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Abstract 

Ubiquitination has a key role in modulating the activity, subcellular localization and degradation 

of proteins. Ubiquitination is mediated by the sequential action of three enzymes, of which the 

E3 ubiquitin ligases catalyze the transfer of ubiquitin to the protein substrates. The neural 

precursor cell expressed developmentally down-regulated protein 4 (NEDD4) family of E3 

ubiquitin ligases consists of nine members in mammals. Several of these members have been 

shown to have important roles in modulating cellular processes involved in cancer pathogenesis, 

such as cell growth, migration and invasion, and may represent potential targets in cancer 

therapy. However, the role of these E3 ubiquitin ligases may be cancer-type specific, and their 

involvement in colorectal cancer is currently poorly understood. A major objective of this study 

was to obtain a better understanding of the role of four selected members of this protein family, 

called NEDD4, ITCH, and SMAD ubiquitination regulatory factor 1 and -2 (SMURF1 and -2), 

in the modulation of growth characteristics of colon cancer cells. Furthermore, since loss of 

intercellular junctions in considered being a key event during the late stages of colorectal cancer 

pathogenesis, we aimed to investigate whether these E3 ubiquitin ligases are involved in 

modulating the levels of E-cadherin, occludin and Cx43, which are key protein components of 

adherens junctions, tight junctions and gap junctions, respectively.  

The LoVo cancer cell line was used as a cellular model system in this study. Initially, a small 

interfering RNA (siRNA) protocol was established to efficiently deplete the various E3 ubiquitin 

ligases in LoVo cells alone or in various combinations. The siRNA-mediated depletion of ITCH 

was found to result in significantly reduced proliferation of LoVo cells. In contrast, depletion of 

NEDD4, SMURF1 or SMURF2 did not affect cell proliferation. The LoVo cells were found to 

display considerable heterogeneity with respect to the expression of E-cadherin, occludin and 

Cx43 when grown as a monolayer, with some cells displaying expression whereas other being 

devoid of these proteins. Depletion of the various E3 ubiquitin ligases did not significantly affect 

the expression level or the subcellular localization of either E-cadherin, occludin or Cx43. 

Altogether, this study represents the first evidence that ITCH acts as a positive regulator of colon 

cancer cell proliferation. The findings have implications for future assessments of ITCH as a 

potential target protein in colorectal cancer therapy.   
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1 Introduction 

1.1 Cancer  

1.1.1 Introduction to cancer 

Cells are the fundamental units of life, from single-celled to multicellular organisms. The human 

body consists of a society of trillions of cells descendants from a single fertilized egg [1]. In a 

multicellular community, all cells must collaborate to behave in a way that is beneficial for the 

organism [1]. A fine balance between cell proliferation and apoptosis is required to maintain a 

normal tissue composition and function.  

Even in a highly fine-tuned system such as the human body, mistakes do occur. As a matter of 

fact, billions of cells encounter mutations every day [1]. While most mutations are harmless, 

some may allow a cell to divide more vigorously or avoid apoptosis and in that way eventually 

give rise to a mutant clone [1]. Over time, repeated rounds of mutations can cause the clone to 

become more aggressive [1]. Mutant clones that grow and proliferate may eventually give rise to 

a tumor, also called a neoplasm [1]. Malignant tumors have the ability to spread and invade 

distant tissues, while benign tumors do not [1, 2]. Cancer is defined by the two above-mentioned 

properties of malignant tumors: first, the capability to divide vigorously and avoid apoptotic 

signals and second, their ability to metastasize [1]. Hanahan and Weinberg have described ten 

“hallmarks of cancer” (Figure 1) [3]. These hallmarks reflect capabilities acquired during the 

multistep development of cancer that eventually can lead to tumor growth and metastasis. These 

hallmarks also provide a framework for understanding the striking diversity of the neoplastic 

diseases. 
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Figure 1. The hallmarks of cancer. The figure depicts ten biological capabilities acquired during tumor 

development that enable tumor growth and metastasis, as described by Hanahan and Weinberg [3]. The 

figure is adapted from Hanahan and Weinberg [3].  

Cancer is a heterogeneous disease, and the diagnosis is given to a large collection of related 

diseases that can originate from almost anywhere in the human body [2]. Cancer is a worldwide 

health problem, with estimated 14,1 million new cases and 8,2 million associated deaths each 

year [4, 5]. In fact, about one in five will die of cancer [1]. 

 

1.1.2 Tumor progression is a multistep process 

The initiation and development of cancer is caused by mutations, such as aberrations in the 

nucleotide sequence of DNA, physical rearrangement of DNA and epigenetic alterations [6]. 

Fortunately, a mutation in a single gene is not sufficient for a normal cell to progress into a 

cancer cell [1]. Normal cells evolve gradually into cancer cells through a process known as 

tumor progression [1, 6]. Tumor progression is driven by multiple genetic and epigenetic 

alterations of genes controlling cell proliferation, survival and other traits associated with 

malignancy [6]. Within a tumor, the individual malignant cells compete with their neighbors. 

Any mutation giving a selective advantage may allow a cancer cell to outgrow its neighbors. The 

new population of cells will eventually give rise to a mutant clone [1, 6]. Subsequently, new 

mutations may give individual malignant cells new selective advantages, potentially giving rise 
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to an even more aggressive clone of cancer cells [6]. Thus, tumors develop through multiple 

rounds of genetic and epigenetic alterations that eventually give rise to a clone of fully malignant 

cancer cells that have invasive properties, the initial step in metastasis [1]. Hence, cancer can be 

viewed as an evolutionary process. 

 

1.1.3 Metastasis 

Metastasis is a highly complex process in which cancer cells leave the primary tumor and then 

travel by the blood and lymphatic vessels to distant sites where they establish secondary tumors 

[6, 7]. This process can be referred to as the metastatic cascade (Figure 2). During metastasis, the 

primary tumor must invade the surrounding tissue and gain access to the blood or lymphatic 

vessels in a process called intravasation [7]. Furthermore, metastasizing cancer cells must have 

the ability to leave the blood or the lymphatic vessels in a process called extravasation and give 

rise to secondary tumors [7]. 90 % of cancer-associated deaths are caused by metastasis [7]. 

However, the molecular basis underlying the process of metastasis remains incompletely 

understood.  

 

Figure 2. The metastatic cascade. Metastasis consists of two major phases: First, cancer cells from the 

primary tumor invade the surrounding tissue and gain access to the blood or lymphatic vessels in a 

process called intravasation. The cancer cells can then translocate from the primary tumor to a distant 
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organ. Second, cancer cells leave the blood or lymphatic vessels in a processed called extravasation and 

colonize a distant organ. The figure is from Chaffer and Weinberg [7].  

In order to metastasize, cancer cells must acquire the ability to migrate and invade tissues. This 

depends on a series of complex biological steps, which enable cells to move through the 

extracellular matrix toward the blood and lymphatic vessels [6, 7]. The majority of life-

threatening cancers arise in epithelial tissues where cells normally are tightly bound to adjacent 

cells and to the basal lamina through anchoring junctions [6, 7]. However, as the tumor 

progresses, cancer cells may be able to detach themselves from these junctions, acquire 

anchorage-independent survival characteristics, and invade surrounding tissues [7]. The rate-

limiting step during metastasis is the colonization of secondary tumors at distant sites [7]. During 

colonization, the cancer cells must evade the immune response in addition to survive as either 

single cells or as small clusters of cells, while adapting the microenvironment as they initiate 

proliferation at the new site [7]. 

In some cancer types, the organ to which cancer cells metastasize may be strongly influenced by 

the circulatory system. For instance, colorectal cancer (CRC) preferentially generates liver 

metastases, which is explained by the portal circulation that delivers blood from the colon 

directly to the liver [7]. 

 

1.1.4 Colorectal cancer 

In Norway, 4268 new cases of colorectal cancer were reported in 2015, which makes it the fourth 

most common cancer type [8]. For men, colorectal cancer is the third most common cancer type 

after prostate and lung cancer, whereas for females it is the second most common cancer type 

after breast cancer [8]. In 2014, there were 10971 deaths caused by cancer in Norway, of which 

1546 were caused by colorectal cancer [8].  

Colorectal cancer is a disease that arises from cells in the tissue of the colon and/or the rectum 

[9]. Colorectal cancer is a common example used to illustrate the multistep progression of 

tumors, and the development of tumors is divided into several physiological stages, called 

stage 0 to IV (Figure 3) [9, 10]. Colorectal cancer develops from benign growths known as 

adenomas, also termed polyps, which are physiological deviations in the mucosa of the colon 
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that may become malignant and metastasize [6, 9]. As the tumor progresses, the adenomas 

increase in size and acquire a finger-like morphology [10]. Eventually, the adenomas may turn 

into malignant carcinomas and consequently invade the basement membrane and the underlying 

tissues [6]. Both hereditary and environmental factors contribute to the development of 

colorectal cancer [10].  

 

Figure 3. Stages of colorectal cancer. The figure shows the five physiological stages, called stage 0 to 

IV, which characterize the development of colorectal cancer. The figure is from The National Cancer 

Institute, USA [11]. 

 

1.2 Role of intercellular junctions in epithelial tissue organization 

The lining of the colon consist of a highly organized tissue forming a monolayer of cells called 

the epithelium [1, 12]. Within the epithelium, cells are connected through cell-cell junctions and 

to the basal lamina [1]. The basal lamina is a distinct sheet of extracellular matrix that covers the 

basal surface of virtually all epithelia and many other types of tissues [13]. The apical side of the 

epithelium is in direct contact with the lumen of the colon, while at the lateral surfaces, cells 

make cell-cell junctions with adjacent cells [1]. The cells of the epithelium are polarized, in 
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which the apical and basal side serve different roles. In the colon, the epithelium serve multiple 

roles, ranging from nutrient uptake to protection against pathogens [12].  

 

Figure 4. Organization of cells in the epithelia. The epithelia forms a monolayer of continuous cells 

connected through cell-cell junctions and to the basal lamina. The figure is from Nature Education [14]. 

Cell adhesion is crucial for the assembly of individual cells into tissues, such as epithelial tissues. 

A variety of cell-cell junctions connect the cells in the epithelia (Figure 4), ensuring that the 

individual cells are tightly packed and form a continuous sheet. The overall architecture of the 

tissue is determined by the different cell-cell junctions along with the internal cytoskeleton [13].  

 

1.2.1 Tight junctions 

The tight junctions are protein complexes that are important for maintaining the structural 

integrity of the epithelia and they also have the capacity to create a selective permeability barrier 

[13, 15]. Tight junctions seal the intercellular space between adjacent cells closely together near 

the apical side of the individual cells, thereby preventing leakage across the epithelia (Figure 3) 
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[1, 15]. The selective permeability between cells is established by the tight junctions [16]. The 

dysregulation of tight junctions is an established hallmark of many diseases, including cancer 

[16]. Tight junctions are considered the first barrier cancer cells must overcome in order to 

metastasize [17]. In electron micrographs, tight junctions are seen as series of apparent fusions 

between the plasma membrane of adjacent cells, where the intercellular space is completely 

absent [15]. The apical and basal sides of the epithelia differ in lipid and integral protein 

composition. Because both lipids and integral protein can diffuse laterally within the plasma 

membrane, tight junctions function as a barrier to prevent their diffusion between the apical and 

basal side [15].  

 

The molecular basis of tight junctions 

The transmembrane protein occludin was the first protein to be found to localize at and be part of 

the protein constituents of tight junctions, first in chicken and later also in mammals [15]. 

Occludin has four transmembrane domains connected through two extracellular loops and one 

intracellular loop (Figure 5). Both the short N-terminus domain and the long C-terminus domain 

are localized in the cytoplasm [15]. Occludin is important for limiting the permeability between 

adjacent cells of the epithelium [1]. Two additional transmembrane proteins were later identified 

as being part of the protein complex that constitutes the tight junctions, termed claudin-1 and 

claudin-2 [15]. As with occludin, the claudins have four transmembrane domains and both the N- 

and C-termini localized in the cytoplasm [15]. The claudins are essential for both the formation 

and function of tight junctions [1]. So far, 24 members of the claudin family have been identified 

in humans [1, 15]. The third major protein component of the tight junctions is junctional 

adhesion molecule (JAM), which belongs to the immunoglobulin superfamily [15]. These 

molecules have a single transmembrane domain, with the C-terminus localized in the cytoplasm 

[15]. However, the function of JAM has remained poorly understood [15]. The extracellular 

loops of claudin and occludin mediate the adhesion with claudin and occludin, respectively, at 

the adjacent cells to promote assembly of the tight junctions [1]. The assembly and organization 

of tight junctions is also dependent on intracellular adaptor proteins, called zonula occludens 

(ZO) proteins [1, 18]. Occludin interacts through its C-terminus with the two ZO proteins ZO-1 
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and ZO-2 [13]. Several cytoplasmic adaptor protein function together with the ZO proteins to 

mediate cytoskeletal tethering and cell-cell adhesion of occludin and claudin [16].  

 

Figure 5. Occludin. The transmembrane protein occludin contains four transmembrane domains 

connected through two extracellular loops and one intracellular loop. Both the N- and C-termini are 

located at the cytoplasmic side of the plasma membrane.  

 

1.2.2 Anchoring junctions 

Anchoring junctions are required for the maintenance of solid tissues [13]. Anchoring junctions 

link adjacent cells together, and epithelial cells to the basal lamina. Two types of anchoring 

junctions link neighboring cells together, called the adherens junctions and the desmosomes. The 

adherens junctions and desmosomes are anchorage sites for actin filaments and intermediate 

filaments, respectively [1]. In addition, two types of anchorage junctions link the cytoskeleton of 

epithelial cells to the basal lamina. The actin-linked cell-matrix junctions anchor actin filaments 

to the basal lamina, while the hemidesmosomes anchor intermediate filaments to it [1]. 
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The molecular basis of anchoring junctions 

Independent of the type of anchoring junction, cell-cell adhesion is mediated by the 

Ca
2+

-dependent transmembrane protein cadherin [19, 20]. Cadherins are present in all 

multicellular organisms and are found in almost every cell in the body [1, 19]. They are 

important in the maintenance of tissue integrity and structure [20]. The cadherin superfamily is 

divided into several subgroups: the classical (type I) and the non-classical (type II) [20]. The 

classical cadherins mediate adhesion at anchoring junctions [20]. The non-classical cadherins 

contain both proteins that are involved in adhesion and proteins that are primarily involved in 

cell signaling [20].  

All cadherins have several copies of extracellular cadherin domains, where each domain is joined 

to the next domain by a hinge region [1]. A member of the classical cadherins is the E-cadherins, 

present in many epithelial cells [20]. E-cadherin is organized with five tandem extracellular 

domains, a transmembrane segment and a highly conserved cytoplasmic tail (Figure 6) [20]. 

Extracellular Ca
2+

 ions bind to the hinge region of the cadherins, causing them to stretch out, 

making the cadherin accessible for adhesion with another cadherin [1, 20]. The adhesion of 

cadherins is in general homophilic: i.e. a cadherin of a specific subtype binds to a similar subtype 

on the adjacent cell [1, 20]. Homophilic binding occurs between the N-terminal domains of 

cadherin, i.e. the domains that lies furthest from the plasma membrane (Figure 6) [1].  

Cadherins associate with the cytoskeleton indirectly through intracellular adaptor molecules that 

are necessary for normal adhesion function. In the case of the classical cadherins, such as the 

E-cadherins, different adaptor molecules, called catenins, associate with the cytoplasmic tail of 

the cadherins (Figure 6) [13, 21]. p120-catenin and β-catenin bind directly to the cytoplasmic tail 

of the cadherin [1, 21]. β-catenin further functions as an anchor for α-catenin, which does not 

bind directly to the cadherin itself [21]. Noticeably, all catenin types have cellular functions 

independent of cadherins and they are not the only important interaction partners with cadherins 

[21]. 
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Figure 6. E-cadherin. The transmembrane protein E-cadherin contains five extracellular cadherin 

domains (EC1-EC5). At the cytoplasmic side, E-cadherin associates with different adaptor proteins 

known as catenins. p120, β- and α-catenin together serve to link E-cadherin to the actin filaments. Ca
2+

 

binds to the hinge region between the extracellular domains, causing E-cadherin to stretch out and 

potentially bind to a similar subtype of cadherins on adjacent cells.  

E-cadherin is generally considered to act as a suppressor of epithelial tumor cell invasion and 

metastasis [13, 22]. In line with this notion, loss of cadherin expression is correlated with 

increased invasiveness of many tumor types [20, 22].  

 

1.2.3 Gap junctions 

Gap junctions are plasma membrane domains containing arrays of highly specialized 

intercellular channels, which allow cells in tissues to communicate directly. Intercellular 

communication via gap junctions is essential for the control of cell growth, differentiation, 

maintenance of tissue homeostasis and embryonic development [23, 24]. Gap junctions enable 

adjacent cells in solid tissues to communicate both electrically and biochemically by allowing 

cells to exchange ions, second messengers and small metabolites (under ∼1 kDa) [23-25].  
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The molecular basis of gap junctions 

The gap junction channels are formed by a transmembrane protein family called connexins. The 

connexin protein family consists of 21 members in humans, of which connexin 43 (Cx43) is the 

best studied and most ubiquitously expressed [24-26]. Most tissues express several connexin 

isoforms [24].  

The connexins consist of four transmembrane domains connected by two extracellular loops and 

one cytoplasmic loop (Figure 7) [23]. They have both the C- and N-termini localized in the 

cytoplasm [23]. The transmembrane domains, extracellular loops and the N-terminus are highly 

conserved between the various members of the connexin family, while the C-terminus and the 

cytoplasmic loop show great variation in both length and sequence [23, 24]. The C-terminus and 

the cytoplasmic loop are subjected to various post-translational modifications, such as 

phosphorylation [23].  

 

Figure 7. Connexin. Connexins have four transmembrane domains connected with two extracellular 

loops and one cytoplasmic loop. Both the N- and C-termini are localized on the cytosolic side.  

Six connexins oligomerize to form so-called hemichannels, also known as connexons, that are 

integrated into the plasma membrane [23]. Connexins can oligomerize with similar or different 

members of the connexin family, to form so-called homomeric, heteromeric, heterotypic or 

homotypic channels (Figure 8) [23]. Localized in the plasma membrane, connexons can connect 

with a connexon from a neighboring cell to form intercellular channels [23]. Such channels 
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cluster into distinct plasma membrane domains that may consist of up to several thousand 

intercellular channels, which constitute a gap junction [23]. The formation and degradation of 

gap junctions are highly dynamic events, involving the continuous removal of old channels from 

the center of the gap junction plaque, while newly formed channels are added to its periphery 

[23].  

 

Figure 8. Different types of gap junction channels. Six connexins oligomerize into connexons, which 

may dock with connexons of adjacent cells to form gap junction channels. Different connexins interact to 

form so-called homomeric, heteromeric, heterotypic or homotypic channels. The figure is adapted from 

Mese et al. [23].  

There is significant evidence that loss of intercellular communication through gap junction is 

important in carcinogenesis [24]. In line with this notion, several connexins have been found to 

act as tumor suppressors [27].  

 

1.3 Epithelial to mesenchymal transition (EMT) 

As described above, the individual cells of epithelia are tightly associated with each other and to 

the extracellular matrix. However, during the process termed epithelial to mesenchymal 

transition (EMT), polarized epithelial cells undergo complex molecular biological changes to 
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gain a mesenchymal phenotype (Figure 9) [28]. In contrast to the epithelial phenotype, the 

mesenchymal phenotype is characterized by increased migratory capacity and invasiveness, 

enhanced apoptotic resistance and increased production of extracellular matrix components [28]. 

Mesenchymal cells lack cellular junctions, are non-polarized and can move throughout the 

extracellular matrix as individual cells [29].  

The EMT process is reversible. By undergoing the biological process mesenchymal to epithelial 

transition (MET), cells are transformed from a mesenchymal phenotype to an epithelial 

phenotype [28, 29].  

 

Figure 9. EMT. EMT is a biological process where epithelial cells are transformed into mesenchymal 

cells. This includes dramatic changes in cellular phenotypes as polarized cells are transformed into mobile 

mesenchymal cells. The figure is adapted from Kalluri and Weinberg [28].  

EMT and MET have essential roles during the various steps during normal development [28, 30]. 

For instance, during specific steps of embryonic development, cells within the epithelium move 

between epithelial and mesenchymal states [28, 30]. Importantly, increasing experimental and 

clinical evidence suggest that EMT and MET are also important in cancer pathogenesis [30]. 

EMT is thought to be linked to the dissociation of cells from the primary tumor and their 

intravasation into blood or lymphatic vessels [30, 31]. Furthermore, recent studies support that 

MET is required for colonization at distant sites during metastasis [31, 32].  

 

1.3.1 Loss of cellular junctions is a key feature of EMT 

In order to undergo EMT, epithelial the cells must be released from the cellular junctions 

connecting the cells together and to the basal lamina. During the initiation of EMT, tight 

junctions, adherens junctions and gap junctions are deconstructed and the various junction 
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proteins are relocalized from the plasma membrane to intracellular compartments and/or 

degraded [33]. The expression of the tight junction proteins claudin and occludin is decreased, 

and the ZO-1 and ZO-2 diffuse away from cell-cell contacts [33]. Gap junction integrity is also 

disrupted, which may be due to a decrease in connexin levels [33]. Loss of E-cadherin gene 

expression is frequently observed during EMT, and is considered to be one of the hallmarks of 

EMT [33-35]. E-cadherin is repressed both at a transcriptional level as well as at post-

translational level [35, 36]. As E-cadherin is lost, β-catenin and p120-catenin can no longer 

interact with E-cadherin and are either degraded or are located in the nucleus, where they 

participate in transcription [33].  

 

1.3.2 EMT in colorectal cancer pathogenesis 

It has been proposed that cancer cells located in the invasive area of colorectal primary tumors 

can undergo EMT, enabling the cells to invade surrounding tissues and further access the blood 

or lymphatic vessels (Figure 10) [37]. There is increasing experimental and clinical evidence that 

EMT is important for colorectal cancer progression [37]. Subsequently, MET is required for the 

circulating colorectal cancer cells to colonize at distant organs [37]. During EMT in colon cancer 

cells, E-cadherin is lost and p120-catenin localizes in the cytoplasm and inhibits the GTPase Ras 

homolog gene family member A (RhoA) [38, 39]. Cytoplasmic p120-catenin correlates with 

advanced tumor stage and reduced patient survival [39]. β-catenin is considered to have a key 

role in EMT during colorectal cancer pathogenesis [40, 41]. In colorectal cancer cells undergoing 

EMT, β-catenin relocates to the nucleus, where it acts as an oncogenic co-transcription factor, by 

inducing expression of genes that promote EMT and cell growth [40, 41].  
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Figure 10. EMT in metastasis. (A) The figure shows histology images of a colon adenocarcinoma (left-

hand side) and a corresponding liver metastasis (right-hand side) stained against β-catenin. Both the 

primary tumor and the liver metastasis show the same heterogeneity, displaying differentiated phenotypes 

in center and undifferentiated phenotypes at the periphery. (B) Metastasis is characterized by the transient 

loss of epithelial differentiation resulting in a mesenchymal phenotype (shown in purple). For 

colonization and development of secondary tumors, MET is necessary. The figure is modified from 

Brabletz [32]. 

 

1.4 The ubiquitin system 

1.4.1 Ubiquitination 

Post-translational modifications refer to modifications that occur after the DNA has been 

translated into proteins [42]. Two broad categories of post-translational modifications occur: 

cleavage of the peptide backbones of proteins or the covalent attachment of a chemical group 
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[42]. Post-translational modifications can regulate protein localization, degradation, or their 

interactions with other proteins. Among the best-known post-translational modifications are 

phosphorylation, methylation, acetylation and glycosylation. Furthermore, proteins can be 

modified by the covalent attachment of other proteins. Ubiquitin, a 76-amino-acid-residue 

protein, can through its exposed C-terminus be covalently linked to other proteins in a process 

called ubiquitination [43]. Ubiquitination acts as a signal for selective degradation of many short-

lived proteins in eukaryotic cells [43]. The ubiquitin-mediated degradation of proteins plays an 

important role in various processes, including endocytosis, cell-cycle progression, and signal 

transduction [43]. Ubiquitin is linked to lysine residues or the amino group at the N-terminus of 

target proteins [43]. Ubiquitin can be ligated to substrate proteins as monoubiquitin, multiple 

monoubiquitins, or as a polyubiquitin chain. Ubiquitin has seven lysine residues, allowing for 

different types of ubiquitin linkages [44]. Ubiquitin was first described as a target for protein 

proteasomal degradation. However, today ubiquitin is known to play central roles in many 

cellular processes, depending on the type of ubiquitin linkage. The well-studied K48-linkage 

typically targets proteins for proteasomal degradation, whereas K63-linkages have important 

roles in the endocytic trafficking and lysosomal degradation of plasma membrane proteins [44].  

Ubiquitination is highly dynamic and a reversible process that is mediated by the sequential 

action of three enzymes called E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme 

and E3 ubiquitin ligases (Figure 11) [43]. The C-terminal glycine residue of ubiquitin is 

activated in an ATP-dependent process, resulting in a high-energy thioester linkage between the 

ubiquitin and at cysteine residue of E1 [43]. The active ubiquitin is subsequently transferred to 

an active site cysteine of E2 [43]. E3 then catalyzes the transfer of ubiquitin from E2 to a lysine 

residue in the protein substrate, or alternatively, to the amino group at the N-terminus [43].  

The human genome encodes only two E1 ubiquitin-activating enzymes and 37 E2 ubiquitin-

conjugating enzymes, in contrast to the over 600 E3 ubiquitin ligases encoded [45, 46]. The E3 

ubiquitin ligases are responsible for targeting substrate proteins for ubiquitination, by 

recognizing and binding to the specific protein substrates, either directly or indirectly via an 

adaptor protein [43].  
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Figure 11. Protein ubiquitination. The ubiquitination of substrate proteins is mediated by the sequential 

action of three enzymes: an E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme and an 

E3 ubiquitin ligase. Ubiquitin is first activated by the E1 in an ATP-dependent process. Ubiquitin is then 

transferred to an active site on E2. E3 then catalyzes the transfer of ubiquitin from E2 to a protein 

substrate. The figure is modified from Rahimi [47].  

 

1.4.2 E3 ubiquitin ligases 

The E3 ubiquitin ligases can be divided into three major families: the RING (really interesting 

new gene) E3s, the U-box E3s and finally the HECT (homologous to E6-AP carboxyl terminus) 

E3s. The RING and U-box E3 ubiquitin ligases facilitate the direct transfer of ubiquitin from E2 

to the substrate protein. In contrast, the HECT E3 ubiquitin ligases first transfer ubiquitin from 

E2 to an active site cysteine residue of the enzyme prior to the ubiquitination of the substrate 

protein [45].  

 

HECT E3 ubiquitin ligases 

Considering the large number of E3 ubiquitin ligases, the HECT family of E3 ubiquitin ligases is 

a relatively small family with only 28 members [45, 46]. The HECT E3 ubiquitin ligases have 

important roles in numerous cellular functions [45]. Several members of the HECT E3 ubiquitin 

ligase family are known to be important in controlling cell growth, proliferation and migration 

[45]. The members of the HECT family of E3 ubiquitin ligases are characterized by the HECT 

domain, which comprises ~350 amino acids and is located at their C-terminus [46]. The HECT 
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domain contains a conserved cysteine that forms the intermediate with ubiquitin prior to transfer 

of ubiquitin to the target protein. The N-terminal domains of the HECT E3 ubiquitin ligases are 

diverse and are involved in mediating targeting of substrate proteins [46]. Their C- and N-termini 

are connected through a flexible hinge that allows the two terminals to associate during the 

transfer of ubiquitin to the substrate protein [46].  

 

1.4.3 The NEDD4 family of HECT E3 ubiquitin ligases 

The HECT E3 ubiquitin ligases can further be divided into groups based on similarities at their 

N-terminal domain. Of the 28 members of the HECT E3 ubiquitin ligases, nine members are 

classified as members of the neural precursor cell-expressed developmentally down-regulated 

gene 4 (NEDD4)-like family of E3 ubiquitin ligases (Figure 12) [48]. In addition to the C-

terminal HECT domain, all members of the NEDD4-like family contain an N-terminal C2 

domain and two to four WW domains. The C2 domain binds to phospholipids in a 

Ca
2+

-dependent manner and thus mediates translocation of the NEDD4-like E3 ubiquitin ligases 

to cellular membranes, such as the plasma membrane [48]. The specificity of the NEDD4-like E3 

ubiquitin ligases is determined by the WW domains, which mediate binding of the enzyme to 

specific substrate proteins [48]. Two conserved tryptophan amino acid residues characterize the 

WW domains [48]. The tryptophan residues specifically interact with conserved PY motifs 

(PPXY) of substrate proteins.  
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Figure 12. The NEDD4-like family of E3 ubiquitin ligases. (A) The members of the NEDD4-like 

family of E3 ubiquitin ligases have an N-terminal C2 domain, two to four WW domains and a C-terminal 

HECT domain. The C2 domain binds phospholipids in a Ca
2+

-dependent manner, thus targeting the 

ligases to intracellular membranes. The WW domain binds PY motifs (PPXY) on substrate proteins. The 

HECT domain forms the intermediate with ubiquitin. (B) A structural overview of the nine NEDD4-like 

E3 ubiquitin ligases. The figure is from An et al. [48].  

 

The E3 ubiquitin ligase NEDD4 

NEDD4 is the founding member of the NEDD4-like E3 ubiquitin ligase family and among the 

best studied members of the HECT E3 ubiquitin ligases [44]. NEDD4 was initially identified as a 

gene down-regulated in mouse neuronal precursor cells during brain development [49]. 

Subsequent studies have shown that NEDD4 has a broad spectrum of functions, such as 

embryonic development and regulation of cell proliferation [49]. NEDD4 is frequently 



Introduction                              . 
 

20 

 

overexpressed in many cancer types, including colorectal cancer [49, 50]. Furthermore, 

suppression of NEDD4 has been shown to significantly reduce tumor cell growth both in vitro 

and in animal models [49]. NEDD4 has been shown to mediate the ubiquitination and 

degradation of the tumor suppressor protein phosphatase and tensin homolog (PTEN), thus 

acting as an onco-protein [49, 51]. PTEN negatively regulates the phosphatidylinositol-3 kinase 

(PI3K) signaling pathway and downstream processes, such as cell survival. NEDD4 may also 

promote cancer growth independently of PTEN [49, 50]. However, a recent study has shown that 

NEDD4 may also act as a tumor suppressor by suppressing Ras signaling [52]. Ras is among the 

most frequent mutated proto-oncogenes in human cancer [52]. 

NEDD4 has been shown to interact with Cx43 through its WW domains [53]. Furthermore, 

suppression of NEDD4 has been shown to result in increased Cx43 gap junction size at the 

plasma membrane, suggesting that NEDD4 is involved in endocytosis of Cx43 [53]. NEDD4 

mediates the autophagy-dependent internalization and degradation of Cx43 [54]. Recently, 

NEDD4 was found to promote Cx43 ubiquitination, endocytosis and degradation of Cx43 in 

cervical cancer cell [25]. Moreover, a study on nasopharyngeal carcinoma cells showed that 

depletion of NEDD4 results in elevated expression of E-cadherin and ZO-1 and a reversion of 

EMT phenotypes [55]. NEDD4-2, a close relative to NEDD4, has been shown to interact and 

mediate the ubiquitination of occludin [56]. Furthermore, overexpression of NEDD4-2 results in 

reduced occludin levels at tight junctions [56]. However, the role of NEDD4 in regulating 

intercellular junctions and the EMT process in colorectal cancer cells has not been studied. 

 

The E3 ubiquitin ligases SMURF1 and SMURF2  

Smad ubiquitination regulatory factor-1 and -2 (SMURF1 and SMURF2) are two other well-

studied members of the NEDD4-like family of HECT E3 ubiquitin ligases. They share a high 

degree of homology with each other [49]. While SMURF2 contains three WW domains, 

SMURF1 contains only two. Despite their similarities, they appear to have distinct functions 

[49]. As their name implies, SMURF1 and SMURF2 were initially identified as binding partners 

of the Smads [57-59]. Mice deficient in either SMURF1 or SMURF2 live and are fertile, 

whereas mice deficient in both SMURF1 and SMURF2 die during embryogenesis [60]. This 
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suggests that SMURF1 and SMURF2 can compensate for each other [61]. Both SMURF1 and 

SMURF2 have been linked to many biological processes, including proliferation, differentiation 

and metastasis. Aberrant expression of SMURF1 and SMURF2 has been associated with several 

cancer types, including pancreatic, breast and esophageal cancer [62].  

The transforming growth factor β (TGF-β) superfamily is a large family of cytokines involved in 

a broad range of biological responses and is important for e.g. tissue homeostasis [63]. TGF-β is 

the prototype member of the TGF-β superfamily, which also includes bone morphogenetic 

proteins (BMPs) [63]. TGF-β has been described as a tumor suppressor that promotes growth 

inhibition, apoptosis and differentiation [63]. Aberrant TGF-β/BMP signaling can cause several 

diseases, including cancer [64]. In recent years, the importance of ubiquitination in the control of 

TGF-β signaling has been highlighted. The TGF-β/BMP transmembrane receptors interact with 

and phosphorylate receptor-regulated Smads (R-Smads). The phosphorylated R-Smads further 

interact with Smad4 (co-Smad) and shuttle to the nucleus where they can interact with a large 

repertoire of transcription factors [63]. Smad4 (co-Smad) is a common intracellular effector of 

TGF-β/BMP signaling and can be regulated by both SMURF1 and SMURF2 [65]. Inhibitory 

Smads (I-Smads) are negatively regulators of TGF-β/BMP signaling [63]. R-Smads are degraded 

through ubiquitin-dependent proteasomal degradation [63]. SMURF1 and SMURF2 were first 

identified as negative regulators of TGF-β/BMP signaling [63, 64]. SMURF1 and SMURF2 

regulate the ubiquitination and degradation of Smad proteins and/or the TGF-β/BMP receptors 

[62-64]. Upon activation of the TGF-β/BMP signaling pathway, Smads function to “switch off” 

the signaling pathway [62, 64].  

TGF-β signaling is not only limited to growth inhibition and apoptosis in early cancer 

development. TGF-β can also function as a tumor promoter by stimulating EMT during later 

stages of cancer [63]. In response to TGF- β stimulation in epithelial cells, the TGF- β receptor I 

and II phosphorylate Par6 [63, 66]. Phosphorylation of Par6 is required for the interaction of 

Par6 with SMURF1, which in turn targets RhoA for degradation, potentially leading to loss of 

tight junctions and EMT [63, 67]. RhoA is a small GTPase known to regulate the actin 

cytoskeleton during formation of stress fibers [62]. RhoA has been shown to be spatially 

restricted to tight junctions in epithelial cells by its ubiquitination and degradation mediated by 

SMURF1 [63, 68]. This may facilitate cell migration, thereby suggesting that SMURF1 is 
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involved in cancer progression [63, 68]. In accordance with this notion, SMURF1 has been 

associated with tumor development in pancreatic cancer, breast cancer, prostate cancer and 

ovarian cancer [69-71]. A recent study demonstrated that SMURF1 negatively regulates the 

TGF-β/BMP signaling pathway in head and neck squamous cell carcinoma [72]. BMP is thought 

to play central roles in the negative regulation of maintenance of cancer stem cells, which 

contributes to cancer recurrence and treatment inefficiency in many malignances [72]. Depletion 

of SMURF1 expression was found to result in reactivation of the BMP signaling pathway [72].  

Conversely, a study found SMURF2 to have tumor suppressor roles in mice [73]. Depletion of 

SMURF2 resulted in the dysregulation of the DNA damage response and genomic stability, 

making mice more susceptible to various types of cancers [73] SMURF2 was shown to alter the 

chromatin landscape of histone modifications by targeting the ring finger protein 20 (RNF20) for 

proteasomal degradation [73]. 

More recently, SMURF2 has been identified as a regulator of Cx43 in IAR20 cells [74]. 

Depletion of SMURF2 was found to increase Cx43 level, gap junction plaques and intercellular 

communication [74]. However, the role of SMURF2 in regulation of Cx43 in other cell types 

needs to be further studied. It is currently not known whether SMURF2 is involved in regulating 

cell-cell junctions and EMT in colon cancer cells.  

 

The E3 ubiquitin ligase ITCH 

ITCH, a member of the NEDD4-like family of HECT E3 ubiquitin ligases, is also known as 

atrophin-1-interactin protein 4 (AIP4). The ligase was originally discovered in studies on mice. 

Mice deficient in ITCH were found to have an itchy phenotype characterized by a constant 

scratching of the skin [75, 76]. In addition, the mice suffered from severe immune and 

inflammatory defects [76]. Since it was discovered, ITCH has been characterized as an important 

regulator of immune responses both in mice and humans, such as inflammation [49, 75]. For 

instance, ITCH has been shown to play central roles in the regulation of tumor necrosis factor α 

(TNFα), an important inflammatory signaling molecule. ITCH has been associated with a 

numerous other physiological and pathophysiological processes, such as tumor development, 

through its regulation of several signaling pathways (Figure 13) [49, 75].  
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Figure 13. The E3 ubiquitin ligase ITCH. ITCH plays important roles in a variety of biological 

processes, such as inflammation, tumor development and gene transcription. ITCH mediates 

ubiquitination and degradation of several protein substrates that can be linked to cancer development, e.g. 

p63, p73 and LATS1. The figure is from Zou et al. [49].  

Studies have shown that ITCH can regulate both tumor initiation and progression by modulation 

of tumor-promoting and -suppression molecules [49]. For instance, ITCH can positive mediate 

programmed cell death through ubiquitination and proteasomal degradation of the long isoform 

of cellular FLICE-inhibitory protein (c-FLIP), an inhibitor of caspase-8 [77].  

ITCH can also serve proto-oncogenic functions through ubiquitin mediated degradation of the 

tumor suppressors p63 and p73 [78]. p63 and p73 are members of the p53 family of 

transcriptions factors [78, 79]. ITCH has been found to ubiquitinate both p63 and p73, but not 

p53 [78, 79]. This selectivity relies on the C-terminal PY motif in p63 and p73, which is absent 

in p53 [49]. p63 plays important roles in epithelial development, where it regulates both cell 

cycle arrest and apoptosis [78]. Upon DNA damage, p73 is up-regulated to induce cell cycle 

arrest and apoptosis [79]. These studies suggest that the ubiquitination of p63 and p73 by ITCH 

could play important roles in epithelial homeostasis [78, 79]. 
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Studies have also shown that depletion of ITCH in certain tumor cells can potentially alter the 

effect of chemotherapeutic drugs, making ITCH a potential target in human cancers [49, 80]. p63 

and p73 are rarely mutated in human tumors and can thus induce apoptosis in p53-independent 

ways [80]. Approximately 50 % of human cancers do not express functional p53, therefore 

making inhibition of ITCH relevant in clinical settings [80].  

Furthermore, ITCH can promote tumor development through the suppression of the Hippo-

LATS1 (large tumor suppressor 1) signaling pathway [81, 82]. Down-regulation of the Hippo-

LATS1 pathway can induce tumor growth and occurs in a broad range of human carcinomas, 

including colorectal cancer [83]. LATS1 is a serine/threonine protein kinase that inhibits tumor 

growth through the phosphorylation of the oncoproteins Yes-associated protein (YAP) and 

transcriptional co-activator with PDZ-binding motif (TAZ) [83]. These phosphorylation events 

represses their activity and at the same time causes their accumulation in the cytosol [83]. 

Ubiquitination of LATS1 mediated by ITCH results in proteasomal degradation of LATS1, 

thereby increasing YAP activity [81, 82]. ITCH-mediated ubiquitination and degradation of 

LATS1 has been shown to be associated with induction of EMT and increased tumor growth [81, 

82]. On the other hand, depletion of ITCH results in increased LATS1 levels and reduced cell 

proliferation, survival and migration [81, 82].  

ITCH has also been demonstrated to mediate ubiquitination and proteasomal degradation of 

occludin [84]. Furthermore, ITCH has been found to positively regulate TGF-β induced Smad7 

ubiquitination and EMT [85]. Taken together, these studies suggest that ITCH may be important 

in promoting cell proliferation and EMT during cancer development. However, the role of ITCH 

in controlling EMT in colorectal cancer pathogenesis is currently unknown.  
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2 Aims of the study 

The NEDD4 family of E3 ubiquitin ligases consists of nine members in mammals, several of 

which have been shown to regulate cellular processes involved in cancer pathogenesis. However, 

the role of these E3 ubiquitin ligases in colorectal cancer is currently poorly understood. A major 

aim of this study was to obtain a better understanding of the role of four members of the NEDD4 

family of E3 ubiquitin ligases, called NEDD4, ITCH, SMURF1 and SMURF2, in the modulation 

of colon cancer cell growth characteristics. Furthermore, we aimed to investigate whether these 

E3 ubiquitin ligases are involved in modulating the level of the cell-cell junction proteins 

E-cadherin, occludin and Cx43 in colon cancer cells. As a cellular model system, the LoVo colon 

cancer cell line was used.  

The specific aims of the study can be summarized as follows: 

 Determine the effect of siRNA-mediated depletion of NEDD4, ITCH, SMURF1 and 

SMURF2 on LoVo cell proliferation and morphology.  

 

 Characterize the expression level and subcellular localization of E-cadherin, occludin and 

Cx43 in LoVo cells. 

 

 Analyze the effect of siRNA-mediated depletion of NEDD4, ITCH, SMURF1 and 

SMURF2 on the expression level and subcellular localization of E-cadherin, occludin and 

Cx43 in LoVo cells.  
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3 Materials  

3.1 Reagents  

Name Company Catalog number  

2-mercaptoethanol Sigma-Aldrich, St. Louis, MO, US M6250-100ML 

10x Tris/Glycine/SDS running buffer Bio-Rad, Hercules, CA, US 161-0732 

Bromphenol blue  Sigma-Aldrich, St. Louis, MO, US 161-0404 

Bovine Serume Albumine Sigma-Aldrich, St. Louis, MO, US A4503-100G 

Chloroquine Sigma-Aldrich, St. Louis, MO, US C6628 

CellTiter-Glo reagent 2.0 Promega, Madison, WI, US G9241 

Dimethyl sulphoxide (DMSO) Sigma-Aldrich, St. Louis, MO, US D5879-100ML 

DMEM/F-12 Life Technologies, Carlsbad, CA, US 31330-095 

DPBS with Ca
2+

 and Mg
2+

 Lonza, Basel, Switzerland BE17-513-F 

EDTA Sigma-Aldrich, St. Louis, MO, US E4378 

Fetal Bovine Serum (FBS) Life Technologies, Carlsbad, CA, US 10270-106 

Formaldehyde 37-41 % Thermo Fisher Scientific, Waltham, MA, US F/1501/PB08 

Glycerol Sigma-Aldrich, St. Louis, MO, US H5066 

Hoechst 33342 Life Technologies, Carlsbad, CA, US H1398 

Lipofectamine 2000 Life Technologies, Carlsbad, CA, US 11668-027 

LumiGLO Cell Signaling, Danvers, MA, US C35-7003 

Blotting-Grade Blocker Bio-Rad, Hercules, CA, US 170-6404 

Opti-MEM Reduced Serum Medium Life Technologies, Carlsbad, CA, US 31985-070 

PBS without Ca
2+

 and Mg
2+

, pH 7.2 Life Technologies, Carlsbad, CA, US 20012-068 

Penicillin-Streptomycin-Glutamine Thermo Fisher Scientific, Waltham, MA, US 10378016 

Precision Plus Protein Standard, Dual 

color 

Bio-Rad, Hercules, CA, US 161-0374 

Protein Assay Reagent A Bio-Rad, Hercules, CA, US 5000113 
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Protein Assay Reagent B Bio-Rad, Hercules, CA, US 5000114 

Protein Assay Reagent S Bio-Rad, Hercules, CA, US 5000115 

RC Reagent I Bio-Rad, Hercules, CA, US 5000117 

RC Reagent II Bio-Rad, Hercules, CA, US 5000118 

ReBlot Plus Mild Antibody Stripping 

Solution 

Millipore, Billerica, MA, US 2502 

Sodium dodecyl sulfate (SDS) Bio-Rad, Hercules, CA, US 161-0302 

Stealth RNAi siRNA Negative 

Control, med GC 

Life Technologies, Carlsbad, CA, US 12935-300 

SuperSignal West Dura Extended 

Duration Substrate 

Thermo Fisher Scientific, Waltham, MA, US 34075 

Tris Bio-Rad, Hercules, CA, US 161-0302 

Triton X-100 Saveen Biotech, Malmö, Sweden S201823-100 

Trypsin-EDTA solution, 10X Sigma-Aldrich, St. Louis, MO, US T4174 

Tween-20 Sigma-Aldrich, St. Louis, MO, US P1379-500ML 

 

3.2 Buffers, media and solutions 

Name Contents 

Blocking agent 5 % non-fat dry milk diluted in PBS (without Ca
2+

 and Mg
2+

) 

containing 0.1 % (v/v) Tween-20 

Complete growth medium DMEM/F-12 supplemented with 10 % FBS and P/S 

(penicillin (100U/ml) and streptomycin (100 µg/ml)) 

Phosphate buffer saline (PBS) Stock solutions made at core facility 

Sample buffer 10 mM Tris pH 6.8, 15 % (w/v) glycerol, 1 mM (v/v) 

EDTA, 3 % (w/v) SDS, 5 % (v/v) 2-mercaptoethanol, 

0.001 % (w/v) bromphenol blue, ddH2O 

Saponin 0.05 % (w/v) in PBS (without Ca
2+

 and Mg
2+

) 
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3.3 Equipment  

Name Company Catalog number  

7.5 % Mini-PROTEAN
®
 TGX

™
 Gel, 

10 well, 30 µl 

Bio-Rad, Hercules, CA, US 456-1023 

24-well plates Corning Incorporated, NY, US 3524 

96-well plates  Corning Incorporated, NY, US 353072 

384-well plates Corning Incorporated, NY, US 3707 

Cell culture dishes, 33-mm Sigma-Aldrich, St. Louis, MO, US CLS430165-

500EA 

Cell culture dishes, 100-mm VWR, West Chester, PA, US 734-0006 

Cell scraper Sarstedt, Nümbrecht, Germany 83.1830 

Counting Slides, Dual Chamber Bio-Rad, Hercules, CA, US 14-0016 

E-plate 16 VIEW AH Diagnostics, Denmark 06324738001 

Trans-Blot Turbo Transfer Pack, Mini 

format, 0.2 µm nitrocellulose 

Bio-Rad, Hercules, CA, US 170-4158 

 

3.4 Instruments 

Name Company 

Biowizard Golden Line Ergosilence microbiological 

safety cabinet 

Kojair, Vilppula, Finland 

Cell incubator Thermo Fisher Scientific, Waltham, MA, US 

ChemiDoc XRS+ System Bio-Rad, Hercules, CA, US 

COHU 4912 CCD camera COHU Inc., San Diego, CA, US 

Digital Dry Bath Bio-Rad, Hercules, CA, US 

Eclipse TS100 Inverted Routine Microscope Nikon, Amsterdam, Netherlands 

EVOS FL Imagining System Thermo Fisher Scientific, Waltham, MA, US 

LSM 710 META Confocal Fluorescence Microscope Carl Zeiss, Oberkochen, Germany 

Mini Trans-Blot Cell and PowerPac HC Power Supply Bio-Rad, Hercules, CA, US 

POLARstar Omega Plate Reader BMG LABTECH, Ortenberg, Germany 
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Sonicator Sonics & Material INC, Danbury, CT, US 

SUB Aqua Plus water bath Grant Instruments, Cambridge, UK 

TC10 Automated Cell Counter Bio-Rad, Hercules, US 

Trans-Blot Turbo Transfer System Bio-Rad, Hercules, US 

 

3.5 Antibodies  

 Antibody Species Company Dilutions 

 

WB IF 
 

Primary 

antibodies 

α-Cx43 Rabbit * 1:2000 1:100 

α-GAPDH Mouse Novus Biologicals 1:7500 - 

α-E-cadherin Rabbit Cell Signaling 1:2000 1:100 

α-EEA1 Mouse BD Biosciences - 1:500 

α-ITCH Mouse BD Biosciences 1:2000 - 

α-LAMP1 Mouse DSHB - 1:100 

α-NEDD4 Rabbit Abcam 1:5000 - 

α-Occludin Mouse Invitrogen 1:500 - 

α-Occludin, Alexa Flour 488 Mouse Thermo Fisher Scientific - 1:200 

α-SMURF1 Mouse Santa Cruz  1:100 - 

α-SMURF2 Rabbit Cell Signaling 1:500 - 

Secondary 

antibodies 

α-rabbit IgG conjugated to HRP Goat Bio-Rad Varies - 

α-mouse IgG conjugated to HRP Goat Bio-Rad Varies - 

α-mouse IgM, conjugated to HRP Goat Sigma-Aldrich 1:5000 - 

α-Rabbit IgG, Alexa Flour 488 

labeled 

Goat Life Technologies - 1:1000 

α-Mouse IgG, Alexa Flour 555 

labeled 

Goat Life Technologies - 1:1000 

* Cx43 antibody was made in rabbits injected with a synthetic peptide corresponding to the 20 

C-terminal amino acids of Cx43 [86].  

WB = Western blotting, IF = Immunofluorescence microscopy  

 



Materials   

30 

 

3.6 siRNA sequences  

Target 

transcript 

# RNA 

strand 

Sequence Sequence name  Company 

ITCH 1 S 

A 

CGGGCGAGUUUACUAUGUATT 

UACAUAGUAAACUCGCCCGTG 

Hs_ITCH_1 Qiagen 

 

 

NEDD4 5 S 

A 

GGCGAUUUGUAAACCGAAUTT 

AUUCGGUUUACAAAUCGCCAT 

 

Hs_NEDD4_5 Qiagen  

SMURF1 3 S 

A 

CCGGUUGUAUGUAAACUGGAGGUUU 

AAACCUCCAGUUUACAUACAACCGG 

 

SMURF1HSS183735 Life 

Technologies 

SMURF2 3 S 

A 

CCUCUGGAAGAAUCCAGUAUCUAAA 

UUUAGAUACUGGAUUCUUCCAGAGG 

SMURF2HSS127689 Life 

Technologies 

S = Sense 

A = Antisense  
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4 Methods 

4.1 Cell culture 

The culturing of human cells is a widely used method among researchers to study cells in vitro 

[87]. The technique includes the isolation of cells from an organism, for example from 

pathogenic tissues such as tumors, and the growth of the cells under favorable artificial 

conditions to establish a cell culture. The most common approach when working with cell 

cultures is to grow cells as a monolayer on a flat cell culture dish, e.g. a Petri dish, known as 

two-dimensional (2D) cell culture. The cells need to be kept under conditions that mimic those 

found in the originating organism. Hence, the environment the cells are grown in is closely 

monitored. The cells are grown in a complete growth medium containing essential nutrients, and 

kept in an incubator that provides ideal temperature, humidity and CO2 level [87]. In order to 

avoid microbial contamination, working with cell cultures must be performed with strict aseptic 

techniques.  

Cells can be cultured directly from a source organism, known as primary cells. Most primary 

cultures have a limited lifespan, with the exception of some cells derived from tumors [87]. A 

cell line is established when the primary cells are subcultured. A cell line can either be finite or 

immortal. A finite cell line divides a limited number of times before the cells lose their ability to 

divide, an event known as senescense [88]. Immortal cells have acquired the ability to divide 

indefinitely.  

 

4.1.1 The LoVo cell line 

In the present study, the LoVo cell line was used as a model system. The LoVo cancer cell line 

was initiated in 1971 from a fragment of a metastatic tumor nodule in the left supraclavicular 

region of a 56 year old Caucasian male patient, with histologically proven diagnosis of 

adenocarcinoma of the colon [89]. The LoVo cells were obtained from American Type Culture 

Collection (ATCC). Morphologically, the LoVo cell line was originally described as epithelial 

[89]. However, recent studies describe LoVo as an undifferentiated cell line with a mesenchymal 

appearance [90]. 
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Colorectal cancers are a heterogeneous cancer type and can be divided into different subtypes 

[90]. The LoVo cell line has a microsatellite instability phenotype [91]. This hypermutable 

phenotype is observed in about 15 % of all colorectal cancer and is caused by defects in the DNA 

mismatch-repair system, leading to an increased mutation rate [91, 92]. Furthermore, the cell line 

has been identified as positive for KRAS mutations, a proto-oncogene in the Ras subfamily [91]. 

Colorectal cancer can be classified into four consensus molecular subtypes (CMS) [93]. The 

subtype provides clinical relevance independent of cancer stage [90]. The LoVo cell line is 

classified as CMS1 (microsatellite instability immune) [90]. 

 

4.1.2 Culturing 

The LoVo cells were grown on 100-mm or 35-mm cell culture dishes in Dulbecco’s modified 

Eagle’s medium (DMEM) F-12 supplemented with 10 % (v/v) fetal bovine serum, L-glutamine, 

streptomycin and penicillin. The complete growth medium was replaced every 2-3 days and the 

cells were kept in a 5 % CO2 incubator at 37°C. All work with the cells was performed under 

strict sterile conditions in a safety cabinet.  

 

4.1.3 Subculture 

Cells growing as a monolayer on a flat cell culture dish will eventually reach 100 % confluence. 

At this point, the cells have no more space to proliferate, which can cause reduced cell division 

and increased cell death. In order to keep cells healthy and actively dividing, it is necessary to 

subculture the cells regularly. How often the cells need to be subcultured varies between 

different cell lines. The LoVo cells used in the present study required subculturing every 

3-4 days.  

Subculturing of cells involves the detachment of cells from each other and from the surface of 

the cell culture dish they have grown on. This was achieved by incubating the cell monolayer 

with a dissociation agent, such as trypsin. Trypsin is a protease that cleaves proteins involved in 

extracellular adhesion, thereby disrupting cell-cell contacts and the contact between cell and the 

cell culture dish. Trypsin is often added to the cell monolayer in combination with 

ethylenediaminetetraacetic acid (EDTA). EDTA binds ions, including Ca
2+

, thereby increasing 
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the function of trypsin by disrupting Ca
2+

-dependent adhesion molecules. Following trypsination, 

a fraction of cells in of the original culture is transferred to a new cell culture dish containing 

new pre-warmed complete growth medium (37°C).  

Protocol 

1. The complete growth medium was removed and the cell monolayer was washed twice with 

10 ml pre-warmed (37°C) phosphate buffered saline (PBS) without Ca
2+

 and Mg
2+

.  

2. 1 ml of a trypsin-EDTA solution with 0.25 % (w/v) trypsin and 0.50 mM EDTA was added 

to the cell monolayer, and the cells were incubated at 37°C for 10-12 minutes in a 

humidified incubator containing 5 % CO2.  

3. 10 ml pre-warmed (37°C) complete growth medium was added to the cell culture dish. The 

cells were completely detached from the cell culture dish and mixed by pipetting up and 

down.  

4. The cell suspension was distributed to new 100-mm cell culture dishes containing the 

appropriate amount of pre-warmed (37°C) complete growth medium. Normally, the LoVo 

cells were split 1:3.  

 

4.1.4 Freezing, storage and thawing of cells 

When working with a cell line over a long period of time it is necessary to freeze, store and 

retrieve cells. Cells can be stored over a long time span if they are frozen at extremely low 

temperatures in a liquid nitrogen tank (-196°C), a process called cryopreservation [94]. This is a 

widely used method to preserve cells. However, freezing of cells can lead to the formation of ice 

crystals that can potentially damage the cells [94]. Prior to freezing, cells must therefore be 

mixed with a cryoprotectant that reduce the formation of ice crystals [94]. In this study, dimethyl 

sulphoxide (DMSO) was used as a cryoprotectant. For optimal retrieval of new cells, the LoVo 

cells were thawed quickly on a water bath (37°C). In the present study, cells were allowed to 

grow in two passages before being used in experiments. The cells were discarded after 

approximately 15-20 passages.  
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Protocol 

Freezing and storage of cells 

1. Cells were grown to approximately 80 % confluence in a 100-mm cell culture dish. 

2. The complete growth medium was removed and the cell monolayer was washed twice 

with 10 ml pre-warmed (37°C) PBS (without Ca
2+

 and Mg
2+

). 

3. 1 ml of a trypsin-EDTA solution with 0.25 % (w/v) trypsin and 0.50 mM EDTA was 

added to the cell monolayer, and the cells were incubated at 37°C for 10-12 minutes in a 

humidified incubator containing 5 % CO2.  

4. 10 ml pre-warmed (37°C) complete growth medium was added to the cell culture dish 

and cells were detached by pipetting up and down and collected in centrifuge tubes.  

5. The cells were centrifuged at 1.000 revolutions per minute (rpm) for 5 minutes and the 

supernatant was discarded.  

6. The pellet was resuspended in 2 ml pre-warmed complete growth medium (37°C).  

7. 2 ml of a freeze solution, containing growth medium, FBS and DMSO was carefully 

added to the cell solution.  

8. The 4 ml cell suspension was aliquoted in four cryotubes and frozen first at -80°C and 

later in a liquid nitrogen tank (-196°C) for long term storage.  

 

Thawing of cells 

1. Frozen cells were taken out of the liquid nitrogen freezer and thawed quickly in a water 

bath (37°C) for 2-3 minutes.  

2. The cell suspension was transferred to a tube containing 10 ml complete pre-warmed 

(37°C) growth medium. 

3. The tube was centrifuged for 5 minutes at 1000 rpm and the supernatant discarded.  

4. The pellet was resuspended in 10 ml of pre-warmed (37°C) growth medium and 

transferred to a 100-mm cell culture dish and placed at 37°C in a humidified incubator 

containing 5 % CO2. 
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4.1.5 Seeding cells 

In the present study, cells were usually seeded for experiments in 35-mm cell culture dishes, in 

appropriate concentrations as determined by cell counting. LoVo cells were usually diluted to a 

concentration of approximately 140,000-150,000 cells/ml. For experiments that involved 

analysis of cells by confocal fluorescence microscopy, a coverslip was added to the cell culture 

dish prior to seeding of the cells.  

Protocol 

1. The complete growth medium was removed from the 100-mm cell culture dish and the 

cell monolayer was washed twice with 10 ml pre-warmed (37°C) PBS (without Ca
2+

 and 

Mg
2+

). 

2. 1 ml of a solution containing 0.25 % (w/v) trypsin and 0.50 mM EDTA was added to the 

cell monolayer, and the cells were incubated at 37°C for 10-12 minutes in a humidified 

incubator containing 5 % CO2.  

3. 10 ml pre-warmed (37°C) complete growth medium was added to the cell culture dish, 

and the cells were completely detached from the cell culture dish and mixed by pipetting 

up and down.  

4. The cell suspension was transferred to a tube of appropriate size, typically a 50 ml 

Sarstedt tube. The cell concentration was measured by adding two times 10 µl of the cell 

suspension to a dual-chambered counting slide. The counting slide was then inserted into 

a TC10 Automated Cell Counter. 

5. The cell suspension was diluted to desired concentration by adding appropriate amount of 

pre-warmed (37°C) complete growth medium based on the cell counting.  

6. After diluting, the new concentration was confirmed by a new counting.  

7. 2.5 ml of the diluted cell suspension was added to each 35-mm culture dish. For confocal 

fluorescence microscopy analyses, coverslips were added to the 35-mm culture dishes 

prior to addition of the cell suspension.  

8. The cell culture dishes were incubated at 37°C in a humidified incubator containing 

5 % CO2. 
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4.2 Chemical treatment of cells 

4.2.1 Treatment of cells with chloroquine 

Several proteins are delivered to the lysosome for degradation through the endolysosomal 

system, e.g. components of the plasma membrane [95]. For certain experiments, LoVo cells were 

treated with chloroquine for 5 hours. Chloroquine inhibits lysosomal degradation, which causes 

the accumulation of proteins in the lysosomes or other vesicular compartments of the 

endolysosomal system.  

Protocol 

1. Cells were seeded in 35-mm culture dishes, as described in Section 4.1.5, and placed at 

37°C for 48 hours in a humidified incubator containing 5 % CO2.  

2. A chloroquine stock solution (100 mM) was diluted 1:1000 in pre-warmed (37°C) 

complete growth medium.  

3. The old growth medium was removed from the 35 mm cell culture dishes, and replaced 

with 2.5 ml of the growth medium containing chloroquine.  

4. The cell culture dishes were incubated at 37°C in a humidified incubator containing 

5 % CO2. 

5. After 5 hours, the cells were harvested for further analysis.  

 

4.3 RNA interference 

Gene expression of a target gene can be post-transcriptionally silenced by taking advantage of a 

conserved biological response to the presence of double stranded RNA, a process known as RNA 

interference [96, 97]. This mechanism is involved in protecting the cell from both endogenous 

parasitic and exogenous pathogenic nucleic acids, in addition to regulating the expression of 

protein-coding genes [96]. RNA interference is a sequence specific silencing of gene expression 

by exogenous double stranded RNA (dsRNA). The dsRNA is recognized by a protein complex 

known as Dicer and is further processed into fragments of approximately 21-28 nucleotides in 

length, called small interfering RNAs (siRNAs) [96, 97]. The siRNAs are incorporated into the 

RNA-induced silencing complex (RISC), which has nuclease activity [96]. The siRNA, 

incorporated into RISC, can then guide the silencing of complementary nucleotide sequences.  
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Figure 14. Use of RNA interference for experimental silencing of specific genes. The figure illustrates 

how siRNA can be used experimentally for post-transcriptionally silencing of specific genes. Specific 

siRNA sequences can be experimentally transfected into cells, for instance by lipid based transfection 

technology, such as liposome transfection. In this process, liposomes containing siRNA fuse with the 

plasma membrane and release the siRNA into the cell. One of the siRNA strands is incorporated into the 

RNA-induced silencing complex (RISC). The incorporated siRNA can then guide RISC to 

complementary sequences, which are then cleaved by RISC. This prevents the mRNA recognized by 

RISC to be translated into new proteins.  

In the present study, the expression of specific proteins was silenced by introducing specifically 

designed siRNAs sequences into the cells. The siRNAs introduced are complementary to the 

messenger RNA (mRNA) of the gene of interest. siRNAs were introduced into LoVo cells by 

cationic lipid mediated transfection. This method utilizes specially designed cationic lipids, in 

this study Lipofectamine 2000, to deliver the siRNA molecules into cells [98]. Lipofectamine 

2000 forms liposomes, which interacts with siRNA and allows for the fusion of the 

liposome/siRNA complex with the cell membrane, followed by its entry into cells through 

endocytosis [98].  
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The siRNA sequences used in this study are shown Section 3.6. The siRNA concentration used 

in this study to transfect LoVo cells had previously been established in our laboratory. In 

experiments in which cells were depleted of a single protein (single knock-down), 80 nM siRNA 

were used, while in experiments in which cells were depleted of three protein simultaneously 

(triple knock-down), 40 nM of each of the three siRNA sequences were used (i.e. 120 nM siRNA 

in total). In each experiment, LoVo cells were transfected with siRNA two times, at day 1 and 

day 4, and harvested after a total of 6 days.  

Protocol 

Day 1 

1. Cells were seeded in 35-mm culture dishes, as described in Section 4.1.5, and placed at 

37°C for 5 hours in a humidified incubator containing 5 % CO2.  

2. Lipofectamine 2000 was diluted 1:100 in pre-warmed (37°C) OPTI-MEM. 2.5 µl 

Lipofectamine 2000 (diluted in 250 µl OPTI-MEM) was used per 35-mm cell culture 

dish. The Lipofectamine 2000/OPTI-MEM solution was placed on water bath (37°C).  

3. Appropriate amounts of siRNAs were added to pre-warmed (37°C) OPTI-MEM. 

250 µl OPTI-MEM was used per 35-mm cell culture dish. 12 µl siRNA was used for 

single transfection. If the cells were transfected with three different siRNAs 

simultaneously, 6 µl siRNA was used per siRNA sequence. The solution was incubated 

for 5 minutes at room temperature.  

4. The Lipofectamine 2000/OPTI-MEM and siRNA/OPTI-MEM solutions were mixed 1:1 

to a total volume of 500 µl per 35-mm cell culture dish. The solution was incubated for 

20 minutes at room temperature.  

5. 500 µl of the Lipofectamine 2000/siRNA/OPTI-MEM solution was added to each 

35-mm cell culture dish.  

6. The cell culture dishes were incubated at 37°C in a humidified incubator containing 

5 % CO2. 

 Day 2 

7. The old growth medium, containing siRNA, was replaced by fresh complete pre-warmed 

(37°C) growth medium 24 hours after transfection.  
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8. The cells were incubated at 37°C in a humidified incubator containing 5 % CO2. 

Day 3 

48 hours after the first transfection, the cells were split 1:5 in new 35-mm cell culture dishes, by 

using the following procedure:  

9. The cell monolayer was washed twice with pre-warmed (37°C) PBS (without Ca
2+

 and 

Mg
2+

) and then added a 300 µl solution containing with 0.25 % (w/v) trypsin and 

0.50 mM EDTA. 

10. The cells were incubated at 37°C for 10-12 minutes in a humidified incubator containing 

5 % CO2.  

11. 2.5 ml pre-warmed (37°C) complete growth medium was added to the cell culture dish. 

The cells were completely detached from the cell culture dish and mixed by pipetting up 

and down. 

12. 1 ml of the cell suspension was mixed with 4 ml fresh pre-warmed (37°C) growth 

medium.  

13. 2.5 ml of the diluted cell suspension was added to a new 35-mm cell culture dish.  

Day 4 

14. The cells were transfected a second time as described in steps 2-6 above. The cells were 

incubated at 37°C in a humidified incubator containing 5 % CO2. 

15. Approximately 5-6 hours after the second transfection, the old growth medium, 

containing siRNA, was replaced by fresh pre-warmed (37°C) complete growth medium. 

The cells were incubated at 37°C in a humidified incubator containing 5 % CO2. 

Day 6 

16. Cells were counted and examined by an inverted bright-field microscope. The cells were 

then collected for further analysis. 
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4.4 Live monitoring of cell proliferation 

The xCELLigence system can be used for label-free and real-time cell analysis (RTCA) of 

adherent tumor cells [99]. This enables non-invasive monitoring of for instance cell proliferation 

[100]. The system facilitates automated and continuous measurement by collecting data the 

entire duration of the experiment.  

The xCELLigence system utilizes micro plates, called E-plates, containing integrated micro-

electrodes at the bottom of the plate [99]. Electrons move from one electrode to another, which 

generates an electric current. The electric flow will be blocked when cells adhere to the bottom 

of the E-plate. The impedance will increase in proportion to the number of cells, given that cells 

adhere to the bottom of the E-plate. The electrodes are connected to a computer that measures 

impedance differences within an electrical circuit, which is further converted into a so-called cell 

index (CI) [99]. The CI is a quantitative measure of cell number and is defined as (Zcell – Z0)/15. 

Zcell is the impedance when cells adhere to the bottom of the E-plate, while Z0 is the background 

impedance in presence of cell medium alone [100].  

 

4.4.1 Cell titration for analysis of live monitoring by xCELLigence 

Cell titration was performed to establish an optimal cell density for the monitoring of cell 

proliferation. In initial experiments, the cell proliferation data for different cell concentrations 

was obtained. On the basis of these measurements, the most optimal cell concentration was used 

for later experiments. To monitor cell proliferation, the xCELLigence RTCA DP Analyzer was 

used in combination with the E-plate 16. The E-plate 16 contains a total number of 16 wells. The 

RTCA DP machine is placed inside a humidified incubator containing 5 % CO2 and a 

temperature of 37°C. The data were collected and analyzed using the RTCA software 2.0.  

Protocol 

1. 100 µl complete growth medium was added to each well of the E-plate 16. The plate was 

allowed to equilibrate at room temperature for approximately 15 minutes.  

2. The complete growth medium was removed and the cell monolayer was washed twice 

with 10 ml pre-warmed (37°C) PBS (without Ca
2+

 and Mg
2+

). 
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3. 1 ml of a solution containing 0.25 % (w/v) trypsin and 0.50 mM EDTA was added to the 

cell monolayer, and the cells were incubated at 37°C for 10-12 minutes in a humidified 

incubator containing 5 % CO2.  

4. 10 ml pre-warmed (37°C) complete growth medium was added to the cell culture dish, 

and the cells were completely detached from the cell culture dish and mixed by pipetting 

up and down. 

5. The cell suspension was transferred to a tube of appropriate size. The cell concentration 

was measured by adding two times 10 µl of the cell suspension to a dual-chambered 

counting slide. The counting slide was then inserted into a TC10 Automated Cell 

Counter. 

6. The cell suspension was diluted to desired concentrations (Table 1) by adding appropriate 

amount of pre-warmed (37°C) complete growth medium based on the cell counting.  

7. After diluting, the new concentration was confirmed by a new count. 

8. The E-plate, containing only complete growth medium, was inserted into the RTCA DP 

machine and background impedance was measured.  

9. 100 µl of the different cell suspension were seeded in two duplicates. Two wells were left 

with only cell medium, serving as a negative control.  

10. The E-plate was placed into the RTCA DP machine and the monitoring was continued for 

three days. The impedance was measured automatically every 15 minutes.  

11. The software RTCA 2.0 was used for analyzing the data. 
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Nr. Starting concentration 

(cells/ml) 

New concentration 

(cells/ml) 

Number of cells 

per 100 µl  

1 160,000 160,000 16,000 

2 160,000 80,000 8,000 

3 160,000 40,000 

 

4,000 

4 160,000 20,000 2,000 

5 160,000 10,000 1,000 

6 160,000 5,000 500 

7 160,000 2,500 250 

8 160,000 1,250 125 

Table 1. Titration of LoVo cells for monitoring of cell proliferation by xCELLigence. The table 

shows the dilution series for the LoVo cell used determine the optimal cell concentration for monitoring 

of cell proliferation by xCELLigence. 

 

4.4.2 Live monitoring of cell proliferation after gene silencing 

The xCELLigece system was further used to analyze the effect of siRNA-mediated knock-down 

of the E3 ubiquitin ligase ITCH on cell proliferation.  

Protocol 

1. 100 µl cell medium was added to each well of the E-plate 16. The plate was allowed to 

equilibrate at room temperature for approximately 15 minutes.  

2. The siRNA-mediated knock-down of the E3-ubquitin ligase was performed according to 

Section 4.3, steps 1-15.  

3. Approximately 5-6 hours after the second transfection, the complete growth medium was 

removed from the cell culture dish and the cell monolayer was washed twice with 2.5 ml 

pre-warmed (37°C) PBS (without Ca
2+

 and Mg
2+

). 

4. 300 µl of a solution containing 0.25 % (w/v) trypsin and 0.50 mM EDTA was added to 

the cell monolayer, and the cells were incubated at 37°C for 10-12 minutes in a 

humidified incubator containing 5 % CO2.  
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5. 2.5 ml of pre-warmed (37°C) complete growth medium was added to the cell culture 

dish. The cells were completely detached from the cell culture dish and mixed by 

pipetting up and down. 

6. The cell suspension was transferred to a tube of appropriate size. The cell concentration 

was measured by adding two times 10 µl of the cell suspension to a dual-chambered 

counting slide. The counting slide was then inserted into a TC10 Automated Cell 

Counter. 

7. The cell suspension was diluted to appropriate concentrations (determined as described in 

Section 4.4.1) by adding appropriate amount of pre-warmed (37°C) complete growth 

medium based on the cell counting. 

8. After diluting, the new concentration was confirmed by a new count.  

9. The plate containing only cell culture media was inserted into the RTCA DP machine and 

background impedance was measured. 

10. 100 µl of the different cell suspension were seeded in two to four duplicates. Two wells 

were left with only cell medium, serving as a negative control.  

11. The plate was placed back into the RTCA DP machine and the monitoring was continued 

for three days. The impedance was measured automatically every 15 minutes.  

12. The software RTCA 2.0 was used for analyzing the data.  

 

4.5 CellTiter-Glo assay 

The CellTiter-Glo assay is a method that is used to determine the amount of viable cells by 

quantitating the level of ATP present. ATP indicates the presence of metabolically active cells, 

which is direct proportional to the number of viable cells [101]. This assay is based on the 

luciferase assay, which generates a luminescent signal proportional to the amount of ATP present 

[101]. In contrast to the xCELLigence system, the CellTiter-Glo Assay only measures endpoint 

viability. Used in combination, the xCELLigence system and the CellTiter-Glo assay give a 

broader characterization of cell proliferation, compared when the two systems are used alone 

[102].  
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4.5.1 Cell titration for analysis of endpoint viability using CellTiter-Glo  

As with the xCELLigence system, cell titration was initially preformed to establish an optimal 

cell density for the monitoring of cell proliferation. To measure the endpoint viability, the 

CellTiter-Glo assay was used in combination with a 384-well plate and the POLARstar Omega 

Microplate Reader system.  

Protocol 

1. The first part of the protocol was performed as described in Section 4.4.1, steps 2-7.  

2. 25 µl of the different cell suspensions (Table 2) were seeded in six duplicates into a 

384-well plate. 50 µl cell medium was added in the wells around the duplicates to serve 

as a background.  

3. The plate was incubated at 37°C for 10-12 minutes in a humidified incubator containing 

5 % CO2. 

4. After three days, 25 µl of CellTiter-Glo 2.0 reagent was added to each well containing 

cell suspensions. 

5. The plate was mixed for 2 minutes on a shaker at room temperature to induce cell lysis. 

6. The plate was incubated for 10 minutes at room temperature. 

7. The luminescence was measured using the POLARstar Omega Microplate Reader 

system. 

Nr. Starting concentration 

(cells/ml) 

New concentration 

(cells/ml) 

Number of cells 

per 25 µl  

1 160,000 160,000 4,000 

2 160,000 80,000 2,000 

3 160,000 40,000 

 

1,000 

4 160,000 20,000 500 

5 160,000 10,000 250 

Table 2. Titration of the LoVo cells for analysis of endpoint viability using the CellTiter-Glo assay. 

The table shows the dilution series for the LoVo cells used to determine the optimal cell concentration for 

analyses of endpoint viability using the CellTiter-Glo assay. 
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4.5.2 Endpoint viability measurement after gene silencing 

The CellTiter-Glo assay was further used to analyze the effect of siRNA-mediated knock-down 

of ITCH on endpoint viability.  

Protocol 

1. The first part of the protocol was performed as described in Section 4.4.2, steps 2-8.  

2. 25 µl of the diluted cell suspensions was added to the 384-well plate in six duplicates.  

3. 25 µl of the diluted cell suspension was added to the multi-well plate in six duplicates. 

50 µl cell medium was added in the wells around the duplicates to serve as a background. 

4. The remainder of the protocol was performed as described in Section 4.5.1, steps 3-7.  

 

4.5 Protein measurement 

The total protein level in a solution can be measured by colorimetric techniques adapted from the 

Lowry protein assay [103]. In the present study, Bio-Rad’s RC DC protein assay was used to 

determine the total protein concentration in cell extracts. This assay is compatible in the presence 

of both reducing agents and detergents. The technique is based on the Biuret reaction and 

Folin-Ciocalteau reaction. In the first reaction, copper ions form a complex with peptide bonds 

under alkaline conditions, which further react with the Folin reagent [104]. Second, copper-

catalyzed oxidation of aromatic amino acids (mostly tyrosine and tryptophan) reduces the Folin 

reagent to heteropolmolybdenum blue, thereby causing a color change [104]. The blue color is 

measured at absorbance 750 nm. The RC DC protein assay is performed on both the cell extracts 

and a protein standard. In this study, bovine serum albumin (BSA) with a concentration of 

1,41 mg/ml was used as a protein standard, diluted to five different concentrations (1,41 mg/ml – 

0,18 mg/ml). 

Protocol 

1. 25 µl of BSA standard, sample and blank (only sample buffer) were added to microfuge 

tubes 

2. 125 µl of RC reagent I was added to each tube and all tubes were vortexed. The samples 

were incubated for 1 minute at room temperature.  
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3. 125 µl of RC reagent II was added to each tube and all tubes were vortexed. The samples 

were centrifuged at 15,000 x g for 5 minutes.  

4. The supernatant was discarded by inverting the tubes on paper. The liquid were allowed 

to drain completely.  

5. 127 µl of reagent A’ (reagent S diluted 1:50 in reagent A) was added to each tube and the 

tubes were vortexed. The samples were incubated for 5 minutes and vortexed again until 

the precipitant was completely dissolved.  

6. 1 ml of DC reagent B was added to each tube and all tubes vortexed. The samples were 

incubated at room temperature for 15 minutes.  

7. Absorbance was read at 750 nm using the POLARstar Omega Microplate Reader system. 

 

4.6 SDS-PAGE and Western Blotting  

Western blotting is a commonly used method to detect specific proteins in a complex mixture, 

typically cell extracts. The technique involves separation of proteins based on their molecular 

weight, the transfer of proteins to a membrane and the detection of proteins of interest using 

specific antibodies. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is 

the most frequently used technique for separating proteins [1]. This method takes advantages of 

the detergent Sodium Dodecyl Sulphate (SDS), which both denatures proteins and applies an 

overall net negative charge proportional to the size of the proteins. Proteins can then be separated 

based on their molecular weight rather than their native conformation and charge. 

 

4.6.1 Sample preparation 

In order to make cell extracts, cells grown on cell culture dishes are detached and lysed to gain 

access to the cellular content. This is achieved by incubating the cell monolayer in a so-called 

sample buffer before the cells are collected by scraping. The sample buffer contains EDTA, 

SDS, 2-mercaptoetanol, glycerol and bromphenol blue. EDTA binds cationic ions such as Ca
2+

, 

causing Ca
2+

-dependent cell junctions to detach. SDS is an anionic detergent that denatures 

proteins by disrupting non-covalent interactions. In addition it associates with the proteins, 

giving them an overall net negative charge. The sample buffer also contains the strong reducing 
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agent 2-mercaptoethanol, which reduces, and thus disrupts, disulfide bonds. Glycerol increases 

the density of the sample, ensuring that the cell extracts sink to the bottom of the wells in the gel 

prior to electrophoresis. Finally, the sample buffer contains bromphenol blue, a color marker to 

track the process of electrophoresis. The cell extracts are sonicated and heated to disrupt the cell 

membrane and optimize the denaturation of proteins, respectively.  

Protocol 

1. 35-mm cell culture dishes, containing a monolayer of cells, were washed once with 

Dulbecco’s phosphate buffer saline (DPBS) containing Ca
2+

 and Mg
2+

.  

2. 300 µl sample buffer was added to the cell monolayer and incubated for 5 minutes at 

room temperature.  

3. A cell scraper was used to detach the cells from the substratum of the cell culture dishes, 

and the cell extracts were collected in Sarstedt tubes.  

4. The cell extracts were sonicated for 25 seconds and heated at 95°C for 5 minutes.  

5. The cell extracts were stored at -18°C until they were analyzed by western blotting.  

 

4.6.2 SDS-PAGE 

Proteins in a complex mixture can be separated according to their molecular weight into a series 

of distinct protein bands by SDS-PAGE. SDS binds to proteins and causes them to unfold to 

extended polypeptide chains [1]. SDS is a negatively charged detergent that, when bound to 

proteins, applies a negatively charge proportional to protein size. When voltage is applied, the 

negatively charged proteins will migrate through the gel towards the positive electrode. 

Polyacrylamide gels are made of a network of polymerized acrylamide, using the cross-linking 

agent bisacrylamide. The pore size of the gel can be adjusted by changing the concentration of 

acrylamide, thus ensuring that the pores are small enough to retard the migration of the proteins 

of interest [1]. A higher concentration of acrylamide reduces the pore size. Larger proteins will 

migrate slower than smaller proteins, as a result of being more retarded by the gel. In the present 

study, precast Mini-PROTEAN TGX gels from Bio-Rad, with 7.5 % acrylamide, were used. 
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Protocol 

1. Running buffer was made by diluting 10x TGS Buffer 1:10 in PBS (without Ca
2+

 and 

Mg
2+

) containing 0.1 % (v/v) Tween-20.  

2. The comb was removed from the wells and the strip removed from the bottom of the 

precast gel, before assembled in the electrophoresis equipment. Running buffer was 

added to the chamber.  

3. 5 µl Precision Plus Dual Color Standards were loaded to the outermost wells.  

4. 20 µl cell extracts were loaded into their appropriate wells.  

5. The electrophoresis was run at 200 V for approximately 37 minutes, until the tracking 

dye had reached the bottom of the gel.  

 

4.6.3 Western Blotting 

After separation by SDS-PAGE, proteins are transferred onto a membrane. The choice of 

membrane depends on the proteins to be detected. In this study, nitrocellulose membranes from a 

Trans-blot Turbo Transfer Pack Mini from Bio-Rad were used. An instrument called Trans-Blot 

Turbo from Bio-Rad was used to transfer proteins from the gel onto the nitrocellulose 

membrane. During the blotting step, strong electric current pulls the negatively charged proteins 

out of the gel and onto the nitrocellulose membrane were they bind [1].  

Protocol 

1. A package containing the acrylamide gel, stored between two plastic slides, was opened 

up. 

2. The polyacrylamide gel was placed in direct contact with a nitrocellulose membrane and 

placed between filter papers from the Trans-Blot Turbo Transfer Pack. The stack was 

placed in the Trans-Blot Turbo instrument.  

3. A roller was used to remove air bubbles between the gel and the membrane.  

4. The system was run for 7 minutes in the Trans-Blot Turbo instrument on a setting called 

“Mixed Molecular Weight”.  
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4.6.4 Detection of proteins with antibodies 

After the separation of proteins by SDS-PAGE, proteins can be identified by the use of protein 

specific antibodies. The nitrocellulose membrane binds proteins in a non-specific manner. In 

order to prevent unspecific binding of antibodies to the membrane, the membrane was blocked in 

a blocking agent. The blocking agent used was 5 % non-fat dry milk diluted in PBS (without 

Ca
2+

 and Mg
2+

) containing 0.1 % (v/v) Tween-20.  

Protein-specific antibodies are used to visualize the protein of interest. Primary antibodies bind 

the proteins of interest while secondary antibodies, conjugated to a tag for visualization, bind the 

primary antibodies (Figure 15). A common tag for visualization is the enzyme horse radish 

peroxidase (HRP). When a luminol-based chemiluminescent substrate is added, the enzyme will 

oxidize luminol in the presence of peroxide. The reaction emits detectable light, which in this 

study was detected using a sensitive charge-coupled device (CCD) camera (the ChemiDoc 

XRS/Chemidoc MP + System from Bio-Rad).  

 

Figure 15. Chemiluminescene antibody detection. A protein of interest is recognized by a protein 

specific primary antibody. The primary antibody is recognized by a HRP-conjugated secondary antibody. 

When a luminol-based chemiluminescence substrate is added, HRP will oxidize luminol in the presence 

of peroxide. The reaction emits lights that can be detected.  

 

 



Methods   

50 

 

Protocol 

1. The membrane was transferred from the filter papers and placed in a blocking solution, 

consisting of 5 % non-fat dry milk diluted in PBS (without Ca
2+

 and Mg
2+

) containing 

0.1 % (v/v) Tween-20, and incubated on a roller for 1 hour in room temperature.  

2. Primary antibodies were diluted according to Section 3.5 in 5 % non-fat dry milk diluted 

in PBS (without Ca
2+

 and Mg
2+

) containing 0.1 % (v/v) Tween-20. The membrane was 

incubated for 2 hours on a roller at room temperature.  

3. The membrane was washed 4 times for 5 minutes in PBS (without Ca
2+

 and Mg
2+

) 

containing 0.1 % (v/v) Tween-20 on a roller at room temperature.  

4. Secondary antibodies, conjugated to HRP, were diluted according to Section 3.5 in 5 % 

non-fat dry milk diluted in PBS (without Ca
2+

 and Mg
2+

) containing 0.1 % (v/v) 

Tween-20. 5-10 ml of the solution was used, depending on the size of the membrane. The 

membrane was incubated for 1 hour on a roller at room temperature. 

5. The membrane was washed 3 times for 5 minutes in PBS (without Ca
2+

 and Mg
2+

) 

containing 0.1 % (v/v) Tween-20 on a roller at room temperature, and finally once for 

5 minutes in PBS (without Ca
2+

 and Mg
2+

) on a roller at room temperature.  

6. To detect the proteins of interest, the membrane was incubated in a solution containing a 

chemiluminescent substrate for HRP at room temperature. Depending on the intensity of 

the protein bands detected, different substrates were used, as indicated in Table 3. The 

most sensitive substrate used in this study was SuperSignal West Dura Extended 

Duration Substrate. For detection of proteins requiring less sensitivity LumiGLO was 

used as substrate.  

7. The emitted light was detected using the ChemiDoc XRS+ System. Blot image analysis 

and quantifications of signals were carried out using the software programs ImageLab 

and ImageJ. 

8. If more proteins where to be analyzed later on the same membrane, the membrane could 

at this point either be stripped for primary and secondary antibodies directly or stored 

at -18°C and stripped later. 
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Chemiluminescent 

HRP substrate 

Protein of interest Incubation time 

LumiGLO NEDD4 1 minute 

West Dura Cx43, E-cadherin, GAPDH, 

ITCH, Occludin, SMURF1 

and SMURF2 

5 minutes 

Table 3. Substrates used for chemiluminescent detection. The table shows substrates used for 

chemiluminescent detection in the present study.  

 

4.6.5 Stripping and reprobing of membrane 

Stripping of the membrane allows detection of more than one protein. The membrane is treated 

with a stripping solution to release antibodies bound to the membrane, and subsequently 

reprobed with new antibodies to detect the proteins of interest.  

Protocol 

1. If the membrane had been stored at -18°C, it was thawed in PBS (without Ca
2+

 and Mg
2+

) 

at room temperature.  

2. Antibodies bound to the nitrocellulose membrane were removed with ReBlot Plus Mild 

Antibody Stripping Solution diluted 1:10 in ddH2O.  

3. 7 ml of the solution was added to the membrane and incubated for 15 minutes at room 

temperature.  

4. The membrane was blocked in a blocking solution, consisting of 5 % non-fat dry milk 

diluted in PBS (without Ca
2+

 and Mg
2+

) containing 0.1 % (v/v) Tween-20, and incubated 

on a roller in room temperature for approximately 1 hour. The membrane was now ready 

to be reprobed with primary antibodies, as describe in section 4.6.4. 

 

4.7 Confocal fluorescence microscopy 

Confocal fluorescence microscopy is a powerful tool to determine the subcellular localization of 

proteins of interest. The method utilizes specific antibodies to detect the protein of interest. In the 

present study, indirect immunofluorescence was usually performed [105]. This two-step process 
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involves first the incubation with a primary antibody that binds the protein of interest. Second, a 

fluorochrome-conjugated secondary antibody specifically recognizes the primary antibody 

(Figure 16) [105]. Hoechst, a fluorescent dye, was used to visualize DNA. Hoechst interacts with 

DNA at the minor grooves and emits blue fluorescent at 460 to 490 nm [106].  

The confocal fluorescence microscope scans over the specimen with a focused beam of light, 

such as a laser, with a specific wavelength [107]. The fluorochrome-coupled secondary 

antibodies absorb light of a specific wavelength and emit light of a higher wavelength that is 

collected by the confocal fluorescence microscope [108]. Several proteins can be detected 

simultaneously since each fluorophore absorbs and emits distinct wavelengths, given that the 

wavelengths of the emitted lights do not overlap.  

 

Figure 16. Immunofluorescence. Coverslips with fixed cells are incubated with specific primary 

antibodies that bind the proteins of interest. Next, fluorochrome-conjugated secondary antibodies 

recognize and bind the primary antibodies. The fluorochrome conjugated to the secondary antibodies 

absorbs light of a specific wavelength and emit light of a higher wavelength. The emitted light is collected 

by the confocal fluorescence microscope. 

There are several advantages using a confocal fluorescence microscopy compared to 

conventional wide-field microscopes. Confocal fluorescence microscopes produce sharp images 

by specifically collecting light from an optical section at the plane of focus and exclude 

out-of-focus light [107]. This is achieved by scanning the specimen with a laser and collecting 

the emitted light via a pinhole aperture [107]. The pinhole aperture blocks signal from 

out-of-focus areas of the specimen whereas the light from the focal plane passes through the 

pinhole aperture to the detector, thus ensuring sharp images [107].  



  Methods 

53 
 

In the present study, the florescent signals were detected with a LSM 710 META confocal 

fluorescence microscope equipped with a Plan Apochromat 63x/1.4 NA DIC oil immersion 

objective. Cells grown on coverslips were first fixated and then permeabilized before being 

stained with antibodies for specific proteins. Images were acquired with the computer software 

Zen 2009 and processed further using the Adobe Photoshop CS5 software.  

Protocol 

Fixation 

1. Cells grown on a 35-mm cell culture dish containing a 10 mm coverslip were washed 

twice with pre-warmed (37°C) DPBS (containing Ca
2+

 and Mg
2+

). 

2. Cells were fixed with 1 ml of a solution 3.8 % (v/v) formalin in DPBS (containing Ca
2+

 

and Mg
2+

) for 15 minutes at room temperature.  

3. The coverslip with the cell monolayer was washed twice with DPBS (containing Ca
2+

 

and Mg
2+

). 

 

Permeabilization and labeling of cells 

Permeabilization of cell membranes provides entry of primary and secondary antibodies and thus 

allows detection of intracellular antigens. In the present study, cells were permeabilized using 

either Triton X-100 or saponin. Triton X-100 is a widely used detergent for permeabilization of 

cell membranes [109]. Triton X-100 works in a non-selective manner and interacts with both 

lipids and proteins, creating pores in lipid bilayers [109]. Saponin is a detergent commonly used 

for permeabilization of cell membranes [109]. It works by interacting, and thereby selectively 

removing, cholesterol from cell membranes and making holes with diameters of approximately 

100 Å in the membrane [109]. Saponin allows the transfer of antibodies across fixed cholesterol-

containing membranes [109].  
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Permeabilization using Triton X-100 

1. The cells on the coverslip were permeabilized by adding 1 ml 0.1 % (v/v) Triton X-100 

in PBS (without Ca
2+

 and Mg
2+

) for 30 minutes at room temperature. 

2. The cells were washed twice with DPBS (containing Ca
2+

 and Mg
2+

). 

3. To avoid non-specific binding of antibodies, cells were blocked in a 2 ml solution of 5 % 

non-fat dry milk diluted in PBS (without Ca
2+

 and Mg
2+

) containing 0.1 % (v/v) 

Tween-20 for 1 hour on a tilting table at room temperature. 

4. Primary antibodies was diluted according to Section 3.5 in 5 % non-fat dry milk diluted 

in PBS (without Ca
2+

 and Mg
2+

) containing 0.1 % (v/v) Tween-20. 100 µl of the solution 

was added to each well containing a coverslip. The cells were incubated overnight at 4°C. 

5. The cell were washed 3 times for 5 minutes in PBS (without Ca
2+

 and Mg
2+

) containing 

0.1 % (v/v) Tween-20 on a tilting table at room temperature. 

6. Secondary antibodies were diluted 1:1000 in 5 % non-fat dry milk in PBS (without Ca
2+

 

and Mg
2+

) containing 0.1 % (v/v) Tween-20. 100 µl of the solution was added to each 

well containing a coverslip. The cells were incubated 1 hour on a tilting table at room 

temperature. An aluminum foil cover was placed over the plate to prevent light exposure. 

7. The cells were washed 3 times for 5 minutes in PBS (without Ca
2+

 and Mg
2+

) containing 

0.1 % (v/v) Tween-20 on a tilting table at room temperature, under a cover. 

8. After washing, nuclei were stained by adding 1 ml Hoechst 33342 diluted 1:10,000 in 

PBS (without Ca
2+

 and Mg
2+

) for 5 minutes at room temperature, under an aluminum foil 

cover. 

9. The cells were washed once with PBS (without Ca
2+

 and Mg
2+

) for 5 minutes at a tilting 

table at room temperature, under an aluminum foil cover.  

10. Coverslips were mounted on microscope slides using 6 µl ProLong Antifade Mountant. 

The coverslips were allowed to dry in a dark closet before being store in a light-proof box 

at 4°C.  

In contrast to the staining of the other proteins in this study, occludin was stained using a direct 

immunofluorescence protocol, by using a primary antibody against occludin that was conjugated 

to a fluorochrome (Alexa Flour 488). This staining using this antibody was performed according 

to the following protocol: 
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1. The cells on the coverslip were permeabilized by adding 1 ml 0.1 % (v/v) Triton X-100 

in PBS (without Ca
2+

 and Mg
2+

) for 30 minutes at room temperature. 

2. The cells were washed twice with DPBS (containing Ca
2+

 and Mg
2+

). 

3. To avoid non-specific binding of antibodies, cells were blocked in a 1 ml solution of 5 % 

bovine serum albumin (BSA) diluted in PBS (without Ca
2+

 and Mg
2+

) containing 0.1 % 

(v/v) Tween-20 for 1 hour on a tilting table at room temperature. 

4. The fluorochrome-conjugated (Alexa 488) antibody against occludin was diluted 

according to Section 3.5 in a solution of 5 % BSA diluted in PBS (without Ca
2+

 and 

Mg
2+

) containing 0.1 % (v/v) Tween-20 for 3 hour on a tilting table at room temperature, 

under an aluminum foil cover. 

5. The cell were washed 3 times for 5 minutes in PBS (without Ca
2+

 and Mg
2+

) containing 

0.1 % (v/v) Tween-20 on a tilting table at room temperature. 

6. After washing, nuclei were stained by adding 1 ml Hoechst 33342 diluted 1:10,000 in 

PBS (without Ca
2+

 and Mg
2+

) for 5 minutes at room temperature, under an aluminum foil 

cover. 

7. The cells were washed once with PBS (without Ca
2+

 and Mg
2+

) for 5 minutes at a tilting 

table at room temperature, under an aluminum foil cover.  

8. Coverslips were mounted on microscope slides using 6 µl ProLong Antifade Mountant. 

The coverslips were allowed to dry in a dark closet before being store in a light-proof box 

at 4°C. 

 

Permeabilization using saponin 

1. The cells were permeabilized by incubating cells on coverslips in 1 ml 0.05 % (v/v) 

saponin in PBS (without Ca
2+

 and Mg
2+

) for 5-10 minutes at 4°C in a refrigerator. 

2. Primary antibodies were diluted in 0.01 % (v/v) saponin in PBS (without Ca
2+

 and Mg
2+

) 

according to Section 3.5. 100 µl of the solution was added to each well containing a 

coverslip. The cells were incubated 2 hours at a tilting table at room temperature.  

3. The cells were washed 3 times for 5 minutes in PBS (without Ca
2+

 and Mg
2+

) on a roller 

at room temperature.  
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4. Secondary antibodies were diluted 1:1000 in 0.01% (v/v) saponin in PBS (without Ca
2+

 

and Mg
2+

). 100 µl of the solution was added to each well containing a coverslip. The cells 

were incubated for 1 hour under at a tilting table at room temperature, under an aluminum 

foil cover to prevent light exposure. 

5. The cells were washed 3 times for 5 minutes in PBS (without Ca
2+

 and Mg
2+

) on a tilting 

table at room temperature, under an aluminum foil cover.  

6. After washing, nuclei were stained by adding 1 ml Hoechst 33342 diluted 1:10,000 in 

PBS (without Ca
2+

 and Mg
2+

) for 15 minutes at room temperature, under a cover. 

7. The coverslip was washed once with PBS (without Ca
2+

 and Mg
2+

) for 5 minutes under a 

cover at a tilting table at room temperature, under an aluminum foil cover. 

8. Coverslips were mounted on microscope slides using 6 µl ProLong Antifade Mountant. 

The coverslips were allowed to dry in a dark closet before being store in a light-proof box 

at 4°C.  
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5 Results 

5.1 Effect of siRNA-mediated depletion of NEDD4, ITCH, SMURF1 and 

SMURF2 on the growth characteristics of LoVo cells 

A common approach used to investigate the cellular function of a given protein is to knock down 

the protein in an appropriate cellular model system by siRNA, followed by investigation of the 

consequences of the knock-down on specific cellular processes. This approach can for instance 

be used to study the role of a given protein in controlling the growth characteristics of specific 

cell types. In the present study, siRNA sequences specifically targeting endogenous NEDD4, 

ITCH, SMURF1 or SMURF2 were introduced into LoVo cells by cationic lipid-mediated 

transfection. As a control, transfection with a non-targeting siRNA sequence was performed in 

parallel.  

When one member of the NEDD4 family is experimentally knocked down, other members of the 

family could possibly be subjected to increased synthesis or increased activation to compensate 

for the loss of the knocked-down protein. Thus, in some experiments, the E3 ubiquitin ligases 

were knocked down alone (hereafter referred to as single knock-down), whereas in other 

experiments three different E3 ubiquitin ligases were knocked down simultaneously in various 

combinations (hereafter referred to as triple knock-down).  

 

5.1.1 Analysis of tolerance of LoVo cells towards Lipofectamine 2000 

To achieve efficient siRNA-mediated knock-down of a specific protein, the siRNA sequences 

have to be imported into the cell by crossing the plasma membrane. In the present study, this was 

accomplished by using the reagent Lipofectamine 2000. Lipofectamine 2000 can have toxic 

effects on cells, and the tolerance towards this reagent can vary considerably between different 

cell lines. As an initial optimization procedure we therefore found it of importance to determine 

the optimal concentration of Lipofectamine 2000 to be used in siRNA transfection experiments, 

i.e. a concentration of Lipofectamine 2000 that did not cause cell toxicity but at the same time 

gave efficient siRNA-mediated knock-down of the various E3 ubiquitin ligases. Because of 

potential toxic effects of Lipofectamine 2000, we wanted to use as little Lipofectamine 2000 as 
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necessary in our experiments. Thus, as a first approach to optimize the siRNA transfection 

efficiency of LoVo cells, experiments were conducted to identify the highest concentration of 

Lipofectamine 2000 that the LoVo cells tolerate. To this end, Lipofectamine 2000 was diluted in 

the cell culture medium in series ranging from 1:2400 to 1:300 five hours after the cells were 

seeded. After 48 hours, the cell morphology and the cell confluency was examined by a phase 

contrast microscope. The highest concentrations of Lipofectamine 2000 tested that did not cause 

any apparent cell toxicity were the 1:1200 and 1:900 dilutions (data not shown). These two 

dilutions of Lipofectamine 2000 were subsequently compared with regard to knock-down 

efficiency during siRNA transfection. Both dilutions were found to give efficient knock-down of 

the various E3 ubiquitin ligases studied in this project (data not shown). On the basis of these 

initial optimization experiments, the subsequent siRNA transfection experiments in the present 

study were performed by diluting Lipofectamine 2000 to a final concentration of 1:1200 in the 

cell culture medium.  

 

5.1.2 Establishment of an experimental setup for efficient siRNA-mediated 

depletion of NEDD4, ITCH, SMURF1 and SMURF2 in LoVo cells 

The next optimization step was to determine the optimal experimental setup for the siRNA-

mediated knock-down of NEDD4, ITCH, SMURF1 and SMURF2 in LoVo cells. In the first 

experimental setup that was tested, LoVo cells were transfected once with siRNA targeting the 

various E3 ubiquitin ligases. For the single knock-down experiments, LoVo cells were 

transfected with siRNA at a final concentration of 80 nM. Five days after the initiation of the 

siRNA transfection, cells lysates were prepared and the knock-down efficiency was determined 

by western blotting (data not shown). This experimental setup was found to not give a sufficient 

depletion of the E3 ubiquitin ligases (data not shown). In order to obtain a more efficient 

depletion of NEDD4, ITCH, SMURF1 and SMURF2, another transfection protocol was 

designed, in which the LoVo cells were subjected to a double transfection of siRNA. In these 

experiments, the cells were split 1:5 into new cell culture dishes and then subjected to a second 

siRNA transfection three days after initiation of the first transfection. Three days after initiation 

of the second transfection, i.e. 6 days after the initiation of the first transfection, cell lysates were 

prepared and the knock-down efficiency was determined by western blotting. This experimental 
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setup was found to give efficient depletion of the various E3 ubiquitin ligases, both in the single 

knock-down and triple knock-down experiments (Figure 17A and 18A). Hence, this 

experimental setup for siRNA transfection was used in the remainder of this study.  

To quantify the knock-down efficiency of the various E3 ubiquitin ligases, the relative intensity 

of the bands on western blots representing NEDD4, ITCH, SMURF1 or SMURF2 was quantified 

and normalized to that of the intensity of the band representing GAPDH in each sample. 

Quantification of the western blots from seven individual experiments showed that transfection 

with siRNA targeting NEDD4, ITCH, SMURF1 or SMURF2 led to an approximately 54 % 

reduction in NEDD4 protein levels (Figure 17B), 84 % reduction in ITCH protein levels 

(Figure 17C), 77 % reduction in SMURF1 protein levels (Figure 17D) and 76 % reduction in 

SMURF2 protein levels (Figure 17E), respectively, as compared to the control-siRNA 

transfected cells. The knock-down of the various E3 ubiquitin ligases was found to be 

statistically significant, as determined by one-way ANOVA (p<0,050). Notably, none of the 

siRNA sequences used to knock down the various E3 ubiquitin ligases were found to 

significantly affect the expression of any of the other E3 ubiquitin ligases in a nonspecifically 

manner (Figure 17A-E).  

 

A 
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Figure 17. Evaluation of the protein level of NEDD4, ITCH, SMURF1 and SMURF2 in LoVo cells 

after single knock-down by siRNA transfection. (A) LoVo cells were transfected with siRNA targeting 

NEDD4, ITCH, SMURF1 or SMURF2 by performing a double transfection procedure, in which the cells 

were transfected with siRNA over a period of 6 days. Cell lysates were prepared and equal amounts of 

total cell protein were subjected to SDS-PAGE. NEDD4, ITCH, SMURF1 and SMURF2 were detected 

by western blotting using specific antibodies, as indicated. GAPDH was detected by using antibodies 

targeting GAPDH. The figure shows a representative blot. (B-E) The relative levels of NEDD4, ITCH, 

SMURF1 and SMURF2 were quantified by normalizing the NEDD4, ITCH, SMURF1 and SMURF2 

signals in each sample against the GAPDH signals in the same samples. The levels of these proteins in 

control cells transfected with non-targeting siRNA were set to 100 %. The graph depicts the 

means ± s.e.m of seven individual experiments. *p<0.05, as determined by one-way ANOVA.  
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In the triple knock-down experiments, NEDD4 and ITCH were depleted in combination with 

either SMURF1 or SMURF2. In these experiments, LoVo cells were transfected with a 

concentration of 40 nM for each siRNA, resulting in a total siRNA concentration of 120 nM.  

Quantification of the western blots from four individual experiments showed that transfection 

with siRNA targeting NEDD4, ITCH and SMURF1 in combination, led to an approximately 

40 % reduction in NEDD4 protein levels (Figure 18B) and 73 % reduction in ITCH protein 

levels (Figure 18C) compared to the control-siRNA transfected cells. Cells transfected with 

siRNA targeting NEDD4, ITCH and SMURF1 in combination were found to have statistically 

significant reduced protein levels of NEDD4 and ITCH as compared with the control cells, as 

determined by one-way ANOVA (p<0,050). However, the reduction in SMURF1 protein levels 

after the triple knock-down was shown to not be statistically significant, as determined by 

one-way ANOVA.  

Quantification of the western blots from six individual experiments showed that the transfection 

with siRNA targeting NEDD4, ITCH and SMURF2 in combination, led to an approximately 

43 % reduction in NEDD4 protein levels (Figure 18B), 82 % reduction in in ITCH protein levels 

(Figure 18C) and 61 % reduction in SMURF2 (Figure 18E) protein levels compared to the 

control-siRNA transfected cells. Cells transfected with siRNA targeting NEDD4, ITCH and 

SMURF2 in combination were found to have statistically significant reduced protein levels of 

NEDD4, ITCH and SMURF2 compared to the control cells, as determined by one-way ANOVA 

(p<0,050).  
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Figure 18. Evaluation of the protein level of NEDD4, ITCH, SMURF1 and SMURF2 in LoVo cells 

after triple knock-down by siRNA transfection. (A) LoVo cells were simultaneously transfected with 

siRNA targeting NEDD4, ITCH and SMURF1 or with siRNA targeting NEDD4, ITCH and SMURF2, as 

indicated. In these experiments, the cells were subjected to double transfection with siRNA, in which the 

cells were transfected with siRNA over a period of 6 days. Cell lysates were prepared and equal amounts 

of total cell protein were subjected to SDS-PAGE. NEDD4, ITCH, SMURF1 and SMURF2 were detected 

by western blotting using specific antibodies, as indicated. GAPDH was detected by using antibodies 

targeting GAPDH. The figure shows a representative western blot. (B-E) The relative levels of NEDD4, 

ITCH, SMURF1 and SMURF2 were quantified by normalizing the NEDD4, ITCH, SMURF1 and 

SMURF2 signals in each sample against the GAPDH signals in the same samples. The levels of these 

proteins in control cells treated with non-targeting siRNA were set to 100 %. The graph depicts the 

means ± s.e.m of four (NEDD, ITCH and SMURF1) or six (NEDD4, ITCH, SMURF2) individual 

experiments. *p<0.05 compared to the control, as determined by one-way ANOVA.  

 

5.1.3 Effect of depletion of NEDD4, ITCH, SMURF1 and SMURF2 on the 

morphology of LoVo cells 

Having established a protocol for efficient depletion of NEDD4, ITCH, SMURF1 and SMURF2 

in LoVo cells by siRNA, we next aimed to examine how depletion of the various E3 ubiquitin 

ligases affects the morphology of the cells. As described in the introduction, EMT is associated 

with major morphological changes to a cell. Studying cell morphology can therefore give 

important information about the effect of depletion of the various E3 ubiquitin ligases on EMT. 

The cell morphology was observed and imaged using phase contrast microscopy (Figure 19, 20). 

The control cells, containing cells transfected with a non-targeting siRNA sequence, displayed 

high confluency after 6 days of transfection (Figure 19, 20). Notably, the cells appeared 

heterogeneous. In some regions of the cell monolayer, the individual cells seemed to have a 

round morphology and to grow in an uneven pattern. Conversely, cells of other regions of the 

cell monolayer had a more flattened and an epithelial-like morphology and the individual cells 

appeared somewhat larger.  

The cells depleted of NEDD4 appeared to have a somewhat more homogenous appearance with 

regard to size and a more epithelial-like morphology, as compared to the control-siRNA 

transfected cells (Figure 19 and data not shown). Compared to the control cells, it appeared that 
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the monolayer containing NEDD4-depleted LoVo cells had larger regions of cells displaying a 

flattened and epithelial-like morphology, and fewer cells with a round morphology. The 

NEDD4-depleted cells appeared to have a similar level of confluence as the control cells after 6 

days of transfection (Figure 19 and data not shown). 

Interestingly, in contrast to the other E3 ubiquitin ligases, depletion of ITCH appeared to have 

major effects on the LoVo cells. Firstly, there were noticeable fewer cells in the cell culture 

dishes containing the ITCH-depleted cells, compared to the dishes containing control-siRNA 

transfected cells (Figure 19 and data not shown). Secondly, the cells depleted of ITCH often 

appeared to be larger in size and the cell monolayer appeared less heterogeneous with regard to 

size (Figure 19 and data not shown). Notably, there was no apparent increase in the number of 

detached cells or cells floating in the cell culture medium in in the dishes containing LoVo cells 

transfected with siRNA targeting ITCH compared to cells transfected with control siRNA 

(Figure 19 and data not shown). Moreover, there was no apparent increase in the number of cells 

undergoing cell death by apoptosis, as determined by staining the cells against the nuclear acid 

stain Hoechst 33342 (data not shown). These observations suggest that the reduction in LoVo 

cell number in response to depletion of ITCH may be due to reduced cell proliferation rather than 

an increase in cell death.  

Cells transfected with siRNA targeting SMURF1 for 6 days appeared to have considerably more 

detached cells as compared to control-siRNA transfected cells (Figure 20 and data not shown). 

These detached cells might represent cells that had undergone apoptosis or other types of cell 

death. The LoVo cells depleted of SMURF1 did, however, not seem to display less confluency 

compared to the control cells (Figure 20 and data not shown). The cells depleted of SMURF1 

appeared more homogenous with regard to size and had a more epithelial-like morphology 

(Figure 20 and data not shown).  

Few differences between control cells and SMURF2-depleted cells were observed. However, the 

SMURF2-depleted cells had a slightly less heterogeneous morphology with regard to size 

(Figure 20 and data not shown) as compared to the control cells.  

The LoVo cells subjected to triple knock-down of the various E3 ubiquitin ligases were also 

analyzed and imaged using a phase contrast microscopy in a similar manner as cell subjected to 
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single knock-down (Figure 21). As expected, the control siRNA-transfected cells were confluent 

and appeared heterogeneous following 6 days of transfection. In contrast, the cells depleted of 

NEDD4, ITCH and SMURF1 appeared less confluent compared to the control cells (Figure 20). 

Notably, in the dishes containing LoVo cells in which NEDD4, ITCH and SMURF1 were 

depleted simultaneously, more cells appeared to be detached from the substratum as compared to 

the control dishes, suggesting that they possibly had undergone apoptosis or another form of cell 

death. The cells depleted of NEDD4, ITCH and SMURF2 also appeared less confluent and more 

homogenous. However, there was not apparent increase in detached cells in these dishes 

compared to the control dishes. These cells also had a more epithelial-like morphology as 

compared to the control-siRNA transfected cells.  
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Figure 19. Effect of depletion of NEDD4 or ITCH depletion on the morphology of LoVo cells. LoVo 

cells were transfected with siRNA against NEDD4 or ITCH. As a control, cells transfected with control 

siRNA were used. The cells were imaged using phase contrast microscopy. The figure shows 

representative images of each transfection.  
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Figure 20. Effect of depletion of SMURF1 or SMURF2 on the morphology of LoVo cells. LoVo cells 

were transfected with siRNA against SMURF1 or SMURF2. As a control, cells transfected with control 

siRNA were used. The cells were imaged using phase contrast microscopy. The figure shows 

representative images of each transfection.  
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Figure 21. Effect of depletion of NEDD4, ITCH and SMURF1 or NEDD4, ITCH and SMURF2 on 

the morphology of LoVo cells. LoVo cells were simultaneously transfected with siRNA against NEDD4, 

ITCH and SMURF1 or with NEDD4, ITCH and SMURF2. As a control, cells transfected with control 
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siRNA were used. The cells were imaged using phase contrast microscopy. The figure shows 

representative images of each transfection.  

 

5.1.4 Effect of depletion of NEDD4, ITCH, SMURF1 and SMURF2 on cell growth 

Next, we aimed to obtain a quantitative assesment of the effect of depletion of the various E3 

ubiquitin ligases on cell number. To this end, LoVo cells were depleted of NEDD4, ITCH, 

SMURF1 and SMURF2 alone (single knock-down) or in combination (triple knock-down) as 

described in Section 5.1.2. Six days after the initiation of the transfection, cells were trypsinized 

and counted using an automatic cell counter. This analysis revealed that single depletion of 

NEDD4, SMURF1 or SMURF2 did not result in statistically significant reduced cell number as 

compared to when the cells were transfected with control siRNA, as determined by one-way 

ANOVA (Figure 22A). Interestingly, however, depletion of ITCH resulted in an approximately 

50 % decrease in cell number (Figure 22A). The reduction in cell number in response to ITCH 

depletion was statistically significant, as determined by one-way ANOVA (p=0,037).  

Simultaneous depletion of NEDD4, ITCH and SMURF1 was associated with an approximately 

30 % reduction in cell number, whereas simultaneous depletion of NEDD4, ITCH and SMURF2 

was associated with approximately 40 % reduction in cell number, as compared to the control-

siRNA transfected cells (Figure 22B). The reductions in cell number under these condition were 

statistically significant, as determined by one-way ANOVA (p=0,034 and p=0,042, respectively).  
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Figure 22. Effect of depletion of NEDD4, ITCH, SMURF1 and SMURF2 on cell growth. (A) LoVo 

cells were transfected with siRNA targeting NEDD4, ITCH, SMURF1 or SMURF2 by performing a 

double transfection procedure, in which the cells were transfected with siRNA over a period of 6 days. 

The cells in the various dishes were then trypsinized and counted with an automatic cell counter. For each 

experiment, the cell number in each dish was counted four times. The cell number in the dishes 

containing cells treated with control siRNA was set to 100 %. The graph depicts the means ± s.e.m of 

three individual experiments. p=0,037, as determined by one-way ANOVA. (B) LoVo cells were 

transfected simultaneously with siRNA targeting NEDD4, ITCH and SMURF1 or NEDD4, ITCH and 

SMURF2, by performing a double transfection procedure, in which the cells were transfected with siRNA 

over a period of 6 days. The cells in the various dishes were then trypsinized and counted with an 

automatic cell counter. The cell number in dishes containing cell transfected with control siRNA was set 

to 100 %. The graph depicts means ± s.e.m of three individual experiments. p=0,034 (“control” vs 

“NEDD4, ITCH, SMURF1”) and p=0,042 (“control” vs “NEDD4, ITCH, SMURF2”), as determined by 

one-way ANOVA 
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5.2 Effect of depletion of NEDD4, ITCH, SMURF1 and SMURF2 on the 

protein level of occludin, E-cadherin and Cx43 in LoVo cells 

To examine the possibility that NEDD4, ITCH, SMURF1 and SMURF2 could be involved in the 

regulation of E-cadherin, occludin and Cx43, cells were transfected with siRNA as described in 

Section 5.1.2. A quantitative evaluation of the effect of the depletion of the various E3 ubiquitin 

ligases on the expression of E-cadherin, occludin and Cx43 was then determined by western 

blotting (Figure 23A-D). These analyses suggested that depletion of NEDD4, ITCH or SMURF1 

did not have statistically significant effects on the level of E-cadherin, occludin, or Cx43. 
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Figure 23. Effect of single knock-down of NEDD4, ITCH, SMURF1 and SMURF2 on the level of E-

cadherin, occludin and Cx43. (A) LoVo cells were transfected with siRNA targeting NEDD4, ITCH, 

SMURF1 or SMURF2, as indicated, by performing a double transfection procedure, in which the cells 

were transfected with siRNA over a period of 6 days. Cell lysates were prepared and equal amounts of 

total cell protein were subjected to SDS-PAGE. E-cadherin, occludin and Cx43 were detected by western 

blotting using specific antibodies as indicated. GAPDH was detected by using antibodies targeting 

GAPDH. The figure shows a representative western blots depicting E-cadherin, occludin and Cx43 
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protein levels in control-siRNA transfected cells and in cells depleted of NEDD4, ITCH, SMURF1 or 

SMURF2. (B-D) The relative levels of E-cadherin, occludin and Cx43 protein levels in each sample were 

quantified and normalized against the GAPDH protein level in the same samples. The level of these 

proteins in control cells transfected with non-targeting siRNA was set to 100 %. The values are the means 

± s.e.m of seven individual experiments.  

 

To investigate if simultaneous depletion of NEDD4, ITCH and SMURF1 or NEDD4, ITCH and 

SMURF2 affects the protein levels of E-cadherin, occludin or Cx43, the cells were subjected to a 

triple knock-down transfection procedure as described in Section 5.1.2. Simultaneous depletion 

of NEDD4, ITCH and SMURF1 or NEDD4, ITCH and SMURF2 was found to not affect the 

protein levels of E-cadherin, occludin or Cx43 in a statistically significant manner, as determined 

by one-way ANOVA (Figure 24A-D).  
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Figure 24. Effect of simultaneous knock-down of NEDD4, ITCH and SMURF1 or NEDD4, ITCH 

and SMURF2 on the level of E-cadherin, occludin and Cx43. (A) LoVo cells were simultaneously 

transfected with siRNA targeting NEDD4, ITCH and SMURF1 or NEDD4, ITCH and SMURF2, as 

indicated, by performing a double transfection procedure, in which the cells were transfected with siRNA 

over a period of 6 days. Cell lysates were prepared and equal amounts of total cell protein were subjected 

to SDS-PAGE. E-cadherin, occludin and Cx43 were detected by western blotting using specific 

antibodies as indicated. GAPDH was detected by using antibodies targeting GAPDH. The figure shows a 
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representative western blot depicting E-cadherin, occludin and Cx43 protein levels in control and in cells 

depleted of NEDD4, ITCH, SMURF1 or SMURF2. (B-D) The relative levels of E-cadherin, occludin and 

Cx43 protein levels in each sample were quantified and normalized against the GAPDH protein level in 

the same samples. The level of these proteins in control cells transfected with non-targeting siRNA was 

set to 100 %. The values are the means ± s.e.m of five individual experiments. 

 

5.3 Effect of ITCH depletion on the subcellular localization of 

E-cadherin, occludin and Cx43 in LoVo cells 

The data described above suggest that depletion of ITCH in LoVo cells by siRNA does not 

significantly affect the level of E-cadherin, occludin or Cx43, neither in single knock-down nor 

in triple knock-down experiments (Section 5.1.5). However, since ITCH depletion was found to 

reduce the number of cells (Section 5.1.4) it was of interest to study if depletion of ITCH in 

LoVo cells could affect the subcellular localization of E-cadherin, occludin and Cx43.  

 

In order to examine the effect of ITCH depletion on the subcellular localization of E-cadherin, 

occludin and Cx43 in LoVo cells, cells were grown on coverslips and transfected with siRNA 

against ITCH, as described in Section 5.1.2. The cells were then fixed and stained against either 

E-cadherin, occludin or Cx43 and prepared for confocal fluorescence microscopy. The cell 

nuclei were stained with Hoechst 33342.  

 

5.3.1 Effect of ITCH depletion on the subcellular localization of E-cadherin 

Both in control cells and in the ITCH-depleted cells, E-cadherin was found to localize in the 

plasma membrane between adjacent cells (Figure 25). This localization of E-cadherin was 

expected, given that the main function of E-cadherin is to form anchoring junctions between 

adjacent cells. Notably, there appeared to be considerable variation in the signal intensity of 

E-cadherin within the cell monolayer, both in the controls cells and in the ITCH-depleted cells. 

Some regions within the cell monolayer, which appeared more epithelial, displayed a relatively 

high signal intensity of E-cadherin. In these regions, the cells appeared to express E-cadherin 

along their entire plasma membrane. In other regions of the monolayer, the cells appeared to 

have a more mesenchymal phenotype, and the cells within these regions in general appeared to 
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express less E-cadherin compared to the regions of the cell monolayer displaying an epithelial-

like phenotype. Other cells within these regions appeared to be nearly devoid of E-cadherin. In 

yet other cells of these regions, some intracellular E-cadherin staining was observed, which 

might represent E-cadherin located in various compartments of the secretory and/or degradation 

pathways. Cells depleted of ITCH did not display any apparent differences in the subcellular 

localization of E-cadherin, as compared to the control-siRNA transfected cells. Moreover, a 

similar degree of heterogeneity within the cell monolayer with regard to E-cadherin subcellular 

localization was observed in the ITCH depleted cells as compared to the control-siRNA 

transfected cells. Altogether, these data suggest that ITCH depletion does not have major effects 

on the subcellular localization of E-cadherin in LoVo cells. 

 

 

Figure 25. Effect of ITCH depletion on the subcellular localization of E-cadherin in LoVo cells. 

LoVo cells were subjected to transfection with either siRNA targeting ITCH or with control siRNA, as 

indicated. Six days after the initial transfection the cells were fixed, stained and visualized in a confocal 

fluorescence microscope. The cells were stained with antibodies against E-cadherin, while the nuclei 

were stained with Hoechst 33342 (blue). The images show representative examples of the subcellular 
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localization of E-cadherin in control cells (three upper images) and in cells depleted of ITCH (three lower 

images). Scale bare: 20 µl (applies to all images).  

 

5.3.2 Effect of ITCH depletion on the subcellular localization of occludin 

In control LoVo cells, as well as in the ITCH-depleted cells, occludin was mostly found to be 

organized in the plasma membrane between adjacent cells (Figure 26). This subcellular 

localization of occludin was expected, because it is one of the components of tight junctions. As 

with E-cadherin, there was a high degree of heterogeneity with regard to the signal intensity of 

occludin within the same monolayer of cells. Some cells appeared to express high levels of 

occludin at the plasma membrane, whereas other cells did not appear to express occludin. Some 

occludin was also observed in intracellular compartments, which may represent occludin located 

in various compartments in the secretory and/or degradation pathways. Due to the high variation 

in occludin signal intensity within the cell monolayer, it was difficult to determine the precise 

effect of ITCH depletion on the subcellular localization of occludin. However, the overall 

impression was that ITCH depletion did not have major effects on the subcellular localization of 

occludin. 
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Figure 26. Effect of ITCH depletion on the subcellular localization of occludin in LoVo cells. LoVo 

cells were subjected to transfection with either siRNA targeting ITCH or with control siRNA, as 

indicated. Six days after the initial transfection the cells were fixed, stained and visualized in a confocal 

fluorescence microscope. The cells were stained with antibodies against occludin, while the nuclei were 

stained with Hoechst 33342 (blue). The images show representative examples of the subcellular 

localization of occludin in control cells (three upper images) and in cells depleted of ITCH (three lower 

images). Scale bare: 20 µl (applies to all images).  

 

5.3.3 Effect of ITCH depletion on the subcellular localization of Cx43 

Since Cx43 is a component of gap junctions, it will usually localize in the plasma membrane in 

non-transformed cells. However, a previous study has shown that Cx43 is often down-regulated 

during colorectal cancer development [110]. In accordance with this study, Cx43 did not localize 

in the plasma membrane and form gap junctions in LoVo cells. Instead, Cx43 was mostly found 

to localize in intracellular compartments, which may represent Cx43 in various compartments of 

the secretory and/or degradation pathways. Moreover, the LoVo cells appeared to display low 

expression of Cx43, and there was considerable variation in the Cx43 intensity within the 

monolayer of cells. A large fraction of the cells within the monolayer did not appear to express 
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Cx43, whereas others appeared to display low expression of Cx43. Because of the low 

expression of Cx43, it was not possible to determine any effect of ITCH depletion on the 

subcellular localization of Cx43. Due to the difficulties in detecting Cx43 in LoVo cells, only the 

control-siRNA transfected LoVo cells are shown here (Figure 27).  

 

 

Figure 27. Subcellular localization of Cx43 in LoVo cells. LoVo cells were subjected to transfection 

with non-targeting siRNA sequences. Six days after the initial transfection the cells were fixed, stained 

and visualized in a confocal fluorescence microscope. The cells were stained with antibodies against 

Cx43, while the nuclei were stained with Hoechst 33342 (blue). The images show representative 

examples of the subcellular localization of Cx43 in control cells. Scale bare: 20 µl (applies to all images). 

 

5.4 Analyses of the subcellular localization of Cx43 in LoVo cells 

Since Cx43 was found to be expressed in low amounts and to mostly localize in intracellular 

vesicular compartments in the LoVo cells, we aimed to characterize the subcellular localization 

of Cx43 in these cells in further detail. Specifically, we aimed to determine whether part of this 

Cx43 pool could represent Cx43 located in various compartments of the endolysosomal system, 

which could indicate that the low expression of Cx43 might be due to increased endocytosis and 

lysosomal degradation. The major pathway for degradation of transmembrane proteins is through 

the endolysosomal pathway. It is known that Cx43 is able to be sorted along the endolysosomal 

pathway following gap junction internalization from the plasma membrane, and thereby undergo 

degradation in the lysosomes [111]. In order to counteract degradation of Cx43 and thereby 

obtain stronger Cx43 intensity, the LoVo cells were in some experiments treated with the 

lysosomal inhibitor chloroquine. 
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In order to examine the effect of chloroquine on the Cx43 protein level, LoVo cells were treated 

with chloroquine for 5 hours. Untreated cells were used as a control. After 5 hours, samples were 

prepared for western blot analysis. Treatment with chloroquine for 5 hours showed an increased 

protein level of Cx43 (Figure 28A). Quantification of the relative Cx43 levels in chloroquine-

treated cells as compared to control cells indicated that chloroquine resulted in an approximately 

100 % increase in Cx43 protein level (Figure 28B), as determined by Students t-test (p=0,023). 

 

Figure 28. Effect of chloroquine on the Cx43 protein level. (A) LoVo cells were left untreated or 

treated with chloroquine for 5 hours. Cell lysates were prepared, and Cx43 and GAPDH were detected 

using anti-Cx43 and anti-GAPDH antibodies. GAPDH served as a gel loading control. (B) The relative 

level of Cx43 was quantified by normalizing the Cx43 protein level against the GAPDH level in each 

sample. The results are shown as percentage of Cx43 expression relative to the Cx43 expression level in 

control cells, which was set to 100 %. Values shown are the means ± s.e.m. of three independent 

experiments. *p<0.05, Students t-test.  

Next, the effect of chloroquine on the Cx43 subcellular localization in LoVo cells was 

investigated by using confocal fluorescence microscopy. To this end, LoVo cells were grown on 



  Results 

81 
 

coverslips and treated with chloroquine for 5 hours. Untreated cells were used as control. The 

cells were then fixed and stained against Cx43 in combination with the early endosomal marker, 

early endosome antigen 1 (EEA1), or the lysosomal marker, lysosome associated membrane 

glycoprotein 1 (LAMP1) (Figure 29A). In accordance with the data described above, most Cx43 

staining was observed in intracellular vesicular compartments in LoVo cells. In control cells, a 

small fraction of Cx43 was found to co-localize with the early endosome marker EEA1 or with 

the lysosome marker LAMP1 (Figure 29A). These observations indicate that part of the 

intracellular Cx43 staining may represent Cx43 localized in compartments of the endolysosomal 

pathways. Cells treated with chloroquine for 5 hours displayed considerably enhanced 

co-localization between Cx43 and LAMP1 (Figure 29B), whereas the co-localization with EEA1 

appeared to be unchanged (data not shown). Altogether, these data suggest that part of the 

intracellular staining of Cx43 in LoVo cells represents Cx43 located in various compartments of 

the endolysosomal system.  
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Figure 29. Effect of chloroquine on the subcellular localization of Cx43. LoVo cells were (A) left 

untreated or (B) subjected to treatment with chloroquine or for 5 hours. The cells were fixed and stained 

with antibodies against Cx43 in combination with antibodies against EEA1 or LAMP1, as indicated. The 

cell nuclei were stained with Hoechst 33342 (blue). The cells were then visualized in a confocal 

fluorescence microscope. (A) The figure shows images of untreated LoVo cells. The cells were stained 

for Cx43 in combination with EEA1 (upper panel) or LAMP1 (lower panel). (B) The figure shows an 

image of LoVo cells treated with chloroquine for 5 hours. The cells were stained for Cx43 and LAMP1. 

Scale bar: 5 µm (applies to all images). 
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5.5 Live monitoring of cell proliferation of LoVo cells after ITCH 

depletion 

Since the above date indicate that siRNA-mediated depletion of ITCH in LoVo cells results in 

reduced number of cells (Section 5.1.4), it was of interest to perform live monitoring of the cell 

proliferation. To this end, the xCELLigence system was employed. It was also if interest to 

compare the endpoint viability of the cells depleted of ITCH with control-siRNA transfected 

cells. To this end, the CellTiter-Glo assay was performed. To establish optimal growth 

conditions for live monitoring of the cell proliferation and for cell viability, cell titration assays 

were initially performed to find an optimal amount of cells for seeding.  

 

5.5.1 Optimization of cell growth conditions for live monitoring of cell 

proliferation and evaluation of endpoint viability 

As a preparation for the live monitoring of LoVo cell proliferation and the examination of 

endpoint viability after depletion of ITCH, cell titration assays were performed to establish an 

optimal amount of cells for seeding for live monitoring using the xCELLigence system and for 

endpoint viability measurement using the CellTiter-Glo assay. For the live monitoring of cells, 

untransfected LoVo cells were seeded in concentrations ranging from 250-16,000 cells/well. The 

cell proliferation was then monitored for 100 hours (Figure 30).  
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Figure 30. Live monitoring of the LoVo cell proliferation. LoVo cells were seeded in concentrations 

ranging from 250 to 16,000 cells/well. The cells were monitored for 100 hours. Only the highest 

concentration of cells reached a plateau after 100 hours.  

For the endpoint measurement of viable cells, LoVo cells were seeded in concentrations ranging 

from 125 to 4,000 cells/well. After 3 days, the amount of ATP present in the wells was measured 

(Figure 31).  

 

Figure 31. Examination of the endpoint viability of LoVo cells after titration. LoVo cells were 

titrated in a series ranging from 125 to 4,000 cells/well. The amount of ATP was measured as a 

luminescence signal, which is directly proportional to the amount of viable cells.  

Based on these titration assays, LoVo cells were seeded at concentrations of 8,000 and 

16,000 cells/well for the live monitoring. For the endpoint viability measurement, LoVo cells 

were seeded at concentrations of 2,000 and 4,000 cells/well.  

 

5.5.2 Effect of depletion of ITCH on LoVo cell proliferation as determined by live 

monitoring and on endpoint viability 

To study the effect of depletion of ITCH in LoVo cells on cell proliferation as determine by live 

monitoring and on the endpoint viability, ITCH was depleted by following the siRNA 

transfection protocol described in Section 5.1.2. Approximately 6 hours after the initiation of the 

second transfection, the cells were trypsinized, diluted to the desired concentrations, and seeded 
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into the wells of the E-plate and to a 384-well plate. Cells transfected with control siRNA and 

untransfected cells were used as controls. The cells were then live monitored for 100 hours using 

the xCELLigence system (Figure 32A, B). After 100 hours, the endpoint viability was measured 

by the CellTiter-Glo assay (Figure 33A, B).  

Cells depleted of ITCH displayed a different growth pattern as compared to control cells, as 

determined by real-time cell monitoring. The result from an experiment in which the cells seeded 

with the highest concentrations, i.e. 16,000 cells/well, is shown in Figure 32A. These cells 

reached a maximum cell density plateau, where no further increase in cell index was seen. The 

control-siRNA transfected cells reached this plateau after approximately 75 hours, and after 

80 hours the cell index gradually declined. In contrast, the ITCH-depleted cells reached this 

plateau after approximately 85 hours, and the decline in cell index was observed after 90 hours. 

The ITCH-depleted cells had an overall lower cell index compared to the control. Figure 32B 

shows the result from an experiment in which the cells seeded with the lowest concentration, i.e. 

8,000 cells/well. These cells did not reach a maximum plateau during the experiment. However, 

the ITCH-depleted cells had a lower cell index during the complete live monitoring, as compared 

to the control-siRNA transfected cells.  
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Figure 32. Live monitoring of LoVo cell proliferation after depletion of ITCH. The graphs depict 

how ITCH depletion affects the cell proliferation of LoVo cells. Cells transfected with control siRNA and 

untransfected cells were used as a control. The proliferation was monitored during a time period of 

100 hours. Depletion of ITCH resulted in reduced cell proliferation, as seen by the lower cell index 

compared to the controls. (A) Live monitoring of cells seeded with a concentration of 16,000 cells/well. 

(B) Live monitoring of cells seeded with a concentration of 8,000 cells/well.  

The amount of viable cells after ITCH-depletion was determined by quantitating the amount of 

ATP present 6 days after the initial transfection. The amount of ATP present is an indication of 

the presence of metabolically active cells, which is direct proportional to the amount of viable 

cells [101, 112]. The cells were seeded in two concentrations, 4,000 (Figure 33A) and 2,000 

(Figure 33B) cells/well. For both concentrations, the lowest luminescence signal was detected for 
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the ITCH-depleted cells, indicating that these wells contain less viable cells. The effect was 

strongest observed in the wells containing 4,000 cells per well. 

It should be noted that due to time restriction, the live monitoring experiments and the endpoint 

viability experiments were performed only once, and further experiments need to be repeated in 

order to confirm the data obtained using these two methods.  

 

Figure 33. Effect of ITCH-depletion on the endpoint viability LoVo cells. The graphs depict how 

ITCH depletion in LoVo cells affects the amount of ATP present, which is proportional to the amount of 

viable cells. Cells transfected with control siRNA and untransfected cells were used as a control. Six days 

after the initial siRNA transfection, the amount of ATP was measured. (A) Endpoint viability 

measurement of cells seeded with a concentration of 4,000 cells/well. (B) Endpoint viability measurement 

of cells seeded with a concentration of 2,000 cells/well. The values are the means ± SD of six 

luminescence measurements within one experiment.  
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6 Discussion 

6.1 General discussion 

Emerging evidence indicates that several members of the NEDD4 family of E3 ubiquitin ligases 

have important roles in modulating various cellular processes involved in cancer development 

[49]. In this study, we aimed to investigate the role of four selected members of this protein 

family, called NEDD4, ITCH, SMURF1 and SMURF2, in the modulation of growth 

characteristics of colon cancer cells. Furthermore, we asked whether these E3 ubiquitin ligases 

are involved in modulating the level of cell-cell junctions in colon cancer cells, since 

dysregulation of cell-cell junctions is a key feature of EMT, which is considered to have an 

important role in the late stages of colorectal cancer pathogenesis [33].  

 

6.1.1 Role of NEDD, ITCH, SMURF1 and SMURF2 in the regulation of growth 

characteristics of LoVo cells 

In a previous study from our research department by Eide et al., depletion of NEDD4 by siRNA 

was found to significantly reduce the proliferation of LoVo cells [50]. In the same study, knock-

down of NEDD4 resulted in altered morphology of LoVo cells, where NEDD4-depleted cells 

formed epithelial-like sheets [50]. In contrast, in the present study, knock-down of NEDD4 did 

not result in significantly reduced number of cells compared to the control-siRNA transfected 

cells. Several reasons can explain that depletion of NEDD was found to reduce the proliferation 

of LoVo cells in the former study by Eide et al., but not in this study: One important factor to 

consider when comparing the data obtained in the present study with the data obtained by Eide et 

al., is that while the LoVo cells used in the present study were obtained from ATCC, the LoVo 

cells used in the study by Eide et al. were not obtained directly from ATCC but were instead 

supplied by another laboratory. It is likely that these LoVo cells have been grown over a long 

period of time and been subjected to repeated passages in the other laboratory before the cells 

were sent to our laboratory. Thus, these LoVo cell may have obtained novel mutations in cancer-

critical genes and and/or undergone major changes in key cell signaling pathways at the post-

translational level, which may have given these cells both altered genotypic and phenotypical 
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traits compared to the cells obtained from ATCC that were used in the present study. Another 

factor to consider is that the experimental setup between the study by Eide et al. and the current 

study was different, and the LoVo cells were therefore transfected with siRNA over different 

lengths of time, which may affect the results obtained. 

Depletion of SMURF1 and SMURF2 did not result in significantly reduced number of cells. 

However, LoVo cells transfected with siRNA targeting SMRUF1 were found to have 

considerably more detached cells as compared to the control-siRNA transfected cells. The 

detached cells observed under these conditions might represent cells that have undergone 

apoptosis or some other types of cell death. In this regard, it is interesting that SMURF1 

previously has been reported to negatively regulate p53 in colon cancer cells through the 

stabilization of MDM2 [113]. p53 is a key regulator of apoptosis, which can explain the increase 

in the amount of detached LoVo cells observed after SMURF1 depletion. However, these 

previously published studies were not carried out in LoVo cells, and whether SMURF1 regulates 

p53 in a similar manner in LoVo needs to be further investigated. Furthermore, the cells depleted 

of SMURF1 appeared less heterogeneous with regard to size and had a somewhat more 

epithelial-like morphology. It is important to take into consideration that neither SMURF1 nor 

SMURF2 were completely depleted by siRNA in the present study. 

Interestingly, siRNA-mediated depletion of ITCH in LoVo cells was found to result in 

significantly reduced cell number after six days of transfection. The effect of knock-down of 

ITCH on the proliferation of LoVo cells was also monitored live by utilizing the xCELLigence 

system. These studies supported the notion that the ITCH-depleted cells had reduced cell 

proliferation compared to the control-siRNA transfected cells and the unstransfected cells. In 

further support of the notion that ITCH regulates the growth characteristics of LoVo cells, the 

endpoint viability measurements indicated that after ITCH depletion there were fewer viable 

cells compared to the control-siRNA transfected cells and the untransfected cells. However, due 

to time limitations, both the live monitoring and the endpoint viability measurements were just 

performed once, and these experiments therefore need to be repeated several times before strong 

conclusions can be drawn regarding the effect of siRNA-mediated depletion of ITCH on live 

monitoring and endpoint viability. 
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To our knowledge, the present work is the first study that demonstrates that ITCH is a positive 

regulator of proliferation of colon cancer cells. Previous studies carried out on cell lines derived 

from other tissue types have demonstrated that ITCH may exert pro-oncogenic functions through 

several pathways. For instance, ITCH can destabilize the tumor suppressor proteins p73, p63 and 

LATS1, as explained in the introduction [78, 79, 81, 82]. The ability of ITCH to destabilize p73, 

p63 and LATS could be potential explanations for the reduced proliferation of LoVo cells 

observed after ITCH-depletion in the present study. In future studies, it will be important to 

investigate in further detail how depletion of ITCH in LoVo cells affects the expression of these 

proteins. Noticeably, in addition to causing reduced cell proliferation, depletion of ITCH 

appeared to have major effects on the morphology of the LoVo cells. In response to ITCH 

depletion, the cell monolayer appeared less heterogeneous with regard to the size of the 

individual cells, and the cells appeared slightly larger in size compared to the control-siRNA 

transfected cells.  

Depletion of one member of the NEDD4-family of E3 ubiquitin ligases could potentially result 

in overexpression and/or overactivation of another member of the family to compensate for the 

loss. In some experiments, we therefore aimed at depleting several E3 ubiquitin ligases of this 

family simultaneously, by performing triple knock-down experiments. Depletion of NEDD4 and 

ITCH in combination with SMURF1 or SMURF2 was found to result in statistically significant 

reduction in cell number. However, the reduction in cell number after the triple knock-down 

experiments was less compared to the reduction observed when ITCH was knocked down alone. 

A possible explanation for this finding is that the concentration of the ITCH-targeting siRNA 

used during the triple knock-down experiments was less than in the experiments in which ITCH 

was knocked down alone, and as a consequence the depletion of ITCH in these experiments is 

less efficient compared to the single knock-down experiments.  

 

6.1.2 Expression and subcellular localization of E-cadherin, occludin and Cx43 in 

LoVo cells  

EMT was originally described as a major event in embryonic development [30]. There is 

increasing evidence that the EMT program might be activated during cancer development, which 

may facilitate cancer cell invasion and metastasis [30, 33]. Furthermore, increasing experimental 
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and clinical evidence suggest that EMT is important for colorectal cancer progression [32]. 

Extensive research has contributed to understand the in vivo role of the epithelial plasticity 

observed at different steps of metastasis [31]. Yet, we are far from fully understanding the role of 

EMT in cancer progression, and the translation of EMT into a clinical setting is limited [31]. If a 

better understanding of the processes that trigger EMT during cancer development had been 

obtained, it could also be possible to prevent it in clinical settings. 

During EMT, tight junctions, adherens junctions and gap junctions are deconstructed and the 

various junction proteins are relocalized and/or degraded or down-regulated at the transcriptional 

level. Loss of E-cadherin expression is considered to be one of the hallmarks of EMT [33]. 

Increasing experimental and clinic evidence suggest that EMT is important for colorectal cancer 

progression [37]. 

The LoVo cell line was initiated from a fragment of a metastatic tumor nodule in the left 

supraclavicular region from a patient with histological proven diagnosis of adenocarcinoma of 

the colon [89]. As previously mention in Section 4.1.1, the LoVo cell line has been described as 

both an epithelial and a mesenchymal cell line [89, 90]. Noticeably, cells may not necessarily 

alternate between a full epithelial and a full mesenchymal state, but rather move through an array 

of intermediary phases and thereby undergo partial EMT and MET processes [30]. The early 

intermediate EMT stages might only involve a partial decline in epithelial properties, involving a 

partial remodeling of junctional complexes [30]. Loss of tight junctions is considered to be a key 

event in the early intermediate state of EMT, while the late intermediate state is hallmarked by 

destabilization of anchoring junctions [36].  

E-cadherin and occludin are common markers for epithelial cells. The LoVo cells were found to 

have a relatively high and consistent expression of E-cadherin, as determined by western 

blotting, which is in accordance with two previous studies of LoVo cells [114, 115]. Conversely, 

other studies have reported that E-cadherin is low in LoVo cells, and that the knock-down of the 

EMT transcription factor ZEB1 results in an increase in the E-cadherin expression [116]. The 

LoVo cell line was also found to express occludin. Interestingly, the expression of occludin was 

found to vary considerably between different experiments (data not shown). Furthermore, the 

subcellular localization of both E-cadherin and occludin displayed a high degree of heterogeneity 

between cells within the cell monolayer, with some regions appearing to be negative for E-



Discussion   

92 

 

cadherin and occludin. Noticeably, the LoVo cells had a low expression of Cx43, and the 

expression varied considerably between different experiments (data not shown). In addition, the 

LoVo cells appeared to not form any functional gap junctions. Based on these observations, it 

appears that the LoVo cells are in an early intermediate stage of EMT. It should however be 

noted that we did not investigate the expression of any mesenchymal markers, such as for 

instance vimentin and N-cadherin. Other studies of LoVo cells have reported that TGF-β-

induced EMT causes a decrease in the E-cadherin expression and an increase in the expression of 

vimentin [115]. In future studies, it will be important to investigate the expression of vimentin 

and other mesenchymal markers in LoVo cells and correlate their expression within the cell 

monolayer with that of E-cadherin, occludin and Cx43, in order to further characterize the EMT 

status of these cells.  

 

6.1.3 Role of NEDD, ITCH, SMURF1 and SMURF2 in the regulation of E-cadherin, 

occludin and Cx43 in LoVo cells 

It is currently not known if NEDD4, ITCH, SMURF1 and SMURF2 regulate the protein level of 

E-cadherin, occludin and Cx43 in colorectal cancer. NEDD4 is considered a proto-oncogene, and 

several lines of evidence suggest that NEDD4 can be important in tumor progression [49]. 

NEDD4 has been found to be overexpressed in several human carcinomas, including colorectal 

cancers [49, 50]. However, to our knowledge, it is not known whether NEDD is involved in 

EMT in colorectal cancer. ITCH has also been associated with tumor development and can be 

involved in both tumor initiation and progression [49, 75]. Furthermore, ITCH has been 

suggested to be important in promoting cell proliferation and EMT during cancer development 

[84, 85]. However, the role of ITCH in colorectal cancer is to our knowledge not currently 

known. Both SMURF1 and SMURF2 have been found to be frequently overexpressed in several 

cancer types and increasing evidence indicates that they can be involved in cancer progression 

[74]. However, it is important to keep in mind that the aberrant expression of an E3 ubiquitin 

ligase might be an indirect effect, a passenger, rather than a driver in cancer progression.  

A study on nasopharyngeal carcinoma cells showed that depletion of NEDD4 resulted in 

increased expression of E-cadherin [55]. Moreover, in a recent study, NEDD4 was found to 

promote Cx43 ubiquitination, endocytosis and Cx43 in cervical cancer cells [25]. In the present 
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study, depletion of NEDD4 did not have a significantly effect on E-cadherin, occludin or Cx43 

protein levels.  

Several previous studies have suggested that ITCH may act as a promoter of EMT. For instance, 

overexpression of ITCH has been found to down-regulate E-cadherin in breast cancer cells [82]. 

Furthermore, depletion of ITCH has been found to increase the protein level of occludin in 

several cell lines, including kidney derived epithelial cells [84]. Moreover, recent data from our 

own research group indicates that depletion of ITCH in cervical cancer cells results in increased 

Cx43 protein levels, which is associated with increased levels of functional gap junctions 

between cells (Rasmussen et al., manuscript in preparation). In the present study, depletion of 

ITCH was found to not significantly affect the E-cadherin, occludin or Cx43 protein levels. 

Altogether, these data suggest that the ability of ITCH to modulate the level of these proteins is 

cell-type dependent.  

SMURF1 has been associated with tumor development in a variety of human cancers, including 

prostate cancer, breast cancer and ovarian cancer [69-71] Interestingly, SMURF1 has been 

shown to play an important role in the down-regulation of tight junctions during EMT in 

mammary gland epithelial cells, by degrading RhoA [36, 67]. Moreover, SMURF2 has been 

suggested to act as a negative regulator of EMT by inhibiting TGF-β induced EMT in several 

cell lines, including mouse epithelial cells and human pancreatic cells [117, 118]. A previous 

study from our research group demonstrated that depletion of SMURF2 results in increased 

protein levels of Cx43 in rat liver epithelial cells [74], as well as in cervical cancer cells (Totland 

et al., manuscript in preparation). Furthermore, overexpression of SMURF2 in cervical cancer 

cells increases endocytosis and degradation of Cx43, which is associated with loss of gap 

junctions (Totland et al., manuscript in preparation). However, it is currently not known whether 

SMURF1 and SMURF2 are involved in EMT in colon cancer cells. In the present study 

depletion of SMURF1 and SMURF2 did not have significant effects on E-cadherin, occludin or 

Cx43 protein levels in LoVo cells. These data suggest that the ability of SMURF1 and SMURF2 

to regulate these proteins is cell-type specific. 

To our knowledge, no studies have previously investigated the effect of simultaneous depletion 

of members of the NEDD4 family of E3 ubiquitin ligases on the protein level of E-cadherin, 

occludin and Cx43. Since we did not observe any effect on the level of these three cell junction 
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proteins under conditions in which the various E3 ubiquitin ligases were singly depleted, it was 

of interest to investigate whether triple knock-down of NEDD4 and ITCH in combination with 

SMURF1 or SMURF2 affected the protein level of E-cadherin, occludin and Cx43. However, 

simultaneous depletion of NEDD4, ITCH and SMURF1/SMURF2 did not have a statistically 

significant effect on E-cadherin, occludin or Cx43 protein levels in LoVo cells. 

 

6.1.4 Characterization of the endocytic trafficking of Cx43 in LoVo cells 

Gap junctions are highly dynamic plasma membrane domains [111]. Endocytosis and post-

endocytotic sorting of connexins are important mechanisms for regulating the level of functional 

gap junctions at the plasma membrane [111]. Cx43 has a high turnover rate in most tissue types, 

in contrast to E-cadherin, occludin and many other integral membrane proteins [111, 119].  

In the LoVo cells, Cx43 was found to mostly localize in intracellular vesicular compartments 

rather than at the plasma membrane. We investigated if this Cx43 pool could represent Cx43 

localized in various compartments of the endolysosomal system. The major pathway for 

degradation of transmembrane proteins is through the endolysosomal pathway. During the 

endocytosis of gap junctions, so-called annular gap junctions are formed [111]. The annular gap 

junctions are known to follow different routes to the lysosome for degradation, and may follow 

either the endolysosomal or the autophagosomal pathway [26].  

Cx43 is frequently down-regulated in cancer development and many tumor promoters are 

inducers of Cx43 endolysosomal degradation [26]. Emerging evidence indicates that the 

ubiquitin system plays an important role in modulating the endolysosomal degradation of Cx43 

[26]. In addition, NEDD4 has been shown to be involved in autophagy-mediated degradation of 

Cx43 [26]. In untreated LoVo cells, Cx43 was found to localize in intracellular vesicular 

compartments. A small fraction of Cx43 was found to co-localize with the EEA1, a marker for 

early endosomes, or with LAMP1, a marker for late endosomes and lysosomes. In order to 

counteract degradation of Cx43 and thereby obtain a higher Cx43 protein level, the LoVo cells 

were treated with the lysosomal inhibitor chloroquine. After treatment with chloroquine, Cx43 

displayed an enhanced co-localization with the LAMP1, whereas the co-localization with the 

EEA1 appeared to be unchanged. Taken together, these findings suggest that the LoVo cells are 
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unable to form functional gap junctions at the plasma membrane. This loss of gap junctions may 

possible be due to increased Cx43 endocytosis and sorting of Cx43 to lysosomes along the 

endolysosomal pathway, which would result in increased degradation rate of Cx43.  

 

6.2. Methodological considerations 

6.2.1 Cell culture 

The use of cell cultures in research has important benefits. It is possible to use the cell line over a 

long period of time, providing reproducibility and consistency. Cells in culture are usually easy 

to grow, cost effective and they can provide an unlimited supply of cells [120]. If the cell lines 

are handled correctly, genotypic and phenotypic changes can be kept at a minimum. Finally, 

cells in cultures can easily be manipulated to study for instance the function of a desired protein.  

However, cell cultures have limitations as a model system that has to be taken into consideration. 

Cells grown in dishes at a laboratory are exposed to an entirely different environment compared 

to that inside an organism, making it difficult to know if the findings are relevant in vivo. Cells 

in dishes represent simplified conditions different of that inside an organism. When cells are 

grown in cell culture dishes, they adapt to a generous amount of nutrients and growth factors that 

they probably not encounter inside an organism. Moreover, when working with cell cultures, 

contamination by fungi, bacteria, viruses, mycoplasma or other cell lines is a concern, which 

may negatively affect the cells or affect the experimental results [120]. Finally, it is challenging 

to interpret how relevant the findings in a tumor derived cell line are in a clinical setting, because 

of the genetic complexity of tumors.  

In the present study, the LoVo cell line was used as a model system to study the role of the E3 

ubiquitin ligases NEDD4, ITCH, SMURF1 and SMURF2 in regulating growth characteristics of 

colon cancer cells, as well as their role in regulating E-cadherin, occludin and Cx43 in these 

cells. The LoVo cell line has several properties that make it advantageous in this study. First, the 

cell line is well characterized and widely used in cancer research. Second, the LoVo cells grow 

as a monolayer, making their morphology easy to study in microscopes. Finally, the cell line 

grows rapidly, ensuring a substantial supply of cells.  
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It should also be taken into consideration when interpreting the results from this study that the 

protein level of E-cadherin, occludin and Cx43 varied considerably between the individual 

experiments (data not shown). It also appeared that the effect of depletion of NEDD4, ITCH, 

SMURF1 and SMURF2 on E-cadherin, occludin and Cx43 was dependent on the number of 

passages the cells had been subjected to after thawing, which could contribute to inconsistent 

results between experiments (data not shown). In some experiments, the LoVo cells appeared to 

be nearly devoid of Cx43 expression, and hence in these experiments, it was difficult to detect 

Cx43 by western blotting, which made the quantitation of the intensity of the band on western 

blots representing Cx43 challenging. 

 

6.2.2 Depletion of proteins in LoVo cells by siRNA 

In the present study, siRNA transfection was performed to deplete the levels of NEDD4, ITCH, 

SMURF1 and SMURF2 in LoVo cells. Transfection with siRNA is a common method used to 

study the function of a given protein. However, some siRNA sequences can have off target 

effects if the sequence of the mRNA target is similar to a non-target mRNA transcript [121]. 

Interestingly, it has been suggested that cationic lipid mediated transfection of siRNA induce 

broad changes in gene expression [122]. As a control to the transfection experiments, a non-

targeting control siRNA sequence was used to exclude that the potential effects of siRNA-

mediated knock-down of the various E3 ubiquitin ligases on LoVo cells characteristics could be 

due to unspecific effects of the siRNA sequences used. Lipofectamine 2000, which was used in 

this study, can also exert toxic effects. Because of this, initial experiments with Lipofectamine 

2000 were performed, in order to find a concentration of Lipofectamine 2000 that is not toxic to 

LoVo cells and at the same time provide efficient siRNA transfection.  

The E3 ubiquitin ligases NEDD4, ITCH, SMURF1 and SMURF2 were in this study depleted by 

performing a double transfection procedure with siRNA over a period of 6 days. For the single 

knock-down experiments, LoVo cells were transfected with siRNA at a final concentration of 

80 nM. In the triple knock-down experiments, NEDD4 and ITCH were depleted in combination 

with either SMURF1 or SMURF2. In these experiments, LoVo cells were transfected with a 

concentration of 40 nM for each siRNA, resulting in a total siRNA concentration of 120 nM. 

When depleting several proteins simultaneously, it can be challenging to find an appropriate 
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concentration of siRNA. On the one hand, it is desirable to achieve a sufficient depletion of the 

specific proteins, which might require relative high concentrations of siRNA. On the other hand, 

siRNA can have disadvantageous off target effects on the cells and the concentration should 

therefore be kept as low as possible to avoid toxicity. In future studies, the experimental setup 

should be further optimized so that the total siRNA concentration can be reduced during the 

triple knock-down experiments and at the same time obtain more efficient depletion of the 

various E3 ubiquitin ligases.  

Quantification of the NEDD4 expression based on the western blot data suggested that 

transfection of LoVo cells with siRNA targeting NEDD4 for 6 days gave an approximately 55 % 

and 40 % reduction in NEDD4 protein expression during the single and triple knock-down 

experiments, respectively. However, the intensity of band on western blots that represented 

NEDD4 was challenging to quantify using ImageJ, due to the presence of unspecific bands close 

to the band representing NEDD4, as explained in Section 6.2.3. The triple knock-down 

experiments were less efficient, and resulted in a lower reduction in the expression of the various 

E3 ubiquitin ligases, especially for SMURF1, which only had a 32 % reduction in protein 

expression after depletion by siRNA. The overall lover effect of siRNA depletion during the 

triple knock-down experiments compared to single knock-down experiments is likely caused by 

the lower concentration of each siRNA sequence. Noticeably, the siRNA transfection did not 

result in complete depletion of the E3 ubiquitin ligases in the LoVo cells, neither in the single 

nor the triple knock-down experiments. The incomplete depletion of the E3 ubiquitin ligases 

must be taken into consideration when interpreting the effect of the depletion of the various E3 

ubiquitin ligases on the LoVo cell growth characteristics and the expression of E-cadherin, 

occludin and Cx43.  

It is important to take into consideration that in addition to target the protein of interest, siRNA 

sequences might unspecifically target mRNA encoding for other proteins. In future studies it will 

therefore be important to verify that a similar negative effect on the proliferation of LoVo cells is 

obtained when other siRNA sequences targeting ITCH are used in transfection experiments, as 

compared to the siRNA sequence targeting ITCH used in the present study.  

It should be noted that during the siRNA transfection experiments carried out in the late phases 

of this master project, we unexpectedly experienced that LoVo cells transfected with the control 
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siRNA failed to grow, suggesting that the control siRNA had major toxic effect on LoVo cells 

(see Figures 34-36 in the Appendix). We did not observe any signs of bacterial contamination or 

other types of contamination in these dishes. Moreover, the cells transfected with siRNA 

targeting NEDD4, ITCH, SMURF1 and SMURF2 in the same experiments appeared to grow 

normally, in a similar manner as in the previous experiments. The experiment was repeated 

several times and had the same outcome. To investigate this problem further, and to try to find a 

solution to the problem, an extra experiment was set up, in which we compared different aliquots 

of control siRNA obtained from Life Technologies with different lot numbers, as seen in the 

Appendix (Figure 34). In these experiments, the control siRNA aliquots with the lot number that 

was found have toxic effects on LoVo cells was directly compared against other aliquots 

containing control siRNA from the same company (Life Technologies), but which had other lot 

numbers. The cells were transfected twice over a period of 6 days, as described in section 4.3 and 

the cells were then counted (Figure 35) and the morphology of the cells was examined 

(Figure 36). It was clear from these results that the control siRNA aliquots from Life 

Technologies with the lot number 1841285 were toxic to the LoVo cells. Based on these 

experiments, we contacted Life Technologies and informed them that the control siRNA aliquots 

with the lot number 1841285 had unintended, harmful effects on cells. As a result, Life 

Technologies replaced all the control-siRNA containing aliquots in our department with the lot 

number 1841285 with aliquots with another lot number. After this problem was solved, all 

subsequent siRNA experiments in this study were carried out using the same control siRNA 

sequence obtained from Life Technologies, but with aliquots with other lot numbers than 

1841285. 

 

6.2.3 Western Blotting  

Western blotting is extensively used in cell biology research. With the access to specific 

antibodies, western blotting is suitable for validating the presence of proteins in cell lysates. 

However, this widely used method has its limitations. The specificity of the antibodies can be a 

limitation and antibodies that not only recognize the protein of interest but also recognize other 

proteins unspecifically, might result in the formation of unspecific bands on the western blot that 

might hamper the analysis of the data. In the present study, western blotting was used to evaluate 
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the efficiency of NEDD4 knock-down following siRNA transfection using siRNA targeting 

NEDD4. By western blotting, a band representing NEDD4 was detected, but in addition a band 

just above the NEDD4 band as well as a band just below the NEDD4 band appeared on the blots. 

These bands probably represent proteins that are unspecifically recognized by the NEDD4 

antibody used in the present study, since they were detected both in cell lysates of control-siRNA 

transfected LoVo cells as well as in cell lysates of LoVo cells transfected with siRNA targeting 

NEDD4.  

It is important to keep in mind that the data produced by western blotting is considered to be 

semi-quantitative [123]. Western blotting provides a relative comparison of protein levels 

between different cell lysates and not an absolute measure of quantity [123]. The signal 

generated by the chemiluminescence detection is not linear across different concentrations of the 

samples, and can therefore not be used as an accurate measure of protein concentration [123].  

Since the depletion of the various E3 ubiquitin ligases was found to affect cell growth 

characteristics, and in order to load identical concentrations of proteins on the gel prior to 

SDS-PAGE, the total protein concentration of the cell lysates was measured. In the initial 

experiments, the total protein concentrations of the cell lysates for were measured prior to 

western blotting (data not shown). However, it did not appear that the observed changes in cell 

growth characteristics affected the total protein levels (data not shown). Therefore, it was 

determined that the total protein concentrations were not measured prior to western blotting in 

the remainder of the study.  

Another factor that has to be taken into consideration when analyzing western blot data is that 

the so-called stripping procedure, in which primary and secondary antibodies are chemically 

removed from a western blot membrane, may affect the results obtained. Because of the large 

number of proteins analyzed by western blotting in this study, and due to the fact that several 

proteins were of similar molecular mass, stripping of the nitrocellulose membranes was 

frequently carried out during the western blotting procedures, in order to detect as many proteins 

as possible on a single nitrocellulose membrane. During the stripping procedure, it is likely that 

some of the proteins of interest are lost from the membrane [124]. It is important to minimize the 

loss of antigens during the stripping procedure.  
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6.2.4 Fixation of cells and confocal fluorescence microscopy 

Confocal fluorescence microscopy was in the present study used to study the subcellular 

localization of E-cadherin, occludin and Cx43 in LoVo cells under normal conditions and after 

depletion of ITCH. Confocal fluorescence microscopy was also used to analyze the localization 

of Cx43 in compartments of the endolysosomal system in untreated cells and in cells treated with 

chloroquine. As with western blotting, visualization of proteins by confocal fluorescence 

microscopy is dependent on the specificity of the antibodies. However, an antibody that is 

suitable for detection of a given protein by western blotting is not necessarily suitable for 

detection of the same protein in fixed cells by confocal fluorescence microscopy. When proteins 

are detected by western blotting, they are in a denatured form. In contrast, fixation of cells in 4 % 

paraformaldehyde, which was used in the present study for the confocal fluorescence microscopy 

studies, retains proteins in a more or less native configuration. This can affect the binding of the 

antibodies to the target protein or promote unspecific binding. 

The LoVo cells displayed a high degree of heterogeneity with regard to the level of E-cadherin 

and occludin expression in individual cells. Some cells were negative for E-cadherin and 

occludin, while other cells displayed clear staining of E-cadherin and occludin in the plasma 

membrane. This heterogeneity made it difficult to determine the effect of depletion of the various 

E3 ubiquitin ligases on the subcellular localization of E-cadherin or occludin. However, the 

overall impression was that the subcellular localization of E-cadherin or occludin was not 

effected under these conditions.  

 

6.2.5 Analyzing LoVo cell growth characteristics 

In the present study, growth characteristics were analyzed by different quantitative methods. 

Changes in the growth characteristics of LoVo cells following depletion of ITCH were measured 

by cell counting, live monitoring of proliferation and measurement of endpoint viability. These 

methods reveal different aspects of cell growth and thereby complement each other. For the live 

and endpoint monitoring of cell growth, initial optimization experiments were performed to 

establish optimal concentrations for seeding. Optimization is necessary to ensure that the cells 

are seeded in concentrations that keep the cells in a proliferative phase, thus allowing us to study 

the effect of ITCH depletion on cell proliferation. Another challenge with the live monitoring 
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and the measurement of endpoint viability is that the ITCH-depleted cells and the control cells 

need to be seeded in nearly identical concentrations. Small variations in starting concentrations 

can have major impacts on the cell number at later stages. 
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7 Conclusions 

The present study provides new insights into the role of four selected members of the NEDD4 

family of E3 ubiquitin ligases, NEDD4, ITCH, SMURF1 and SMURF2, in modulating the 

growth characteristics of LoVo cells and in controlling the expression of cell junction proteins in 

these cells.  

The main findings of this study can be summarized as follows: 

 

 siRNA-mediated depletion of ITCH results in reduced proliferation of LoVo cells.  

 

 siRNA-mediated depletion of NEDD4, SMURF1 or SMURF2 does not significantly 

affect the growth characteristics of LoVo cells. 

 

 LoVo cells show considerable differences in the expression of E-cadherin and occludin 

when grown as a monolayer. In some areas of the cell monolayer, the cells display 

distinct staining of E-cadherin and occludin at the plasma membrane, whereas in other 

areas the cells are negative for E-cadherin and occludin. 

 

 LoVo cells growing in a monolayer display low expression of Cx43 or are negative for 

Cx43. Those cells that are positive for Cx43 display Cx43 in intracellular vesicular 

structures rather than at the plasma membrane. Some of these structures represent 

compartments of the endolysosomal pathway, such as early and late endosomes and 

lysosomes. 

 

 siRNA-mediated depletion of NEDD4, ITCH, SMURF1 or SMURF2 does not affect the 

protein level or subcellular localization of E-cadherin, occludin and Cx43 in LoVo cells. 
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8 Future perspectives  

This study represents the first evidence that ITCH acts as a positive regulator of proliferation of 

colon cancer cells. On the basis of the data obtained in the present study, it would be interesting 

to further elucidate the role of ITCH in modulating the growth characteristics of other colon 

cancer cells in addition to the LoVo cells. Moreover, since ITCH is a potential target protein in 

cancer therapy, it will be important to provide a better understanding of the clinical relevance of 

this protein for colorectal cancer patients. To this end, it would be of interest to investigate the 

expression of ITCH in colon cancer tumors as well as in healthy colon tissue by 

immunohistochemistry. In this way, it would be possible to study if overexpression of ITCH in 

tumors correlates with poor patient survival. If so, ITCH could be a potential future prognostic 

marker in colon cancer. 

In the future, it will also be important to investigate the molecular mechanisms behind the 

response on cell growth of LoVo cells observed after depletion of ITCH. In this regard, it is 

interesting that ITCH has previously been reported to mediate ubiquitination and degradation of 

several tumor suppressor proteins, such as p63, p73 and LATS1. However, the role of ITCH in 

modulating the level of these proteins has not yet been studied in LoVo cells, and it would 

therefore be of interest to investigate if the expression of p63, p73 and LATS1 in these cells is 

affected after ITCH depletion.  

To obtain a better understanding of the role of ITCH in colorectal cancer pathogenesis, it would 

also be interesting to stable knockout ITCH in colon cancer cell lines gene by CRISPR/Cas9. 

This technique provides a complete depletion of a specific protein of interest compared to RNA 

interference, which only provides a partial and reversible depletion of a given protein. By 

utilizing the CRISPR/Cas9 technique, one would be able to study how knock-out of ITCH 

affects tumor growth in mouse xenograft experiments. In such experiments the ability of wild 

type LoVo cells and ITCH knock-out LoVo cells would be transplanted into 

immunocompromised mice, and the effect of ITCH knock-out on tumor growth could be 

determined. 
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Figure 34. Experimental setup for testing two different lot numbers of control siRNA from Life 

Technologies. The LoVo cells were transfected twice with two different control siRNAs obtained from 

Life Technologies over a period of 6 days, as described in Section 4.3. In addition, a control including 

only OPTI-MEM (control 1) and another control including OPTI-MEM and Lipofectamine 2000 

(control 2) were used to exclude the possibility that the observed loss of LoVo cell growth during 

transfection could be due to OPTI-MEM or Lipofectamine 2000. 

 

Figure 35. Effect of transfecting LoVo cells with control siRNA with different lot numbers obtained 

from Life Technologies on cell number. Cells transfected with control siRNA obtained from Life 

technologies were trypsinized and counted with an automatic cell counter. The cells were counted two 

times and the columns represent the means of these two counts. The number of cells after transfecting the 
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cells with the control siRNA with lot 1841285 were too low to be measured with the TC10 Automatic 

Cell Counter.  

 

Figure 36. Effect of transfecting LoVo cells with control siRNA with different lot numbers obtained 

from Life Technologies on cell morphology. LoVo cells were transfected with two different lot numbers 

(1841285 and 1003517) of control siRNA obtained from Life Technologies with two different 

concentrations (80 nM and 120 nM), as indicated, over a period of 6 days. The cells were then imaged 
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using phase contrast microscopy. The two upper images show images of LoVo cells only treated with 

OPTI-MEM (control 1) and OPTI-MEM and Lipofectamine 2000 (control 2). The two middle images 

show LoVo cells transfected with control siRNA with the lot number 1841285 (80 nM and 120 nM, 

respectively). The two lower images show LoVo cells transfected with control siRNA with the lot number 

1003517 (80 nM and 120 nM, respectively). Transfecting LoVo cells with control siRNA with the 

lot number 1841285 resulted in almost no cell growth. The cells transfected with control siRNA with the 

lot number1003517 grew in a similar manner as untransfected cells and appeared healthy.  


