcinogenesis. To the best of our 

knowledge, the Gal-3/KRAS/p16 triple axis interplay has never been brought together in a study 

and the connection among these proteins in the CRC model is poorly understood, requiring 

further investigation. 

The general aim of this work is to understand, in the CRC model, the interaction 

between Gal-3/KRAS/p16 proteins and to explore the effect of silencing Gal-3 and/or KRAS on 

the triple interplay and on tumour-associated phenotypic alterations. 
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Specifically we aim to answer the following questions:  

(1) Is there a direct interaction between KRASmut, Gal-3 and p16 in the CRC model?  

(2) Which is the effect of silencing Gal-3 and/or KRAS in the Gal-3/KRAS/p16 expression 

levels regulation and interplay in the CRC model? 

(3) What are the tumour-associated phenotypic alterations induced by inhibition of KRAS 

and/or Gal-3 in CRC cell lines? 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

Fig.  1.9. Rationale of the project. Gal-3 and KRAS seem to have a mutual and dual relationship and are known 
to interact in KRAS membrane nanoclusters formation (blue arrows). Some evidences have shown that p16 is 
capable of downregulate both Gal-3, and KRAS (red lines). The main goal of this project is to understand if there is a 
direct interaction (blue interrupted arrows) between Gal-3, KRAS and p16. 
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2.1. Cell lines and culture conditions 

In order to achieve the aims proposed for this work, cell lines with different genetic 

backgrounds were used: SW480 (ATCC-CCL-228), HCT116 (ATCC-CCL-247), NCM460 parental 

(transfected with an empty vector) and 4 others NCM460-derived cell lines previously transfected 

with Flag-KRASwt and FLAG-KRAS harbouring hotspot mutations: Flag-KRASG12V, Flag-KRASG12D and 

Flag-KRASG13D. 

SW480 cell line was kindly provided by Maria José Oliveira (IBMC-INEB). This cell line 

was established from a colorectal primary adenocarcinoma and harbours a KRASG12V mutation 

(Ahmed et al. 2013). HCT116 cell line was kindly ceded by Muriel Priault (IBGC, CNRS). This cell 

line was established from a colorectal primary carcinoma and harbours a KRASG13D mutation 

(Ahmed et al. 2013). NCM460, the normal colon-derived cell line (Moyer et al. 1996), was 

received by a material transfer agreement with INCELL Corporation, San Antonio, TX and the 

stable transfected cell lines, Flag-KRASwt, Flag-KRASG12V, Flag-KRASG12D and Flag-KRASG13D were 

established by Sara Alves during her PhD (CBMA-UMinho). 

SW480 and all NCM460 and NCM460-derived cell lines were maintained in RPMI-1640 

medium (Biowest) while the HCT116 cell line was maintained in McCoy's 5A medium (Biowest). 

For all cell lines, the medium was supplemented with 10% heat inactivated fetal bovine serum 

(FBS; Gibco) and 1% penicillin/streptomycin (Biowest). The medium was renewed twice a week 

and the cells were subcultured every week, when the confluence reached values close to 80%, by 

detachment with 0,05% trypsin (Sigma-Aldrich). All cells were grown at 37ºC in a humidified 

incubator with 5% carbon dioxide. 

 

2.2. Western Blotting analysis 

2.2.1.  Total protein extraction 

For the analysis of basal expression levels of Gal-3, KRAS and p16, total protein extracts 

were prepared. Cells were plated in 60mm Petri dishes at a density of 1.5x105 cells/ml for 

HCT116 cells and of 3.0x105 cells/ml for SW480 cells in a final volume of 3ml; and 1.2x106 

cells/ml for NCM460 and NCM460-transfected cell lines, in a final volume of 2,5ml. After 24h, 

the culture medium was changed and after 48h, the protein extraction protocol was performed.  

Cells were scraped and harvested for the respective 15ml tube on ice. To minimize cell 

loss, the plate was washed 2 times with PBS 1×, scraped again and the suspension harvested for 

the assigned tube. Cell suspension was centrifuged for 10 min, at 2000 rpm, at 4ºC, the 
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supernatant was removed until the mark of 500µl and the pellet was gently resuspended and 

transferred to an eppendorf tube on ice. 500µl of cold PBS 1× were added and the eppendorf 

tube was centrifuged for 5 min, at 2000 rmp, at 4ºC. The supernatant was removed and a 

mixture of ice-cold radioimmunoprecipitation assay (RIPA) buffer (50mM of Tris-HCl pH=7.5, 

150mM NaCl, 2mM EDTA and 1% NP-40) supplement with 20mM  NaF, 20mM Na3VO4, 1mM 

PMSF and 40 µl/ml proteases inhibitor cocktail (Roche) was added until covering the pellet. The 

pellet was strongly resuspended to promote cell lysis and left to rest on ice for 20 min. After that 

time, cells were centrifuged for 15 min at 14000 rpm, at 4ºC. The supernatant was transferred 

into another eppendorf and stored at -80ºC until sample quantification and preparation for 

western blot analysis.  

 

2.2.2. Protein Quantification 

In this work total protein extracts were quantified using the Bio-Rad DC Protein Assay 

Kit- a colorimetric method for protein concentration determination. 

Protein standards of crescent bovine serum albumin (BSA) concentrations (0.25, 0.5, 1, 

2, 3 and 5mg/ml) were prepared in RIPA buffer from a 10% BSA stock solution. In a 96 wells 

plate, 5µl of RIPA  buffer (blank), 5µl of each BSA standard and 1µl of each sample diluted 5 

times in RIPA buffer, were added in the respective well. Then, the colorimetric assay is based on 

two steps: the addition of 25µl of A’ reagent (20µl S reagent and 1000µl of A reagent), followed 

by the addition of 200µl of B reagent to each well. At that point, the plate was incubated in the 

dark, at room temperature (RT), for 15 min and the absorbance values were read at 720nm in 

the SpectraMax Plus 384 (Molecular Devices). 

A calibration curve was designed using the absorbance values of the BSA standards and 

the concentration of the samples was extrapolated. 

 

2.2.3. Western Blotting 

After quantification, an equal protein amount (30 or 50µg) of each sample was mixed 

with 5µl Laemmli Buffer 4× (0.25M Tris-HCl, 9.2% SDS, 40% glycerol, 5% β-mercaptoethanol, 5% 

bromophenol blue) and deionized H2O to obtain the final volume of 20µl. In order to denature 

proteins, samples were heated at 95ºC for 5 min, followed by a short spin. Then 20µl of each 

sample and 3µl of molecular weight marker (Thermo Scientific) were loaded into the respective 

well of a 5% polyacrylamide stacking gel (125 mM Tris-HCl pH 6.8 SDS 0.4%, 0.1% TEMED, 
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0.05% APS), and separated in a 15% polyacrylamide resolving gel (375 mM Tris-HCl pH 8.8 SDS 

0.4%, 0.1% TEMED, 0.05% APS), using running buffer (10x: 0.25 M Tris base, 1.92 M Glycine, 

1% SDS,  final concentration of 1×) in a Mini- Protean III electrophoresis system (Bio-Rad) at 

100V for about 2h  (until the dye front reached the bottom of the gel).  

The proteins were then transferred to a polyvinylidene difluoride (PVDF) membrane 

(Thermo Scientific) in a Mini Trans-Blot System (Bio-Rad) at 100V and 400mA for 2h, using 

Transfer Buffer (10×: 0.25 M Tris base, 1.92 M Glycine, final concentration 1× + 10% methanol) 

and a cooling coil. Next, membranes were removed from the system and blocked for a minimum 

of 2h at RT with moderate stirring, in 2.5% soy milk in PBST (PBS 1× + 0,1% Tween-20), in order 

to block nonspecific binding sites. After blocking, membranes were briefly washed in PBST and 

then incubated overnight with primary antibody (Table 2.1) at 4ºC under agitation, or, in the case 

of β-actin antibody, at RT for 1h. After 3 washes of 5 min in PBST, with moderate stirring, 

membranes were incubated for 1h at RT with the respective secondary antibody (Table 2.1), 

conjugated with IgG horseradish peroxidase. Membranes were washed 5 times for 7-10 min in 

PBST and finally, immunoreactive bands were detected using the immobilon solutions (Millipore) 

under the Chemi Doc XRS (Bio-Rad) chemiluminescence detection system. 

 

Table. 2.1. Primary and secondary antibodies used in this study and their respective dilutions 

Primary 
antibody 

Primary 
antibody 
Dilution 

Protein 
Size 

(kDa) 

Secondary 
antibody 

 

Secondary 
antibody Dilution 

Anti-KRAS 
(Santa Cruz 

Biotechnology) 
1:100 21 

Goat anti-mouse 
(Jackson 

Laboratory) 

1:2000 
In 2,5% soy milk 

Anti-Flag 
(Sigma-Aldrich) 

1:1000 25 
Goat anti-mouse 

(Jackson 
Laboratory) 

1:2000 
In 2,5% soy milk 

Anti-p16 
(Santa Cruz 

Biotechnology) 
1:250 16 

Goat-anti-rabbit 
(Jackson 

Laboratory) 

1:2000 
In 2,5% soy milk 

Anti-Gal-3 
(Santa Cruz 

Biotechnology) 
1:1000 31 

Rabbit anti-goat 
(Santa Cruz 

Biotechnology) 

1:3000 
In 2,5% soy milk 

Anti-β-actin 
(Sigma-Aldrich) 

1:500 42 
Goat anti-mouse 

(Jackson 
Laboratory) 

1:2000 
In 5% BSA 
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When needed, for re-incubation with different antibodies, the membranes were stripped 

by washing twice with glycine stripping solution (25mM Glycine pH=2.5 and 1% SDS) for 10 min 

and then with PBS1× (2×10 min) at RT with moderate stirring. Membranes were blocked again 

and incubated with the desired primary antibody. 

Densitometry analysis was performed using the Quantity one software (Bio-Rad) and 

protein expression levels for each sample were normalized to the level of β-actin.  

 

2.3. Immunofluorescence Assay 

In order to assess protein cellular localization immunofluorescence assay was performed. 

Therefore, SW480 and HCT116 cells were seeded in 12mm glass coverslips (Thermo Scientific) 

with no treatment at 2 different densities: 1) to obtain low confluent cells, SW480 cells were 

plated at 1.5x105 cells/ml and HCT116 at 6.7x104 cells/ml in 12 well plates (final volume of 

1ml) and were allowed to grow for 2 days; 2) to obtain high confluent cells, SW480 cells were 

plated at 2.5x105 cells/ml and HCT116 at 1x105 cells/ml in 24 well plates (final volume of 500µl) 

and were allowed to grow for 4 days. NCM460-derived cell lines were plated at a density of 4x105 

cells/ml in 12 well plates (final volume of 750µl). 

Cells lines were fixed using 2 different methods: fixation in methanol and fixation in 4% 

paraformaldehyde (PFA). The immunofluorescence protocol varied depending on the fixation 

method. 

All the images were acquired in a Leica TCS SP5II confocal microscope using the HCX 

PL APO CS 63.0x1.40 OIL UV objective, and processed with the LAS AF TCS SP5 software. The 

lasers: Diode (405-excitation), Argon (488-excitation) and DPSS (561-excitation) were used to 

obtain images from DAPI, Alexa fluor-488 and Alexa fluor-594 fluorochromes, respectively. In 

each condition the images were acquired with identical laser power, gain and offset.  

 

2.3.1. Cells fixation in methanol 

The coverslips were washed 3 times for 5 min with PBS 1× and fixed with ice-cold 

methanol, at -20ºC, for 30 min. The coverslips were left at RT, dried and stored at -20ºC, until 

use. 

To initiate the single staining protocol, the coverslips were re-hydrated by being washed 3 

times for 5min in PBS 1× under agitation and blocked with a 5% BSA solution for 30 min at RT. 

Next they were incubated overnight, at 4ºC in a humidified chamber, with the respective primary 
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antibody (Table 2.2) or with PBS 1× for the negative control. On the next day, the coverslips were 

washed 3 times for 5 min in PBS 1× under agitation and incubated with the respective secondary 

antibody (Table 2.2) for 1h, at RT, in a dark chamber. Finally, the last 3 washes of 5 min in PBS 

1× were performed, and the coverslips were mounted in Vectashield+DAPI mounting media 

(Vector Laboratories) onto a microscope slide. 

The double staining protocol was done sequentially, in other words, the single staining 

was repeated twice (with one additional step). After blocking with 5% BSA, the coverslips were 

incubated overnight at 4ºC with anti-p16 antibody, washed and incubated with the secondary 

biotinylated swine anti-rabbit antibody for 1h at RT. Subsequently, the coverslips were incubated 

overnight with anti-Gal-3 antibody, washed and incubated with Alexa fluor-488 donkey anti-goat 

antibody for 1h at RT in a dark chamber, followed by a 20 min incubation with streptavidin Alexa 

fluor-594 conjugated (Molecular Probes). Finally, after another round of washes, coverslips were 

mounted in Vectashield+DAPI mounting media onto a microscope slide. 

 

2.3.2. Cells fixation in 4% paraformaldehyde 

The coverslips were washed 3 times for 5 min with PBS 1× and fixed with 4% PFA for 40 

min at RT. After fixation, PFA was removed and the coverslips were washed five times for 5 min 

with PBS 1× and stored in sterile PBS 1× at 4ºC until use.  

To start the immunofluorescence, the coverslips were washed 3 times for 5 min in PBS 

1× under agitation and quenched for 10 min with a NH4Cl 50mM solution, followed by another 

round of washes. Then, the cells were permeabilized for 5min with TritonX-100 0,2%,  washed 

again and blocked for 30 min in 5% BSA solution at RT.  The coverslips were then incubated 

overnight, at 4ºC in a humidified chamber, with the respective primary antibody (Table 2.2) or 

with PBS 1× for the negative control. Afterwards, the coverslips were washed 3 times for 5 min in 

PBS 1×, under agitation and incubated with the respective secondary antibody (Table 2.2) for 1h, 

at RT, in a dark chamber. Finally, the last 3 washes of 5min in PBS 1× were performed and the 

coverslips were mounted in Vectashield+DAPI mounting media onto a microscope slide.  

Double staining was done sequentially in order to minimize secondary antibodies 

interaction. After blocking with 5% BSA, the coverslips were incubated overnight at 4ºC with the 

respective anti-Gal-3 or anti-p16 antibody, washed and incubated with the assigned 

secondary-conjugated antibody for 1h at RT. Subsequently, the coverslips were incubated for 1h 

at RT with primary anti-FLAG antibody, washed and incubated with Alexa fluor-594 goat 
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anti-mouse antibody (Invitrogen) for 1h at RT in a dark chamber. Lastly, after another round of 

washes, coverslips were mounted in Vectashield+DAPI mounting media onto a microscope slide. 

 

Table. 2.2. Primary and secondary-conjugated antibodies and the respective dilutions used in immunofluorescence, 
with reference to cell lines and fixation methods 

 Primary antibody Dilution 
Secondary antibody (1:100) 

 
Single staining Double staining 

SW
48

0 
an

d 
H

C
T1

16
 c

el
l l

in
es

 

Anti-KRAS 
(Santa Cruz 

Biotechnology) 
1:50 

Alexa Fluor-488 goat 
anti-mouse 
(Invitrogen) 

------- 

M
et

ha
no

l 
or

4%
 -P

FA
-

fix
ed

 c
el

ls
 

Anti-p16 
(Santa Cruz 

Biotechnology) 
1:50 

Alexa Fluor-488 goat 
anti-rabbit 
(Invitrogen) 

Swine anti-rabbit 
biotinylated 

(Dako) 

M
et

ha
no

l-f
ix

ed
 

ce
lls

 

Anti-Gal-3 
(Santa Cruz 

Biotechnology) 
1:100 

Alexa Fluor-488 donkey anti-goat 
(Invitrogen) 

N
C

M
46

0 
Fl

ag
-K

R
AS

- 
tr

an
sf

ec
te

d 
ce

ll 
lin

es
 Anti-Flag 

(Sigma-Aldrich) 
1:100 ------- 

Alexa Fluor-594 goat 
anti-mouse 
(Invitrogen) 

4%
 P

FA
-fi

xe
d 

ce
lls

 

Anti-p16 
(Santa Cruz 

Biotechnology) 
1:50 ------- 

Alexa Fluor-488/594 
goat anti-rabbit 

(Invitrogen) 

Anti-gal-3 
(Santa Cruz 

Biotechnology) 
1:100 ------- 

Alexa Fluor-488 
donkey anti-goat 

(Invitrogen) 
 

 

2.4. Co-Immunoprecipitation 

Immunoprecipitation (IP) is a routinely used technique to isolate target proteins from complex 

samples (e.g. cell lysates or serum) taking advantage of antibodies specificity. 

Co-immunoprecipitation (Co-IP) is an effective IP strategy to study protein-protein interactions. 

The traditional method basically consists of incubating the IP antibody with the sample, 

establishing an antigen-antibody complex, and subsequently with Protein A or G beads, which 

bind to the antibody via the Fc region, facilitating antigen and antigen-bound proteins recovery. 

The results are typically analyzed via one or two-dimensional gel electrophoresis followed by 

mass spectrometry or immunoblotting (Kaboord & Perr 2008). 

For Co-IP experiments, SW480 cells were plated in 25cm2 culture flasks until reaching 

approximately 90% confluence. Cells were washed twice with PBS 1× and lysed for 15 min at 

4ºC in RIPA buffer with 3mM Na3VO4, 20mM NaF, 1mM PMSF and 10µg/ml of aprotinin and 
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leupeptin. After that, the monolayer was scraped, ressuspended and collected for an eppendorf. 

Cell suspension was centrifuged for 10 min at 14000rpm at 4ºC and the supernatant was 

transferred to another eppendorf. After this procedure total protein concentration was determined 

using the Bio-Rad DC Protein Assay Kit (as described in 2.2.2).  

Protein G sepharose beads (GE Healthcare) were centrifuged, for 12sec at 14000rpm at 

4ºC, to remove the ethanol fraction, and then washed twice with buffer C (Catenin lysis buffer- 1% 

Triton X-100+1%NP-40 in PBS 1×+ Na4P2O7+ NaF 1× in PBS 1×) with short spins between the 

washes to remove supernatant. In order to block unspecific binding to the beads, these were 

incubated with 1% BSA overnight at 4ºC under agitation. 

Afterwards, samples were pre-cleared by adding 25µl of bead suspension to each sample 

with 1250µg protein and shacked for 30 to 45 min at 4ºC. The supernatant was collected to a 

new eppendorf, the respective antibodies- anti-Gal-3, anti-KRAS or anti-p16- were added (2µg 

antibody/250µg protein) to the respective tubes, and incubated overnight, at 4ºC, under 

agitation. 55µl of loading buffer 1,5× were added to each pre-clear sample. These samples were 

denatured during 5 min at 95ºC and frozen.  

On the following day, 50-75µl of beads suspension was added to each sample 

(antibody-antigen complexes) and after an incubation of 45 min, at 4ºC under agitation, a short 

spin was made and the supernatant discarded. The pellet (beads-antibody-antigen complexes) 

was washed 3 times with 750µl of buffer C, and in the last wash, supernatants were completely 

removed. Finally, 38µl of loading buffer 1,5× were added to the samples which were then 

subjected to denaturing conditions (5 min at 95ºC), to dissociate the complexes. All samples, 

including the pre-clear samples, were centrifuged for 5 min, at 14000 rpm, at 4ºC and 20µl of 

the supernatant (antibody, antigen and all antigen-bound proteins) were loaded to the respective 

lane of a 5% polyacrylamide gel. Proteins were then separated in 16% polyacrylamide gel 

(western blot protocol detailed in 2.2.3.). Membranes were incubated with anti-Gal-3, anti-KRAS 

and anti-p16 antibodies in order to assess the presence of these proteins in the 

immunoprecipitated samples. 

 
2.5. RNA Interference: silencing of KRAS and galectin-3  

Experimental RNA interference (RNAi) takes advantage of the conserved cellular machinery 

that regulates gene expression in a sequence-dependent manner. In vitro this technique requires 

the use of short RNA molecules, short interfering RNA (siRNA), to inhibit the expression of a 

target gene. These double-stranded sequences are recognized by the cell enzymatic RNAi 
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machinery (namely the RISC complex) and used as a guide to destroy specific mRNA transcripts, 

based on sequence homology, resulting in targeted and transient post-transcriptional gene 

silencing (Fellmann & Lowe 2014).  

In order to obtain KRAS and Gal-3 silencing, specific siRNA molecules (designed by 

Qiagen) with the target sequences: 5`-AAGGAGAATTTAATAAAGATA-3` (Hs_KRAS2_8) and 

5`-CACGGTGAAGCCCAATGCAAA-3` (Hs_LGALS3_3), were used for KRAS and Gal-3, 

respectively. As negative control siRNA the AllStars negative control siRNA (Qiagen) with the 

target sequence 5`-AATTCTCCGAACGTGTCACGT-3´, was employed while Lipofectamine 2000 

(Invitrogen) was used as transfection reagent. 

SW480 cells were transfected using the reverse transfection method. The desired volume 

of OptiMEM (reduced serum medium; Gibco) and Lipofectamine 2000 were mixed and 5 min 

after the siRNA was gently added to the mixture for a total volume of 250µl. After 20 min at RT, 

the transfection mix and 750µl of cell suspension, 4x105 cells/well in RPMI-1640 medium 

supplemented with 10% FBS, were added into the respective well in a 6 well plate. In order to mix 

the cells and the transfection mix, the plate was gently shacked back and forth. After 24 h (time 

0) the medium was replaced by RPMI-1640 complete medium (10% FBS and 1% 

penicillin/streptomycin) and cells were allowed to grow in optimal conditions for additional 48 h. 

All procedures were performed under RNAse free conditions. 

In all experiments cells were harvested at the end of 48h and processed for western blot 

analysis (as described in 2.2.3) to confirm silencing. 

 
2.6. Gelatin Zymography 

Zymography is a widely used technique to study hydrolytic enzymes on the basis of 

substrate degradation. The standard method requires the copolymerization of the enzymatic 

substrate (in this case gelatin) with acrylamide. After non-reducing SDS-PAGE, the SDS is 

replaced by a non-ionic detergent allowing the enzymes to partially refold to their active 

conformation. The gel is then incubated in a buffer with essential cofactors, which permits the 

enzymes to degrade the copolymerized substrate. Staining procedures reveal proteolytic white 

zones on a Coomassie-blue stained gelatin-zymogram (Vandooren et al. 2013). 

At the end of RNAi experiments (48 h after medium exchange), the supernatant of each 

condition was collected and the proteins from these conditioned media were quantified using the 

Bio-Rad DC Protein Assay Kit (as described in 2.2.2.). 20µg of protein were mixed with 3µL of 

non-reducing sample loading buffer (10% SDS, 4% sucrose and 0.03% in 0.25M Tris‐HCl pH 6.8) 
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and PBS 1× to a final volume of 12µL. Samples were loaded into a 2.5% polyacrylamide gel and 

separated in a 10% polyacrylamide gel with 0.1% gelatin (Difco) as a substrate using running 

buffer 1× in a Mini- Protean III electrophoresis system (Bio-Rad) at 80V until the 25kDa band 

from the molecular marker reached the bottom of the gel (approximately 3 h).  

After electrophoresis, gels were washed twice with 2% Triton X‐100 for 15 min, to 

remove the SDS, washed once with deionized H2O, and incubated with MMP substrate buffer 

(50mM Tris‐HCL, pH 7.5; 10mM CaCl2; 0.5% NaN3) for 16 h at 37ºC. Next, the gels were 

washed once with deionized H2O and stained with Coomassie Blue solution (0.2% Coomassie 

blue; 7.5% acetic acid; 50% ethanol) for ½ h in the shaker. The staining solution was removed 

and the gels were washed with deionized H2O until proteolytic bands were clear. Zymograms 

were scanned and bands intensities were quantified using imageJ software.  

 

2.7. Trypan Blue exclusion assay 

Trypan blue exclusion assay is based on the principle that live cells have intact cell 

membranes excluding trypan blue dye, whereas dead cells incorporate the dye acquiring a blue 

cytoplasm, thus making them easily distinguishable.  

At the end of the RNAi experiments (48 h after medium exchange), cells were trypsinized 

and cell suspension was transferred to an identified 15ml tube corresponding to each condition 

(in duplicate) - control, cells transfected with scramble siRNA and cells transfected with Gal-3 

siRNA and/or KRAS siRNA. 20µl of cell suspension were mixed with 0,4% trypan blue dye 

solution (Sigma-Aldrich) in a 1:1 ratio. The viable (unstained) and nonviable (stained) cells were 

counted separately in a Neubauer chamber. The percentage of viability was determined following 

the formula: % Viability = (Number of total viable cells ÷ Number of total cells) × 100.  

 

2.8. Time-lapse microscopy 

To analyze cell motility, bright field images of control cells and cells transfected with 

scramble siRNA, Gal-3 siRNA and/or KRAS siRNA, were taken every 5 min during the last 24 h of 

the RNAi experiment, using the 20x objective of an high-resolution inverted Leica DMI 6000B 

time-lapse microscope and the LAS AF (Leica) software. Results were analyzed using the ImageJ 

software. 
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2.9. Statistical analysis 

All experiments, performed in triplicate, were treated as means ± SEM. The results were 

statistically analyzed using the One-way ANOVA test followed by Bonferroni multiple comparison 

test with 95% confidence intervals (* p ≤ 0.05; ** p ≤ 0.01;***p ≤ 0.001). All statistical analyses 

were performed through to the GraphPad Prism 5.0 software. 
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3.1. Basal expression levels of galectin-3, p16 and KRAS in colorectal cancer 

cells 

Aiming to evaluate the expression levels of Gal-3, KRAS and p16 in CRC-derived cell lines 

- SW480 and HCT116 - harbouring different KRAS hotspot mutations, we performed western blot 

analysis using specific antibodies. While the anti-KRAS antibody was already routinely used in Ana 

Preto’s group, the optimal dilution for anti-p16 and anti-Gal-3 antibodies, needed however to be 

determined. Therefore, we tested three different concentrations, within the range advised by the 

manufacture (1:1000, 1:500 and 1:100; data not shown). After a comparative analysis, for 

anti-Gal-3 antibody the selected dilution was 1:1000 while for anti-p16 was the intermediate 

dilution of 1:250. 

Western blot results showed that both SW480 and HCT116 cells express indeed Gal-3, 

KRAS and p16 (Fig. 3.1). SW480 cells express higher levels of Gal-3 and KRAS in comparison 

with HCT116 cells. Conversely, the p16 protein is less expressed in SW480 and HCT116 cells in 

comparison to the other two proteins, being the higher p16 levels detected in HCT116 cells. Our 

results suggested that the expression levels of Gal-3 and KRAS inversely correlate with p16 levels. 

 

 

 

 

  

In these experiments we faced some problems regarding the anti-p16 antibody, as it did 

not function in a regular way, evidencing an high background and the presence of unspecific 

bands which made the results interpretation unclear. A claim report was presented to the 

Fig. 3.1. Expression pattern of Gal-3, KRAS and p16 levels in CRC-derived cells HCT116 and SW480.  
(A) Representative western blot analysis of Gal-3, KRAS and p16 basal expression levels in both HCT116 and SW480 
cell lines. (B) Densitometry analysis of Gal-3, KRAS and p16 expression levels normalized to the loading control 
β-actin. 
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manufacture however, by the time we received an answer, all the anti-p16 antibodies produced 

by the company had been discontinued. Some optimizations were made in the western blot 

protocol, mainly concerning the amount of protein used, membrane blocking and time of washes 

in PBST, and total protein extracts from Hela cells were used as a positive control (as indicated in 

the antibody datasheet). Despite the fact that the optimizations solved the background problems, 

the band we obtained, closer to 16 kDa, did not perfectly match the only band observed in the 

positive control. Therefore, we decided to confirm our results, sending the band for sequencing 

by an exterior service. However, by the time this manuscript was delivered the results were not 

available yet. 

 

3.2. Galectin-3, KRAS and p16 localization patterns in normal colon and 

colorectal cancer cells 

3.2.1. Galectin-3, KRAS and p16 immunostaining in colorectal cancer cells 

After the confirmation that SW480 and HCT116 cell lines expressed KRAS, p16 and Gal-

3 we performed immunofluorescence (IF) to analyze the subcellular localization patterns. 

Anti-KRAS, anti-Gal-3 and anti-p16 antibodies were all recommended for IF experiences however, 

only the anti-Gal-3 and the anti-p16 antibodies had a manufacture advice for cells fixation in 

methanol, while the anti-KRAS antibody had no specifications on the fixation method. For that 

reason, cells were fixed using two different methods to test the KRAS antibody recognition: 

fixation in methanol and fixation in 4% paraformaldehyde (PFA).  

As far as KRAS staining is concerned, we started by testing the IF protocol in SW480 

cells as these are the cells that express higher levels of this protein. Representative images of the 

staining are seen in Fig. 3.2. For both types of fixation, when the negative control is compared 

with the staining condition no differences are observed, indicating that the anti-KRAS 

immunostaining did not work. The dilution used in these experiments (1:50) was already the 

lowest dilution recommended by the manufacture. Additionally, after research in literature, we 

found a study in which several anti-KRAS antibodies, including our specific antibody, were tested, 

and the authors reached the conclusion that the appropriate antibodies for western blot analysis 

were not adequate for immunofluorescence protocols, and even the ones that were, displayed 

false positive results (Fuentes-Calvo et al. 2010). Thus, we concluded that the anti-KRAS antibody 
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was not adequate for immunofluorescence being wrongly recommended for this type of studies 

by the manufacture. 

For Gal-3 and p16 single staining, cells were plated at low density and fixed after 48 h 

using ice-cold methanol.  We could observe a positive Gal-3 staining, both in SW480 and HCT116 

cells, when compared to the negative controls (Fig.3.3 and Fig. 3.4).  

Gal-3 localization in low confluent SW480 cells (Fig. 3.3) is cytoplasmic and perinuclear, 

with nuclear exclusion, being the cytoplasmic staining more evident at the cell-cell junctions. To 

evaluate the staining in more confluent cells, cells were plated in a higher density and allowed to 

Fig. 3.2. Confocal fluorescence microscopy analysis of KRAS localization shows no positive staining. 
SW480 cells were cultured on coverslips with no treatment and fixed with A) methanol or B) 4% paraformaldehyde. 
KRAS was stained with an Alexa fluor-488 secondary antibody (green) and cell nuclei were counterstained with DAPI 
(blue). KRAS staining conditions (lower panels) showed no differences when compared to the negative controls 
(incubated only with secondary antibody). Right bottom scale bars correspond to 25µm. 
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grow and differentiate for a longer time (4 days) (lower panel of Fig. 3.3). Interestingly, the Gal-3 

localization pattern is different than the observed in low confluent cells: the staining is 

heterogeneous, with a punctuated pattern dispersed through the cytoplasm and nucleus, with 

nucleolus exclusion.  

Instead in HCT116 cells (Fig. 3.4), Gal-3 staining is similar in low and high confluent 

cells, presenting a disperse pattern through the whole cytoplasm and nucleus, being however 

more heterogeneous in high confluent cells.  

 

 

Fig. 3.3. Confocal fluorescence microscopy analysis of Gal-3 staining in SW480 cells evidences 
differences between Gal-3 localization in low and high confluent cells. In low confluent cells, Gal-3 
(stained in green) exhibits perinuclear localization with nuclear exclusion pattern, whereas in more confluent cells it 
is also found in the nucleus (counterstained in blue with DAPI). Negative control (of low confluent cells; negative 
control of high confluent cells can be seen in Fig. S1) corresponds to a condition incubated only with secondary 
antibody. Bottom right scale bars correspond to 25µm. 
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Fig. 3.4. Confocal fluorescence microscopy analysis of Gal-3 staining in HCT116 cells evidences a 
similar Gal-3 localization pattern in low and high confluent cells. In HCT116 cells, Gal-3 (stained in green) 
is localized both in the cytoplasm and nucleus (counterstained in blue with DAPI), exhibiting a more diffuse and 
heterogeneous pattern in high confluent than in low confluent cells. Negative control (of low confluent cells; negative 
control of high confluent cells can be seen in Fig. S1) corresponds to a condition incubated only with secondary 
antibody Bottom right scale bars correspond to 25µm. 

Concerning p16 localization in SW480 cells (Fig. 3.5), it is also different in cells with 

different confluence levels: in low confluent cells, p16 localization is cytoplasmic, essentially 

concentrated at the perinuclear region, and with a faint nuclear punctuated staining in some 

cells; instead, in more confluent cells, p16 seems to suffer a delocalization and the staining 

follows the entire cellular body, with more intense dots in the nucleus.  

In HCT116 cells (Fig. 3.6), p16 is localized in the cytoplasm and nucleus, with a 

dispersed and heterogeneous punctuated pattern, both in low and high confluent cells. Taking 

into account that p16 detection by western blot was being a little ineffective, immunofluorescence 

proved to be a successful method to demonstrate p16 expression. Additionally, these results 

seem to corroborate the ones obtained in western blot, since Gal-3 expression appears to be 

more intense in SW480 cells, whereas p16 is much fainter in both cell lines. 
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 Since the localization patterns of these proteins demonstrated to have some differences 

in low and high confluent cells, we questioned whether the results obtained could be justified by 

a delocalization of the proteins induced by monolayer maturation and differentiation or simply by 

an increased expression. To clarify this question, cells were seeded in the same conditions and 

total protein extractions were performed. Since high confluent cells were plated at higher density 

and spent more time growing in culture we also evaluated if the nutritional availability had some 

interference in our results: in low confluent cells the medium was changed for HBSS (low nutrient 

content medium), while in high confluent cells the medium was refreshed 6 h before protein 

extraction. Western blot analysis was performed, but unfortunately results on p16 expression 

could not be obtained due to problems with the antibody. Concerning Gal-3  (supplementary data 

Fig. 3.5. Confocal fluorescence microscopy analysis of p16 staining in SW480 cells evidences 
differences between p16 localization in low and high confluent cells. In low confluent cells p16 (stained in 
green) exhibits perinuclear localization whereas in more confluent cells it is also found in the nucleus (counterstained 
in blue with DAPI) and follows the entire cellular body. Negative control (of low confluent cells; negative control of 
high confluent cells can be seen in Fig. S1) corresponds to a condition incubated only with secondary antibody. 
Bottom right scale bars correspond to 25µm. 
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Fig. 3.6. Confocal fluorescence microscopy analysis of p16 staining in HCT116 cells evidences a 
similar p16 localization pattern in low and high confluent cells. In HCT116 cells, p16 (stained in green) is 
localized both at the cytoplasm and nucleus (counterstained in blue with DAPI). Negative control (of low confluent 
cells; negative control of high confluent cells can be seen in Fig. S1) corresponds to a condition incubated only with 
secondary antibody. Bottom right scale bars correspond to 25µm. 

Fig S2), similar levels were observed independently of the condition, leading us to conclude that 

the protein levels were not altered despite the delocalization observed and that the nutritional 

availability were not interfering with our results, at least at the protein level. 

 

3.2.2. Galectin-3 and p16 double immunostaining in colorectal cancer cells 

Gal-3 and p16 displayed a similar cellular distribution patterns, thus to test if they in fact 

co-localize we performed a double immunostaining. Such staining was, once more, performed in 

low and high confluent SW480 and HCT116 cells. Additional controls regarding the secondary 

antibodies were considered: coverslips incubated only with the two secondary antibodies (plus 

streptavidin Alexa-594 conjugated), Gal-3 complete staining plus the anti-rabbit biotinylated 
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secondary antibody+streptavidin Alexa-594 conjugated and p16 complete staining plus the Alexa 

fluor-488 donkey anti-goat secondary antibody. Image acquisition settings were optimized for 

each fluorochrome and according to the cell line.  

Analyzing the panel with the controls for SW480 and HCT116 cells (Fig. 3.7), it is 

possible to observe that the anti-rabbit biotinylated antibody+streptavidin Alexa-594 conjugated 

(lines 1 and 2) is giving some unspecific signal. This unspecific signal is confined to the 

perinuclear region, and is fainter than the positive staining condition (line 3), in which the staining 

also includes the nucleus. The control concerning the secondary antibody against anti-Gal-3 

antibody (line 1 and 3), displayed a faint background noise. Overall the observation of the images 

corresponding to the double immunostaining in SW480 cells (Fig. 3.8) revealed that the patterns 

of Gal-3 and p16 localization are identical in low and high confluent cells, which was not the case 

in the simple staining. However, we had already discarded the hypothesis of secondary antibody 

cross-reaction and this observation can only intensify the instability and heterogeneity of Gal-3 

localization. A careful analysis of double staining images (Fig. 3.8 and Fig. 3.9) reveals that Gal-3 

and p16 localization patterns are very similar to the ones observed in single staining experiments 

(just in high confluent cells for the SW480 cell line). The localization of these two proteins 

appears to be similar and in the inset photos we can observe the presence of orange staining as 

well as some discreet yellow dots, more evident in HCT116 cell line (Fig. 3.9). The yellow/orange 

staining results from the overlap/close proximity of green and red signals, being indicative of a 

close association and co-localization between Gal-3 and p16. This staining seems to be more 

evident at the cells nuclei, meaning that the unspecific staining given by the secondary 

antibody/streptavidin almost has no interference in the co-localization observed. Despite the 

need of further optimization of the anti-rabbit antibody/streptavidin concentration to obtain more 

reliable evidences, these results constitute our first indication that Gal-3 and p16 could directly 

interact in these CRC cell models. 
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Fig. 3.7. Confocal fluorescence microscopy analysis of Gal3+p16 double immunostaining secondary antibodies control conditions in SW480 (A) and HCT116 cells (B).  In 
both cell lines the anti-rabbit secondary antibody+strepatividin Alexa-fluor 594 (red) is conferring some perinuclear staining in the absence of primary antibody; anti-goat Alexa-488 secondary 
antibody demonstrated no unspecificity. Gal-3 is stained in green, p16 is stained in red and cells nuclei are counterstained in blue with DAPI. Bottom right scale bars correspond to 25µm. 
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Fig. 3.8. Confocal fluorescence microscopy analysis of Gal-3+p16 double immunostaining in low and high confluent SW480 cells reveals the 
presence of some discreet yellow dots indicative of close proximity and co-localization of these proteins. Gal-3 is stained in green, p16 is stained 
in red and cell nuclei are counterstained in blue with DAPI. White arrows evidence some yellow stained areas. Right bottom scale bars correspond to 25µm in the 
merged images and to 5µm in the centre zoomed images. 
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Fig. 3.9. Confocal fluorescence microscopy analysis of Gal-3+p16 double immunostaining in low and high confluent HCT116 cells reveals the presence of 
some discreet yellow dots mainly localized at the cells nuclei and suggestive of co-localization. Gal-3 is stained in green, p16 is stained in red and cell nuclei are 
counterstained in blue with DAPI. White arrows evidence some yellow stained areas. Right bottom scale bars correspond to 25µm in the merged images and to 5µm in the centre 
zoomed images. 
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3.2.3.  Galectin-3, KRAS and p16 immunostaining in NCM460-transfected cells 

To solve the problem with KRAS localization we used a valuable research model 

previously established in our lab - NCM460 Flag-KRAS transfected cells (Flag-KRASwt, 

Flag-KRASG12V, Flag-KRASG12D, Flag-KRASG13D) - in which KRAS localization can be assessed using an 

anti-Flag antibody. These cell lines constitute a “clean” model allowing us to study possible 

interactions established between Gal3, KRAS and p16 in the context of KRAS hotspot mutations 

in a normal genetic background. Before performing the immunofluorescence staining, we 

confirmed the expression of these proteins by western blot. Results revealed that all cell lines, 

including the NCM460 parental, expressed Gal-3, p16, as well as endogenous KRAS; and the 

transfected cell lines stably expressed Flag-KRAS (Fig. 3.10). 

 

  

The primary anti-Flag antibody only worked in cells fixed with 4% PFA and fortunately 

anti-Gal-3 and anti-p16 antibodies, besides being effective in cells fixed in methanol, also work in 

cells fixed in 4% PFA. Therefore, NCM460 cells transfected with Flag-KRASwt, Flag-KRASG12V, 

Flag-KRASG12D and Flag-KRASG13D cells were fixed in 4% PFA and the double staining of 

Flag-KRAS+Gal-3/or p16 and Gal-3+p16 was carried out as described in materials and methods 

(2.3.2). Negative controls to exclude secondary antibodies cross-reaction were performed in 

NCM460 Flag-KRASwt for each double staining (Fig. 3.11, 3.12 and 3.13 A).  

Fig. 3.10. Representative western blot analysis of Gal-3, endogenous KRAS, Flag-KRAS and p16 

basal expression levels in NCM460 parental (P) cell line and NCM460 transfected with Flag-KRASwt, 

Flag-KRASG12V, Flag-KRASG12D and Flag-KRASG13D. 
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Fig. 3.11. Confocal fluorescence microscopy analysis of Flag-KRAS and Gal-3 
double immunostaining control conditions in NCM460 Flag-KRAS wt (A) and 
staining positive conditions in NCM460 Flag-KRAS wt, G12V, G12D and G13D (B). 
The anti-goat secondary antibody used to detect Gal-3 (in green) cross-reacted with the goat anti-
mouse secondary antibody and thereby is completely masking the signal of Flag-KRAS (red), 
resulting in the yellow staining.  The true Flag-KRAS staining is only observed in the Flag 
staining+Gal-3 secondary antibody (third row image A). Gal-3 localization is identical in all cell 
lines: it is localized at the cytoplasm and nucleus, in some cases with nucleolus exclusion. 
Bottom right scale bars correspond to 25 µm. 
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Fig. 3.12. Confocal fluorescence microscopy analysis of Gal-3 and p16 double 
immunostaining control conditions in NCM460 Flag-KRAS wt (A) and staining 
positive conditions in NCM460 Flag-KRAS wt, G12V, G12D and G13D (B). The anti-
goat secondary antibody used to detect Gal-3 (in green) cross-reacted with the goat anti-rabbit 
secondary antibody and thereby is completely masking the signal of p16 (red), resulting in the 
yellow staining.  The true p16 staining is only observed in in the p16 staining+Gal-3 secondary 
antibody (third row image A). Gal-3 localization is identical in all cell lines: it is localized at the 
cytoplasm and nucleus, in some cases with nucleolus exclusion. Bottom right scale bars 
correspond to 25 µm. 
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Fig. 3.13. Confocal fluorescence microscopy analysis of Flag-KRAS and p16 
double immunostaining control conditions in NCM460 Flag-KRAS wt (A) and 
staining positive conditions in NCM460 Flag-KRAS wt, G12V, G12D and G13D (B). 
Secondary antibodies display reduced unspecificity (A). Flag-KRAS (in red) and p16 (in green) 
localization is identical in all cell lines: Flag-KRAS is cytoplasmic and follows the cell projections 
and p16 is predominantly localized at the nucleus. White arrow heads evidence areas of 
possible partial co-localization (B). Bottom right scale bars correspond to 25 µm. 
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Examining the images of Gal-3 complete staining+Flag-KRAS or p16 secondary 

antibodies (second rows of Fig. 3.11 and 3.12 A) it is clear that our donkey anti-goat antibody 

cross-reacted with the goat anti-mouse and the goat anti-rabbit secondary antibodies and, thereby 

the signal in green and red channels both correspond to Gal-3 staining. Thus, the sequential 

immunofluorescence, proved to be unefficient to avoid antibodies cross-reactions. Thereby we 

can only explore Gal-3 staining pattern, which seems to be identical in the four cell lines: it 

follows the entire cellular body, being more intense at the perinuclear region and in some cases, 

it appears to exclude the nucleoli. Among the NCM460 cell lines, the one that harbours the 

mutation G12D is the one that exhibits a more heterogeneous staining, showing that in some 

cells the staining is very strong while in others it is very weak. From these set of experiments the 

only double immunostaining we can indeed analyze is the Flag-KRAS/p16 (Fig. 3.13). It is 

important to refer that for the acquisition of these images we had to increase the gain values, 

since in the previous experiments we were working with reduced values for Flag-KRAS and p16 to 

avoid the overexposition of the unspecific yellow staining. In Fig. 3.13 A, in the negative controls 

we can observe that they display some unspecific signal that is undoubtedly different from the 

positive condition and therefore does not interfere with the staining results. The observed 

patterns are identical independently of the cell line (Fig. 3.13 B), showing that p16 is localized 

mainly at the nucleus (more dispersed in NCM460 Flag-KRASG12D). Flag-KRAS, exhibits a 

heterogeneous staining probably related to transfection efficiency issues, being localized at the 

cytoplasm (perinuclear region) and along the cellular projections. These proteins are mainly 

localized in different cellular compartments, making them unlikely to co-localize in these models. 

Nevertheless, a low level/partial co-localization is not totally excluded since orange/yellow dots 

and stained areas are visible in some cells. 

Gal-3 localization pattern in these KRAS transfected models is very similar to what had 

been demonstrated in SW480 and HCT116 cell lines, however its punctuated distribution is not 

visible. p16 localization seems to be different than the previously observed: in CRC cells it is 

expressed in the whole cell and in NCM460 cells it is predominantly localized at the nucleus, 

evidencing a difference between normal colon and CRC cells. It was also observed that among 

the NCM460-transfected cells, the NCM460 harbouring Flag-KRAS with the G12D mutation is 

phenotypically distinguishable from the others by its different cellular architecture. This 

observation suggests a KRAS implication in the cytoskeleton cells shape regulation, for example 

by interfering with some cellular cytoskeleton components, like actin or tubulin.  
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Table 3.1 summarizes the most important results obtained on p16, Gal-3 and Flag-KRAS 

localization patterns in CRC and normal colon KRAS-transfected cells. 

 

Table. 3.1. Localization patterns of Gal-3 and p16 in SW480 and HCT116 cells and Gal-3, p16 and 

(Flag-)KRAS in NCM460 cells transfected with KRASwt and the three KRAS hotspot mutations. 

Cell line Gal-3 localization 
p16 

localization 

(Flag-)KRAS 

localization 
Co-localization 

SW480 
Cytoplasmic and nuclear 

with nucleolus exclusion 

Cytoplasmic  

and nuclear 
------------ 

Gal-3 and p16 co-localize in 

the nucleus 
HCT116 

Dispersed through the 

whole cytoplasm and 

nucleus 

Dispersed 

through the 

whole cytoplasm 

and nucleus 

------------ 

 

NCM460 Flag-

KRAS transfected 

 

Cytoplasmic/nuclear Mainly nuclear 

Cytoplasmic 

and along cells 

projections 

- (Flag-)KRAS and p16 partial 

co-localization is not totally 

discarded.  

- No conclusion can be taken 

concerning Gal-3 and p16 

co-localization 

 

3.3. Study of galectin-3, KRAS and p16 interaction by co-immunoprecipitation in 

SW480 cells 

Considering that Gal-3 and p16 had been demonstrated to be in closer proximity in 

immunofluorescence experiments, we decided to perform co-immunoprecipitation (Co-IP) to 

assess if these proteins physically interact. With this approach we could evaluate KRAS 

interaction with Gal-3 and p16, what constitutes an advantage relatively to immunofluorescence. 

These experiments were only performed in SW480 cell line. 

Gal-3, p16 and KRAS were immunoprecipitated from SW480 total cell lysates and the 

presence of the three proteins in each of the immunoprecipitates was assessed by western blot 

analysis. Representative results of these experiments are presented in Fig. 3.14.  

The preclear (sample incubated with protein G sepharose beads, without antibody) is 

important to discard unspecific binding of proteins directly to the beads. In the case of Gal-3 and 

KRAS western blot, one band appears in the preclear sample and in the p16 western blot at least 

4 bands are observed, being relevant to highlight that in this specific case the membrane was 



-Results- 

72 
 

overexposed, due to the fact that our specific band of interest only developed after a minimum of 

30min to 1h of exposure. These unspecific bands and the observed background can be explained 

by unspecific signal due to the secondary antibody or to free immunoglobulin-like proteins 

present in the sample. 

 

In this type of traditional Co-IP the antibody is eluted with the immunoprecipitated 

sample at the end of the procedure. Since we had to use the same antibody in IP and in western 

blot detection, IgG corresponding to the light (25kDa) and heavy (50kDa) denatured chains of the 

antibody were detected by the secondary antibody. These bands difficult the results 

interpretation, especially in the cases of KRAS and Gal-3, which have a closer molecular weight to 

the 25kDa immunoglobulin light chain band, presenting 21kDa and 31kDa, respectively. 

However, based on protein molecular weight and in the bands obtained at IPGal-3 /WBGal-3, IPKRAS  

/WBKRAS, IPp16/WBp16 we believe that bands corresponding to Gal-3 (1), KRAS (2) and p16 (3) are 

visible in each of the immunoprecipitated samples. These bands are stronger in each 

combination of IP/WB, e.g. band corresponding to KRAS are stronger in the sample of IPKRAS when 

western blotted for KRAS, and none of them are visible in the preclear, i.e. no unspecific binding 

of these proteins to the beads was detected. Summing up, our results showed that Gal-3, KRAS 

and p16 are co-immunoprecipitating with each other, corroborating the IF findings and 

suggesting that these proteins could form a complex. 

 

 

 

Fig. 3.14. Gal-3, KRAS and p16 co-immunoprecipitate. Gal-3, KRAS and p16 were immunoprecipitated from SW480 
total cell lysates using protein G sepharose beads and the samples were analysed by western blot using specific antibodies 
against the three proteins. White boxes are surrounding the bands corresponding to the proteins Gal-3 (1), KRAS (2) and p16 
(3). These results were reproduced twice. 
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3.4. Optimization of galectin-3 silencing conditions by RNA interference 

In these experiments we used the SW480 cell line, in which the number of cells, the 

transfection reagent concentration and the transfection method had already been optimized in 

our lab. We set forward to evaluate the optimal siRNA concentration to obtain an efficient Gal-3 

silencing. Three different concentrations: 50, 100 and 150nM, prepared from a 20µM stock of 

specific Gal-3 siRNA, were tested for their silencing efficiency. We achieved an efficiency of Gal-3 

silencing superior to 80% with all the tested concentrations and in a concentration dependent 

manner (Fig. 3.15). The exact silencing percentages were 81.2% for the lowest concentration 

(50nM), 90.2% for the intermediated 100nM concentration and 94.6% for the highest 

concentration (150nM). The differences observed on silencing efficiency where not significant 

when compared to the increasing concentrations of siRNA. Taking into account that high 

amounts of siRNA can be toxic to the cells and also because it is an expensive reagent, we 

decided to choose a work concentration of 50nM siRNA to be used in the subsequent RNAi 

experiments. 

 

3.5. Phenotypic alterations induced by galectin-3 and/or KRAS silencing in 

SW480 cells 

Since KRAS/Gal-3 interaction has been repeatedly associated with the tumourigenic 

process (Elad-Sfadia et al. 2004; Shalom-Feuerstein et al. 2005; Levy et al. 2010; Song et al. 

2012; Wu et al. 2013), we wanted to assess the effects of Gal-3 and/or KRAS silencing on 

specific cellular activities. For that reason, we evaluated some phenotypic characteristics upon 

Gal-3 and/or KRAS silencing, namely cell morphology, cell viability, variations on Gal-3, KRAS 

Fig. 3.15. A concentration of 50nM of Gal-3 siRNA is enough to obtain a silencing percentage of 
81.2%. A) Three different concentrations- 50, 100 and 150nM of Gal-3 siRNA were tested in order to determine the 
working concentration. Gal-3 silencing was confirmed by western blot analysis. B) Band intensity was quantified 
relatively to β-actin and the % of Gal-3 silencing was calculated relatively to the scramble siRNA condition. 
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and p16 expression levels, MMPs production and cell migration. Silencing was confirmed at the 

protein level, by western blot, in all the experiments performed. 

 

3.5.1. Effect of galectin-3 and/or KRAS silencing on cell morphology 

With the purpose of evaluating the effects on cell morphology upon Gal-3 and/or KRAS 

silencing, phase contrast images of each condition were taken at time 0h (after medium 

exchange) and at time 48h (the time when the maximum silencing efficiency is achieved). 

Representative images of these experiments can be seen in Fig. 3.16. 

At time 0h, the majority of the cells from all the conditions are undifferentiated, i.e. round 

shaped, with few cells (mostly in the control condition) starting to gain their characteristic 

spindle/stellar-like morphology. After 48h of transfection, when compared to the control condition 

(non-transfected cells), scramble siRNA transfected cells do not display any significant differences 

in morphology. In contrast, when we look to Gal-3 and/or KRAS transfected cells some evident 

differences stand out. In the condition of cells transfected with Gal-3 siRNA, cells are in general 

characteristically-shaped but a great number seems to be more rounded and even the more 

elongated ones seem to assume smoothed edges instead of “sharped” ones. In this condition, 

although in a much reduced number, larger cells with vacuolar structures are also encountered. 

In its turn, KRAS silenced cells almost totally lose their shape; they adopted a flat enlarged 

morphology and developed large vacuole-like structures. Double silenced cells do not display 

evident and generalized morphology changes, still some rounder and some larger vacuolated 

cells can be observed. 

Hereupon, it is possible to conclude that the inhibition of Gal-3 and/or KRAS expression 

has a visible impact in SW480 cells, inducing alterations in their normal morphology.  
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Fig.  3.16.  Gal-3 and/or KRAS silencing induce morphology chances in SW480 cells. Representative phase contrast photographs of three independent RNAi experiments. 
Cells from the control conditions (control and scramble siRNA) differentiate into spindle/stellar shaped cells whereas in Gal-3 silencing condition, cells acquire a more rounded shape. In 
turn, KRAS silenced cells adopt a flat enlarged morphology and develop large vacuole-like structures. Double silenced cells do not evidence so pronounced changes but some round and 
vacuolated cells are visible. Black head arrows evidence the aforementioned cell’ shape characteristics. Right bottom bars represent a 200µm scale. 
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3.5.2. Effect of galectin-3 and/or KRAS silencing on cell viability 

To assess the effect of Gal-3 and/or KRAS silencing on cellular viability we opted to 

perform trypan blue exclusion assay, a simple and rapid technique which allowed to conclude 

about the number of viable/nonviable cells in a given cell suspension. The results of these 

experiments are presented in terms of percentage of cell viability and are summarized in Fig. 

3.17. 

 

A decrease in cell viability was observed in the 3 silencing conditions (normalized values 

to the scramble siRNA condition), however none of those values demonstrated to be statistically 

significant. Gal-3 inhibition culminated in a decrease of 15.3%±8.6 in cellular viability, a similar 

value to the one obtained with KRAS silencing, 16.6%±6.0. Strikingly, the double silencing 

resulted in a slightly inferior impact on cell viability, registering a difference of 12.8%±2.0 when 

compared to the scramble siRNA control condition. These results indicate that Gal-3 and KRAS 

silencing might have little impact on cell viability and when double silenced they do not display a 

synergistic effect but instead have a reduced effect on cell viability. This method has to be 

complemented with other more accurate techniques like cell cycle and annexin V/Propidium 

Iodide (PI) analysis by flow cytometry. 

 

 

 

Fig. 3.17. Gal-3 and/or KRAS silencing decrease cell viability of SW480 cells. 48h after medium 
change, silenced cells were mixed with trypan blue dye and counted in a Neubauer chamber. Results show that Gal-
3 and KRAS silencing induce a decrease in cell viability of 15.3%±8.6 and 16.6%±6.0, respectively, when compared 
to the scramble siRNA condition. In its turn, the double silencing of Gal-3 and KRAS decrease the viability only in 
12.8%±2.0. None of the observed results proved to be statistically significant. The results display the mean values ± 
SEM of 3 independent experiments. 
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3.5.3. Effect of galectin-3 and/or KRAS silencing on galectin-3, KRAS and p16 

expression levels 

We analyzed the expression of Gal-3, KRAS and p16 upon Gal-3 and/or KRAS silencing 

by RNAi. Our results show that Gal-3 and KRAS expression levels significantly (p<0.05; silencing 

percentage >80%) decrease when cells are transfected with Gal-3 siRNA or KRAS siRNA, 

respectively, demonstrating that the specific designed siRNA molecules are effective in silencing 

their targets (Fig. 3.18). However, when we examine the double silencing condition, the 

effectiveness of the Gal-3 siRNA is maintained, but regarding KRAS, the efficiency of its specific 

siRNA is decreased. This result can be justified with the fact that Gal-3 silencing upregulates 

KRAS expression levels, meaning that KRAS inhibition is partially masked (in the double silencing 

condition) by the increase on its levels induced by Gal-3 silencing. In opposition, KRAS silencing 

causes a reduction in Gal-3 expression levels. These results suggest that KRAS and Gal-3 

regulate their expression in an opposite manner, which needs further investigation. 

Concerning p16 expression levels, the results presented on Fig.  3.18 (A and B) 

represent the only successful result obtained in these range of experiments, due to problems with 

the primary anti-p16 antibody. The results showed that p16 expression seems to change 

depending on the protein silenced: a modest increase is registered when Gal-3 is silenced and 

contrariwise KRAS and Gal-3+KRAS silencing led to a decrease in p16 levels. However, as these 

results are only from one experiment, no final conclusions can be drawn. 

Fig. 3.18. Gal-3 silencing induces an increase in KRAS expression levels whereas KRAS silencing 
slightly decrease Gal-3 expression. A) Representative western blot of the RNAi experiments, evaluating changes 
in Gal-3, KRAS and p16 expression. B) Densitometry analysis values are presented as means ±SEM of three 
independent experiments (* p<0.05). Bars corresponding to p16 represent one isolated experiment.  
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3.5.4. Effect of galectin-3 and/or KRAS silencing on MMPs production/activity 

Proteolytic enzymes, particularly MMPs, are involved in the degradation of extracellular 

matrix (ECM), facilitating tumour growth, invasion and metastasis (Herszényi et al. 2014). In 

order to elucidate the effect of Gal-3 and/or KRAS inhibition on secreted MMPs production and 

potential activity profile, gelatin zymography was performed using as samples the conditioned 

media (CM) from each of the RNAi experimental conditions. Gelatin zymography particularly 

detects MMP-2 and MMP-9 activities, which possess higher gelatin-degrading activity than other 

MMPs. These proteinases are secreted as inactive zymogens (pro-MMPs) with an inhibitory pro-

peptide domain and are activated by other proteinases that remove the pro-peptide. During 

electrophoresis, the pro-peptide is unfolded and its inhibitory segment is pushed away from the 

enzyme catalytic site by SDS. In the post-run treatment the pro-peptides are only partially 

refolded, which results in a catalytically active enzyme and visualization of not only the active 

forms but also the originally inactive enzymes pro-forms (Vandooren et al. 2013).  

Our results (Fig. 3.19 A) reveal the presence of bands corresponding to Pro-MMP-9 and 

Pro-MMP-2 and an additional band corresponding to the active form of MMP-9 that was not 

possible to quantify. The inhibition of Gal-3 seems to have almost no impact on Pro-MMP-9 and 

Pro-MMP-2 production; in opposition, KRAS and Gal-3+KRAS silencing led to a decrease of both 

Pro-MMP-9 and Pro-MMP-2 production, yet no significant value was detected (Fig. 3.19 B). 

Concerning the MMP-9 band, it is visible in the control, scramble siRNA and Gal-3 siRNA 

conditions, but there is a significant decrease on MMP-9 activity in KRAS and Gal3+KRAS 

silencing conditions, as no band appears between the pro-forms of MMP-9 and MMP-2 (Fig. 3.19 

A).  

In conclusion, Gal-3 silencing seems to have no effect on MMPs production and activity, 

inversely KRAS silencing and Gal-3/KRAS double silencing led to a decrease in MMP-9 and MMP-

2 pro-forms and in MMP-9 active form. 
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3.5.5. Effect of galectin-3 and/or KRAS silencing on cell migration 

Cancer cell migration is an important step for the disruption of the basement membrane 

(BM) and the ECM, which is essential for the process of invasion and metastasis (Herszényi et al. 

2014). We use a time-lapse microscope with a stage CO2 incubator and cells were photographed 

every 5min during the last 24h of transfection (when the maximum of transfection is attained) to 

track cell trajectories and evaluate differences in cell motility/capacity of migration caused by 

silencing Gal-3 and KRAS alone or at the same time.  

Representative images of the cells at 0h (24h post-transfection), 12h (36h 

post-transfection) and 24h (48h post-transfection) are shown in Fig. 3.20 A.  Results show that 

control SW480 cells display a reduced migration that did not change in any of the evaluated 

conditions: no differences in the migration capability, between the silencing conditions and the 

Fig. 3.19. KRAS silencing and Gal-3/KRAS double silencing led to a decrease in Pro-MMP-9, MMP-9 
and Pro-MMP-2 levels. A) Conditioned media from - SW480 cells (negative control), SW480 transfected with 
scramble siRNA, Gal-3 siRNA, KRAS siRNA and Gal3 siRNA+KRAS siRNA- was collect and assessed for MMP-9 and 
MMP-2 potential activity by gelatin zymography. B) Band intensity was quantified relatively to the scramble siRNA 
condition. Bars represent the mean values ±SEM of 3 independent experiments. 
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controls, were observed. These results correspond only to one isolated experiment, however we 

can infer that SW480 cells exhibit a reduced migration capacity and that neither Gal-3 nor KRAS 

silencing are able of influence that capacity.  

At the end of this experiment, total cell lysates from each condition were prepared and 

Gal-3/KRAS silencing were confirmed by western blot analysis (Fig. 3.20 B).  
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Fig.  3.20. Gal-3 and/or KRAS silencing have no effect on colon cancer SW480 cells migration. A) 
Representative images of each condition at 0h, 12h and 24h show that SW480  control cells present  reduced 
motility and no differences in that capacity were observed among any of the experimental conditions 
(Magnification 20x). B) Gal-3 and KRAS silencing were confirmed by western blot analysis.  These results 
represent one isolated experiment.  
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CRC is a very frequent type of cancer and one of the leading causes of death worldwide 

(GLOBOCAN, 2012). The last decades witnessed remarkable progress in screening, diagnosis 

and therapy that improved the overall survival of patients. Nevertheless, the great majority of the 

patients develop secondary tumours due to metastasis that are frequently fatal, being the five-

year survival rate of curatively resected patients no more than 60%. Therefore, the development 

of new therapies and the focus on personalized treatment, to improve patient survival and reduce 

the side effects, are emerging fields in oncology (De Stefano & Carlomagno 2014). For the 

successful design of new therapies there is an urgent need of scientific research to get deeper 

knowledge on CRC carcinogenesis and to unveil new eligible cancer markers and prognostic 

predictors.  

 KRAS mutations are an important feature of CRC and are considered a therapeutic 

predictive biomarker (De Stefano & Carlomagno 2014). Gal-3 expression has increasingly been 

recognized to be altered in a variety of cancers and to be connected to tumour progression, 

including in CRC (Povegliano et al. 2011). The interaction between KRAS and Gal-3 has been 

demonstrated to be associated with transformation and malignant phenotype characteristics in 

many cancers (Shalom-Feuerstein et al. 2005; Levy et al. 2010; Song et al. 2012; Wu et al. 

2013) being a potential therapeutic target. As already mentioned, p16 seems to be related to 

KRAS and Gal-3, exerting its tumour suppressor function by downregulating both proteins to 

achieve cancer cell anoikis resistance reversion (Sanchez-Ruderisch et al. 2010; Rabien et al. 

2012). In this work, we aimed to study if there is a direct KRAS/Gal-3/p16 interaction and what 

are the phenotypic alterations induced by the absence of Gal-3 and/or KRAS in the CRC model. 

In order to answer our first question, we started by evaluating the levels of expression 

KRAS, Gal-3 and p16 in the two selected patient-derived cell models. Concerning p16 expression, 

it is important to refer that confirmation based on band sequencing and maybe the reproduction 

of the results with another antibody will totally clarify any existing doubts. SW480 and HCT116 

cells expressed different levels of Gal-3, KRAS and p16 as determined by western blot and 

confirmed by IF staining. Our observations showed a concordant association in both cell lines: 

KRAS and Gal-3 levels positively correlate and, in turn, are inversely related with the levels of 

p16. In accordance with these results, Sanchez-Ruderisch et al. 2010 had already demonstrated 

preliminary evidences for a negative correlation between Gal-3 and p16 in human pancreatic 

tissue and pancreatic cancer, as a support of their in vitro data in pancreatic cancer cells. 

Additionally, mutant KRAS (Song et al. 2012) and KRASwt-GTP (Levy et al. 2010) have been 
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related with high Gal-3 expression in pancreatic and thyroid cancer models, respectively. Using 

the SW480 cell line, two authors (Herman et al. 1995; Kim et al. 2005) demonstrated that p16 

gene promoter is methylated and that the protein is not expressed in these cells. However, we 

and others (Hartman et al. 2009) using the same anti-p16 antibody, have detected p16 

expression in SW480 cells. HCT116 cells seem to be an interesting case among CRC cell lines: 

p16 promoter is hemimethylated but the protein is expressed (Kim et al., 2005). Moreover, it is 

important to mention that these two CRC cell lines harbour different KRAS mutations: SW480 cell 

line harbours a G12V mutation and HCT116 harbours a G13D mutation, which might be involved 

in the differences observed. 

Our results on IF experiments also evidenced a difference between SW480 and HCT116 

cell lines: both Gal-3 and p16 reveal a more generalized and dispersed localization pattern in 

HCT116 in comparison to SW480 cells. Concerning Gal-3 localization, it has already been shown 

to be very variable depending on many factors, including: cell type, culture conditions and 

proliferative state of the cells (Haudek et al. 2010) but recent data on this subject is scarce. For 

example, Moutsatsos et al. 1987 reported that in 3T3 fibroblasts, Gal-3 localization and 

expression was different depending on the confluence levels of the stained cells, on the 

proliferative state of the cells (serum starved quiescent cells or proliferating cells) or on the cell 

cycle phase. Thus, culture conditions (namely the levels of confluency and nutrient availability), 

the number of cell passages, the cell cycle phase (as the cells were not synchronized) or the 

different levels of confluency, are some of the factors that can support the discrepancy in results 

obtained in low vs high confluent cells and in the single staining to the double staining 

experiments in SW480 cells. As for p16, it seems that the levels of confluence can alter p16 

localization in SW480 cells. Since this protein participates in cell cycle regulation, these results 

might be a consequence of cells being in different cell cycle phases upon fixation that could 

originate different p16 localizations. These two proteins seem to partially co-localize in these cell 

models, providing an encouraging indication of their interaction.  

In normal colon Flag-KRAS transfected cells, p16 localization demonstrated to be 

different (mainly nuclear) than the one observed in CRC cells, suggesting that changes in its 

subcellular localization can be a characteristic of tumour progression. Gal-3 staining pattern also 

seems to suffer some alterations from cancer to normal cells, as its punctuated pattern is lost 

and the staining is stronger in the cytoplasm than in the nucleus. In normal colon Gal-3 has been 

reported to be expressed both in the cytoplasm and nucleus, but more strongly in the nucleus 
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(Lotz et al. 1993; Sanjuán et al. 1997), and along CRC progression its localization has been 

reported to be variable, being its cytoplasmic rather than its nuclear localization, considered a 

poor prognostic factor (Povegliano et al. 2011). In these cell lines, in spite of being mainly 

localized in different subcellular compartments, the hypothesis of a, at least partial, 

co-localization of Flag-KRAS and p16 is not totally discarded (some yellow/orange areas are 

observed) and needs further exploration. 

As there was a good indication of a potential Gal-3 and p16 co-localization, we carried 

out Co-IP experiments, which allowed the confirmation of such interaction and also gave insights 

about the interaction with KRAS.  Results of these experiments provided good evidence that 

Gal-3, KRAS and p16 are physically interacting in the CRC SW480 cell line. As mentioned, Gal-3 

is known to directly bind KRAS, and co-immunoprecipitation of Gal-3 and KRASG12V was already 

demonstrated (Elad-Sfadia et al. 2004; Shalom-Feuerstein et al. 2005), however, we were not 

able to find any literature reference regarding the direct interaction of these two proteins with 

p16. In our work, due to protocol inherent drawbacks, the bands corresponding to the denatured 

IgG difficult a clear observation of the results. Therefore, some strategies should be applied to 

reduce the interference of the IgG bands. We have already tried to increase the resolution, using 

a longer and more concentrated gel (18%, 13.3x8.7cm; Bio-Rad). However, the separation 

between the 25-35kDa was not significantly different from what we had in a regular 16% 

polyacrylamide gel, additionally there are some commercial kits to remove the IgG from the 

sample and some specific secondary antibodies that selectively bind the non-denatured form of 

the primary antibody, which could be worth to try. Despite the need of further protocol 

optimizations, our Co-IP results showed a new underexplored biochemical interaction between 

Gal-3, KRAS and p16. This set of results constitutes preliminary evidences that answer our first 

aim. 

In the second and third aims, we intended to study the effect of silencing Gal-3 and/or 

KRAS in Gal-3/KRAS/p16 expression levels regulation and in some cancer-associated phenotypic 

characteristics. The interaction between Gal-3 and KRAS and the subsequent activation of KRAS 

signalling pathways, particularly the RAF/MEK/ERK pathway, are known to be responsible for 

many cancer-related features, for example proliferation (Song et al. 2012; Levy et al. 2010), 

apoptosis and anchorage independent growth resistance (Shalom-Feuerstein et al. 2005), 

migration and invasion (Song et al. 2012; Wu et al. 2013). Variations on Gal-3, KRAS or p16 

proteins expression levels, when Gal-3 and/or KRAS are inhibited, constitute an indirect 
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indication of their interplay. Variations on p16 levels were detected in Gal-3 and/or KRAS 

silencing conditions: an increase was observed when Gal-3 was silenced and a decrease when 

KRAS or Gal-3+KRAS were silenced, although further experiences should be performed in order 

to confirm the results obtained. Gal-3 silencing induced an upregulation of KRAS levels and 

conversely KRAS silencing resulted in a decrease of Gal-3 expression levels. These results 

suggest the existence of an opposite regulation mechanism between these proteins, which as far 

as we are aware, has never been reported before. Song et al. 2012 demonstrated that the 

silencing of Gal-3 decreases total RAS and active RAS levels in Panc-1 and MPanc96 pancreatic 

cancer cells, however they evaluated total RAS, meaning that all RAS isoforms contribute to their 

results. Additionally, in thyroid cancer cells, stable transfection of MRO cells with Gal-3 shRNA 

decreased KRAS-GTP levels, but in this case the authors were considering the active form of 

KRASwt (Levy et al. 2010). In DLD-1 colon cancer cells, which harbour a KRASG13D mutation 

(Ahmed et al. 2013), Gal-3 stable silencing had no effect on KRAS levels, but instead significantly 

decreased p-RAF and p-EKR1/2 expression (Wu et al. 2013). The mechanism observed in our 

model, can be governed either at transcription or at protein degradation levels. The KRAS 

increased expression induced by Gal-3 silencing may justify the poorer impact of the double 

silencing on cell morphology and cell viability. 

Silencing of Gal-3 and/or KRAS induce visible changes on cells morphology. Gal-3 

silenced cells are more rounded, feature that was also reported by Cheong et al. (2010), upon 

Gal-3 silencing in AGS gastric cancer cells. This change in morphology can indicate a decrease in 

lamellipodia formation (movement-propulsion structures, usually connected with the invasion 

capacity), which has been demonstrated by Wu et al. (2013) after Gal-3 silencing in DLD-1 colon 

cancer cells. KRAS silencing is the condition that exerts more dramatic effects on cell morphology 

as cells became enlarged, flat and acquire vacuolar structures. These results support once again 

the already suggested role of KRAS in the regulation of the cellular cytoskeleton. The vacuolar 

structures can be indicative of death processes, however, deeper analysis, namely by electronic 

microscopy should be performed.  

Gal-3 and KRAS silencing, reduced the viability of SW480 cells. Given the relevance of 

these two proteins in cell fate regulation, a decrease in cell viability, after their inhibition, was 

predictable. In pancreatic cancer in vitro and in vivo models, Gal-3 knockdown was reported to 

decrease cell viability and tumour volume, respectively (Song et al. 2012). On the other hand, 

other reports showed no visible effects of Gal-3 silencing on the viability of pancreatic (Kobayashi 
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et al. 2011) and tongue cancer (Zhang et al. 2013) cells. Furthermore, Gal-3 silencing has been 

shown to induce G1 phase cell cycle arrest in gastric cancer cells and, when combined with 

therapeutic drugs it decreases cancer cell viability and augments apoptosis levels (Cheong et al. 

2010). Mutant KRAS silencing has been shown to reduce pancreatic adenocarcinoma (model in 

which KRAS mutations are even more frequent than in CRC) cells proliferation and to induce 

apoptosis (Fleming et al. 2005). All these aforementioned studies determined cell 

viability/proliferation using MTT/MTS-reduction based assays, which are dependent on 

mitochondrial metabolism integrity, and therefore cannot be compared with our results that 

instead reflect the cellular membrane integrity. Hence, it is important to mention that trypan blue 

exclusion assay despite being simple and rapid, only constitutes and indirect assessment of cell 

viability based on membrane integrity and to supplement our results, more refined techniques, 

namely annexinV/PI staining and cell cycle analysis by flow cytometry, should be performed. 

Recent results of our group demonstrate that KRAS inhibition leads to cell death in SW480 cells 

(Alves et al. 2014). 

Tumour (or host tumour-induced) secretion of proteolytic enzymes, responsible for the 

degradation of BM and ECM components, and the migration of tumour cells across the BM and 

tumour stroma, are essential events for tumour invasion and metastasis (Herszényi et al. 2014). 

These two tumour cell capabilities, MMPs production and migration, were analyzed in this work 

upon silencing of Gal-3 and/or KRAS. MMPs, in particular MMP-9, play important roles in 

colorectal carcinogenesis and are considered independent prognostic biomarkers and potential 

diagnostic and therapeutic tools (Herszényi et al. 2014). Our data evidenced that KRAS silencing 

induces a decrease in Pro-MMP-2/-9 and MMP-9. KRAS was found to regulate the expression of 

MMP-2 in fibroblasts (Liao et al. 2003), which supports our result. This data probably deserves 

more attention and further exploration if we take into account that Gal-3 is a substrate of MMP-9 

and MMP-2, and that the cleaved form is more effective in improving angiogenesis and invasion 

(Nangia-Makker et al. 2007; Nangia-Makker et al. 2010). Hence, one might speculate that KRAS 

silencing can indirectly act by reducing the levels and the activity of MMP-2/-9 which 

consequently will lead to a decrease in Gal-3 ND-cleavage, impairing the effects of cleaved Gal-3 

form and thereby reducing angiogenesis and invasion capacity of tumour cells. In this extent, we 

have confirmed that in our models, SW480 and HCT116, Gal-3 is secreted to the cell culture 

medium (supplementary data Fig. S3) in normal culture conditions, though we failed to detect the 

cleaved form because the antibody we have available recognizes an epitope mapping at the 
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N-terminus of Gal-3. Altogether these results support the notion that KRAS silencing can be 

considered a good therapeutic approach as its inhibition can have effect not only on viability but 

also on invasion capacity, a relevant clinical problem.   

A connection between Gal-3 and the capacity of migration has been established for 

example in models of pancreatic (Kobayashi et al. 2011), colon (Wu et al. 2013), and tongue 

(Zhang et al. 2013) cancers, where Gal-3 silencing is capable of decrease the cells migration 

rate. KRAS silencing has also been shown to reduce the levels of migration of MiaPaca-2 and 

Panc-1 pancreatic adenocarcinoma cells in about 70% (Fleming et al. 2005). Regardless the fact 

that in these reports the evaluation of cancer cell migration rates was done by different 

techniques (wound-healing assays and modified Boyden chamber assays) than the one we 

employed in our work, our results showed a reduced mobility capacity in all the experimental 

conditions. Importantly, Kasem et al. 2014 recently used SW480 cells in migration assays 

(radius cell migration assays, very similar to wound-healing assay) to study the role of JK1 in 

colon cancer cell migration. The authors stably silenced JK1 in SW480 cells and observed that 

when plated in regular non-coated plates these cells displayed no differences in migration 

capacity, but when plated in matrix components (collagen, fibronectin or laminin) coated plates 

the migration rates were significantly altered. 

Overall, our work provides the first evidence of a direct interplay between Gal-3, KRAS 

and p16. The outcomes of this interaction should definitely constitute a research subject, as 

novel therapeutic strategies can arise from its understanding. KRAS and Gal-3 silencing are 

capable of induce changes in SW480 cells, and considering our results, KRAS silencing could 

constitute a good therapeutic approach. An integrative outline of the findings and hypothesis 

resulting from this thesis project are summarized at Fig.4.1. 
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Fig.  4.1. Results outline of this project. A) Answering our first aim, we were able to establish a relation among 
the expression levels of the three proteins under study. Resorting to IF and Co-IP assays, our preliminary results 
showed a interaction between Gal-3, KRAS and p16, being the interaction between Gal-3 and p16 most likely to occur 
at the nucleus, according to our IF results. B) As for our second/third aims we demonstrated the existence of an 
opposite regulation between KRAS and Gal-3 upon their silencing and also that the inhibition of these proteins reduce 
cell viability. Additionally, KRAS inhibition was found to decrease the levels of MMPs, and therefore, we suggest that 
KRAS silencing could be a good therapeutic strategy, which could indirectly impair cancer cell survival, angiogenesis 
and metastasis.  
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The main goal of this project was to explore the Gal-3/KRAS/p16 interplay in CRC in 

vitro models and at this point we can set many important conclusions, which not only can help to 

uncover our initial questions but also constitute the basis for some protocol improvements and 

future experiments. 

We demonstrated the existence of a positive correlation between KRAS and Gal-3 levels 

and of an inverse correlation between those and p16 levels in CRC cells. Through IF experiments 

we found Gal-3 in the nucleus and cytoplasm with a punctuate pattern, more dispersed in the 

case of HCT116 cells. Gal-3 and p16 double staining in SW480 and HCT116, showed a partial 

co-localization of these proteins, more pronounced at the nuclear compartment. Taking into 

account that anti-KRAS antibodies appear not to be considered good tools for IF experiments 

(Fuentes-Calvo et al. 2010) and as Gal-3 has been shown to selectively bind KRAS (Elad-Sfadia et 

al. 2002; Elad-Sfadia et al. 2004) the use of an anti-pan RAS antibody could be a valid approach 

to search for Gal-3 and KRAS co-localization in these cell lines. In normal colon cells transfected 

with Flag-KRASwt and the three KRAS hotspot mutations, p16 demonstrated to be mainly localized 

at the nucleus and Flag-KRAS instead was localized at the cytoplasm and along 

cellular-projections. However, a level of partial co-localization between these proteins is not totally 

rejected and therefore, needs further investigation, for example resorting to Co-IP or 

proximity-ligation assays (PLA). Gal-3 seems to have a similar cellular distribution in normal and 

CRC cells, but in the former, the punctuated pattern is lost. Also, it is important to notice from 

these experiments that commercial antibodies validation is very important; a careful selection of 

antibodies is an essential part of IF experiments, and the sequential staining, in spite of being an 

accepted procedure is ineffective to avoid secondary antibodies cross-reaction.  

Moreover, as SW480 and HCT116 cell lines harbour different KRAS mutations, in the 

future it could be of most interest to explore the role of the distinct KRAS hotspot mutations in the 

regulation of Gal-3 and p16 expression, and its consequent effects in the CRC model. 

Understanding if this correlation is maintained in human tumours could bring valuable new 

insights to understand CRC biology and help explaining for example, why the patients that 

harbour a G13D mutation are more responsive to EGFR inhibitors-based therapy.   

The main conclusion of this work is that for the first time we showed a physical 

interaction of Gal-3/KRAS/p16 in SW480 cells, establishing a totally new concept. Even though 

some relations between these proteins had been described, it was never mentioned that they 

could establish a physical interaction. This opens a new field of research to study the functions of 
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this interaction in colorectal carcinogenesis and, once again, to try to understand the effect of the 

different KRAS mutations in its regulation. After protocol optimization, band isolation and 

sequencing, sequential immunoprecipitation (immunoprecipiate one protein, confirm its presence 

and immunoprecipitate the other from the initial immunoprecipitate and so on) and a control 

condition with the naive IgG from the specific antibody used in IP, can be performed in order to 

confirm the results. 

RNAi experiments demonstrated that the specific targeting of KRAS and Gal-3 with siRNA 

were effective to achieve their silencing (confirmed at the protein level) in SW480 cells. The 

inhibition of these proteins evidenced an opposite regulation: when Gal-3 is silenced KRAS is 

upregulated and when KRAS is silenced Gal-3 is downregulated. This justifies the poorer 

effectiveness of KRAS silencing, and the consequently results obtained on the effect on 

morphological characteristics and on cell viability, when the double silencing of these proteins 

was performed. From our point of view, explore KRAS protein localization, activity and 

phosphorylation levels of its downstream effectors (p-ERK, p-AKT), when Gal-3 is silenced, will be 

important to understand how Gal-3 regulates KRAS signalling. Gal-3 or KRAS silencing alone 

demonstrated to have a noticeable effect on SW480 cell morphology, which can be related to a 

decrease in the migration/invasion-essential structures, associated with Gal-3, and with cell 

death characteristics associated with KRAS. Electronic microscopy analysis and study of the 

cytoskeleton organization following a phalloidin staining of actin fibers constitute complementary 

approaches to be considered. Despite not very pronounced, Gal-3 or KRAS silencing induced a 

reduction on cell viability. KRAS silencing in SW480 cells has been shown by our group to induce 

an increase in annexinV positive cells (Alves et al. 2014). Nevertheless, the effect of Gal-3 

silencing in cell proliferation and viability should be more explored in the future, using flow 

cytometry analysis of cell cycle and annexinV/PI staining.  

Concerning the gelatin zymography results, KRAS silencing and Gal-3/KRAS double 

silencing demonstrated to have impact on MMPs production/activity, what per se constitutes a 

good result, since MMPs are considered important players in colorectal carcinogenesis, but also 

could represent an indirect way to impair extracellular Gal-3 tumour promotion effects. Thus, 

matrigel invasion assays and assessment of Gal-3 and cleaved-Gal-3 levels in the conditioned 

media (for example using the ELISA) constitute complementary experiments to explore this 

question. Regardless the fact that SW480 cells showed to have a reduced motility capacity and 

that no alterations were found among our experimental conditions, we should perform this 
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experiment again. The use of matrix coated plates can be an important strategy to apply in our 

work, which could allow us to conclude about the effect of Gal-3 and/or KRAS silencing on 

SW480 CRC cells migration. 

In summary, future work will focus on completing the presented results in HCT116 cells, 

addressing the role of KRAS mutations on Gal-3/KRAS/p16 interplay regulation, and also on an 

extensive characterization of the phenotypic alterations (on proliferation, apoptosis, clonogenic 

survival and anchorage independent growth, migration, invasion and cytoskeleton organization) 

induced by silencing Gal-3 and/or p16 and/or KRAS. 

Moreover, considering the different morphology of NCM460 Flag-KRASG12D and the effects 

of KRAS inhibition on SW480 cells morphology, which suggest the involvement of KRAS in 

cytoskeleton organization, it should be interesting to assess this hypothesis. We should also 

highlight that considering the relevance of KRAS and Gal-3 interaction in tumour progression, 

there is a visible lack in literature of studies analysing if there is a connection between KRAS 

expression and mutation status and Gal-3 expression in CRC tissues. Thus, this underexplored 

field could constitute a good opportunity of scientific research. Besides, as RAS has been found 

to function in other signalling platforms, in addition to the membrane (e.g. lysosomes and 

mitochondria) (Omerovic & Prior 2009), it could be worth to search for Gal-3 presence and 

interaction with KRAS in those cellular organelles.  

 Summing up, this work represents the first and, as far as we are aware, unique evidence 

of a physical Gal-3/KRAS/p16 interaction, and supports the notion that KRASmut silencing can be 

a good approach in CRC therapy, especially in metastatic CRCs resistant to anti-EGFR therapy. 

Furthermore, this project highlights new questions that could be worth to explore and may 

constitute important clues to the understanding of the biology of CRC harbouring KRAS 

mutations, in order to identify new cancer markers for potential targeted therapy.  
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Fig. S1. Confocal fluorescence analysis of Gal-3 and p16 negative staining controls in high confluent 

SW480 and HCT116 cells. Coverslips were incubated only with Alexa-488 secondary antibody and nuclei are 

counterstained in blue with DAPI. Bottom right scale bars correspond to 25µm. 
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Fig.S2. Representative western blot showing similar Gal-3 expression independently of the cells 

confluence and nutritional availability. 

 

 

 

 

 

Fig.S3. Analysis of Gal-3 content in conditioned media (CM) from HCT116 and SW480 cells. Total 
lysates (TL) were used as positive controls and 50µg of protein were loaded in each lane. 

 




