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ABSTRACT 

Ras is a key switch controlling cell behaviour, such as cell growth or cell death. In the active, 

GTP-bound form, Ras can interact with numerous effector proteins in a mutually exclusive 

manner, suggesting that individual Ras-effector complexes engage in larger cellular 

(sub)complexes. A detailed characterization of these (sub)complexes and how they are altered 

in specific contexts is not fully understood. Focusing on KRAS protein, one of the main Ras 

isoforms expressed in colon tissue, we performed an affinity purification coupled to mass 

spectrometry (AP-MS) experiments of exogenous expressed FLAG-KRAS wild-type and three 

oncogenic mutants in the human Caco-2 cell line exposed to 16 growth contexts – mimicking 

conditions relevant in the colon and colorectal cancer. We identified four effectors present in 

complex with KRAS in almost all conditions (“condition-general”) and nine effectors that only 

form complexes in some contexts (“condition-specific”). We computationally predicted earlier 

that the latter effectors need additional domains to be recruited to the plasma membrane for 

efficient recruitment to KRAS. Analyzing all interactors in complex with KRAS per condition, 

we find that the different growth conditions had a larger impact on complex rewiring than the 

mutation status of KRAS. We also reconstructed effector-mediated (sub)complexes and linked 

changes in (sub)complex compositions in the different conditions to phenotypic changes. 

Altogether, our work shows the impact of environmental contexts on network rewiring, which 

provides insights into tissue-specific signalling mechanisms. Our work also sheds light on why 

individual KRAS oncogenic mutant proteins may be causing cancer only in specific tissues – 

despite KRAS being expressed in most cells and tissues. 
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Chapter 1: Introduction 
 
1.1. The network-centric approach in molecular biology 

Biological processes rely on multiple interactions between biomolecules, including 

proteins, which are involved in most cellular functions. Proteins interact together through a 

network made of protein-protein interactions (PPIs) and facilitate the flow of information 

within and between cells. Hence, experimental and computational methods have been 

developed to capture these interactions and create maps to characterise gene to protein 

functions, cell organisation (Barabasi and Oltvai, 2004), drug effect, and, importantly, to 

understand how PPIs are rewired in diseases (Vidal et al., 2011) (Luck et al., 2017). These 

interactions are dependent on the context, which can be defined as all the conditions that can 

occur and perturb interactions in an organism, tissue, cell type, cellular compartment or 

biological process time. Classification of the knowledge of PPI networks in 

(patho)physiological cellular context remains a challenge (Hein et al., 2015). However, in 

2020, Luck and colleagues generated a PPI map of the human binary protein interactome (Luck 

et al., 2020), highlighting the link between genomic variation to phenotypic outcomes. 

Nonetheless, integrating most of this information is challenging and constantly evolving due 

to high PPI network dynamics. 

Thus, this thesis aims to study networks in a disease-relevant model through the cancer-

context-specificity of PPI rewiring. The introduction chapter presents the necessary biological 

background, followed by a description of the relevant context-disease-mutation model and 

techniques used to generate and study PPI network data. The chapter concludes with the project 

rationale, hypothesis, and primary objectives. 

 

1.1.1.  Signalling pathways, protein-protein interaction (PPI) networks and 

their role in molecular medicine 

The environment in which cells grow changes rapidly. Consequently, cells must perceive 

their environment and surroundings to trigger the appropriate mechanism to adapt and maintain 

a homeostatic state. Signalling pathways are the key biological mechanisms that transduce 

signals within biological systems to regulate intracellular responses (e.g., gene expression) in 

physiological and disease contexts. For example, in the context of colorectal cancer (CRC) 
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progression, different signalling pathways are involved in the regulations of biological 

functions, such as proliferation and invasion, among others, and some of these pathways are 

highly connected between each other (Koveitypour et al., 2019). Environmental (e.g., hypoxia, 

tumour microenvironment (TME)) and intrinsic (e.g., mutations) adaptation of biological 

systems can be considered as reorganising networks to adjust existing physiological processes 

appropriately to match dynamic changes. These signalling pathways are made of proteins (e.g., 

metabolic enzymes, kinases, etc.) in complexes, which are embedded through protein-protein 

interaction (PPI) (Ferrari et al., 2018) (Stelzl et al., 2005) (Rual et al., 2005). PPIs are dynamic, 

interactive networks (e.g., feedback mechanisms) and can form (sub-)networks, which are 

linked by nodes. For example, depending on the cellular context or disease state, nodes can be 

altered. In fact, a study identified and scored protein interactions (sub)networks involved in the 

late stage of colon cancer (Nibbe et al., 2009). Understanding how networks are organised in 

(sub)networks is of interest, especially to determine the PPIs which are participating in disease 

and non-disease states for targeted-medicine strategy, for instance.  

Networks are the most common way to represent complex biological systems as binary 

interactions. Typically, signalling pathways can be represented as PPI networks where nodes 

are proteins, and edges signify the interaction between pairs of proteins (nodes) and form 

different proteins in (sub)complexes. Most signalling pathways can interact with multiple other 

signalling pathways (also called crosstalk), as shown with the example of the MAP kinase 

pathways, especially the Ras/Erk/kinase pathway (Morrison, 2012), which can interact with 

multiple effector pathways and notably the PI3K pathway (Hemmings and Restuccia, 2012) 

and the phospholipases-C γ pathway (Bootman, 2012), among many others. In addition, nodes 

possess different properties, which can be described based on protein binding affinities, 

dynamics (kinetics of complex formation) and protein abundances of the protein involved. 

Serrano and colleagues showed that changes in protein abundances make protein partners 

compete for binding and contribute to context-specific signalling within the ErbB network 

(Kiel et al., 2013). Specific protein domains are also used to characterise protein interactions 

and are often involved in one or more distinct structural contacts between proteins (Aloy & 

Russel, 2006) (Kiel et al., 2013). Knowing domain-domain interactions provides an excellent 

tool for understanding and predicting proteins in complex and analysing PPI networks (Ozawa 

et al., 2010) (Ma et al., 2012) (Kiel et al., 2013) in a specific context for plasma membrane 

(PM) recruitment or binding to a particular protein of interest, for example. 

As such, altering protein abundances or binding sites (e.g., through mutations) of the 

protein involved in PPI formation can modify or rewire signal transduction pathways resulting 
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in a different output than the non-modified one (Kiel and Serrano, 2014). As mentioned, PPI 

forms a network that requires decision-making and information processing, positive and 

negative feedback, and crosstalk with other signalling pathways (Varusai et al., 2015). 

Altogether, this affects the signalling and output responses. Moreover, the mapping of PPI 

networks has become a powerful tool for studying molecular mechanisms of signal 

transduction and its aberrations in diseases (Vidal et al., 2011) (Kolch et al., 2015).  

Understanding network complexity will allow identifying physiological and 

pathophysiological pathways or PPIs, which can help gain insight into biological mechanisms 

(Goh et al., 2007) to identify strategies to target these particular altered pathways. In recent 

years PPIs have become attractive targets, as described in multiple studies showing the 

potential of peptides that can be used to disrupt or modulate PPIs (Nevola et al., 2015), 

especially in cancer (Rosell and Fernandez-Recio, 2018). For example, Li and colleagues 

created the "OncoPPI" network of PPI networks applied to lung cancer, which identified 

biomarkers that can potentially inform therapeutic decisions making in medicine according to 

the drug sensitivity in certain conditions (Li et al., 2017). The use of PPI inhibitors has also 

been the focus of extensive research (Scott et al., 2016) (Mabonga et al., 2019). 

1.1.2. Concept of network rewiring  

Interactions between protein partners can be altered in different manners and hence modify 

the PPI network. For example, interactions can be rewired through protein alternative splicing 

(variants) that can alter protein domains and motifs in the protein structure involved in binding. 

Further, changes in protein abundances involving protein interaction competition for the same 

upstream can cause network rewiring (Kiel et al., 2013) (Romano et al., 2014). Protein 

mutations can also affect protein folding and protein abundances and rewire networks, as 

shown by (Kiel & Serrano, 2014). Mutations can also lead to protein modifications that may 

cause specific cellular network perturbation by affecting a protein's particular binding sites or 

domains (also called "edgetic"). For example, Zhong et al., 2009 demonstrated that edgetic 

perturbations modify interactors binding and lead to network rewiring, especially in disease 

mutation (Zhong et al., 2009) and can be used as potential cancer biomarkers (Kataka et al., 

2020). In addition, structural (mutated) protein modelling and energy prediction analysis has 

shown that introducing a mutation distinctively affects the binding affinities of different partner 

proteins. According to the authors, different mutations of the same gene cause distinct 

mechanisms (rewiring) in RASopathy and cancer, harbouring missense mutations (Kiel & 
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Serrano, 2014) (Rakoczy et al., 2011). Accumulative literature evidence indicates that a similar 

mutational network rewiring hypothesis can be applied to (K)RAS missense mutations in cancer 

(Ihle et al., 2012) (Hunter et al., 2015) (Hammond et al., 2015) (Marcus & Mattos, 2015). For 

example, Ihle and colleagues suggest a differential KRAS mutant protein binding behaviour 

resulting in different KRAS downstream signalling pathways (Ihle et al., 2012). In addition, 

Hunter and colleagues also show that it is possible that certain mutant isoforms of KRAS 

preferentially signal through particular pathways over others like RAF protein (Hunter et al., 

2015).  

In summary, integrating cell-type, tissue-specificity, or patient-specific protein is critical 

when studying the PPI network and rewiring. Understanding experimentally which interaction 

partner proteins and their functions are affected by a mutated protein and how much the 

pathways are affected by this perturbation, such as binding affinities, abundances, and the 

protein domains involved in such binding and recruitment, is essential. Moreover, 

computational modelling and quantitative prediction are important complementary tools to 

predict network rewiring responses to a mutation and a specific context or both.  

1.1.3. Complexity and relevance of PPI networks in contexts 

Emerging evidence shows that the microenvironment (tissue context) can perturb cellular 

networks. Several examples of localised PPI rewiring are described in the literature, especially 

when using yeast as a model system (Rochette et al., 2014) (Celaj et al., 2017). However, the 

specific impact of particular microenvironmental cues on PPI alterations is less-studied, and 

what is driving these PPI changes, in addition to oncogenic mutations in cancer, is not well-

understood. These studies are mainly based on a static view of the cell interactome. However, 

in humans, for example, Will and colleagues have shown that PPIs are rewired between cellular 

states and showed how condition-specific protein interaction networks are impacted during 

blood cell development (Will et al., 2017). Interestingly, regarding CRC tumour locations (i.e., 

left-sided or right-sided), it has been shown that the location could impact the frequency of 

CRC. Moreover, right colon cancer is associated with a poorer prognosis and has different 

features than left colon cancer. In addition, even if a controversial correlation exists between 

the KRAS status and its prognostic value, it has been shown that KRAS mutations were more 

frequent in right-sided tumours than in left-sided (Xie et al., 2019). It highlights that 

environmental conditions and spatial locations play an essential role in cellular programmed 

alterations. Even though it has been done in yeast, a recent study also showed that the PPI 
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network could also respond or be driven by cellular changes (called growth conditions) (Liu et 

al., 2020). The same authors also found more PPI than previously thought. Therefore, studying 

PPI networks in relevant contexts and tissues is essential to capture the complex interplay 

between PPI networks and functional associations. The high number of PPIs observed in 

(patho)physiological contexts, in addition to their high level of crosstalk, the models in which 

they are used to study these interactions (e.g., yeast model), how these models are also applied 

to human diseases and the methodology used (e.g., static versus dynamic view) can all hamper 

the accurate interpretations of the PPI data. Consequently, how the PPI network can respond 

to perturbations driven by the cellular context is also not fully understood as well. For example, 

studies show that PPIs have potential therapeutic targets for treating refractory diseases, and 

their regulation is widely regarded as a promising strategy in drug discovery (Nero et al., 2014), 

(Scott et al., 2016). As a glitch in signal transduction and interruption of communication 

(cascades/signalling pathways) can cause diseases, including developmental disorders and 

cancers (Liu et al., 2012), it is essential to study PPI networks. 

In summary, interactions between signalling pathways and the characteristic of their 

component proteins, such as binding affinities, abundances, structural features, and functions, 

can help to design rational personalised treatment by developing more accurate models. 

Moreover, visualising networks within cells would provide a better understanding of the 

framework underlying critical pathways affected by diseases. Further, as cells are not equal 

regarding environmental cues (myriad of external and internal stimuli), locations (Xie et al., 

2019) and functions, proteins involved in signal transduction may not always be similarly 

expressed or activated. Jointly, these specificities suggest high dynamics and complexity levels 

that can be difficult to investigate, especially when reconstructing and mapping PPI networks 

involved in a specific biological context. However, interactions have been screened/performed 

primarily in non-physiological contexts and cell types (e.g., HEK293 (Huttlin et al., 2017) or 

yeast (Celaj et al., 2017)), and a fragmentation of information across the literature is available 

that cannot be applied directly to medicine. Therefore, it is essential to enhance experimental 

and analytical strategies to understand how PPI networks control biological cell fates 

depending on their cellular contexts and conditions. 
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1.1.4. The challenge of studying networks in endogenous physiological 

contexts 

An estimation suggests that the human interactome comprises approximately 650,000 types 

of PPIs (Stumpf et al., 2008). However, only a small part has been experimentally identified, 

confirmed, and predicted to be "true" interactors (Furlong et al., 2013). PPI networks have been 

studied by compiling data from many scale experiments and high throughput experimental 

methods such as structural biology (e.g., X-ray crystallography) (Hunter et al., 2014), 

molecular biology, and tandem affinity purification (TAP) coupled to mass spectrometry (MS) 

(Puig et al., 2001) or the yeast two-hybrid (Y2H) system which was adapted to bacterial and 

mammalian systems (Joung et al., 2000). Each of these methods has its advantages, 

disadvantages and limitations. The data are mainly generated through the overexpression of the 

protein of interest. And they often produce high false-positive and false-negative protein rates 

(increase protein abundances than is biologically relevant), which can lead to erroneous 

interactions. Similarly, these procedures can push proteins to interact in a non-biological 

manner, compared to what would be observed in a specific cell type under specific context. As 

the context is rarely considered in the studies, it is difficult to know with certainty which 

interactions are biologically relevant compared to others in particular cell types, contexts, or 

tissues. Along with these in-vivo and in-vitro techniques, a third method is also often used; it 

is an in-silico method based on computer simulation and is generally sequence-, structure-, and 

gene expression-based approaches, which facilitates the prediction of PPI network rewiring 

(Kiel & Serrano, 2014) (Rakoczy et al., 2011) (Macalino et al., 2018). In recent years, PPI data 

have been enhanced by high-throughput experimental methods such as co-

immunoprecipitation (Co-IP) or affinity purification (AP) coupled with mass spectrometry 

(MS) (Huttlin et al., 2017). The AP-MS technique has also been commonly used to map and 

validate the yeast interactome (Gavin et al., 2002) (Krogan et al., 2006). However, the 

voluminous nature of these types of data imposes a challenge that can be partially overcome 

with computational analysis, thus computational power is becoming a mandatory tool in this 

particular field (Zhang, 2009). 

Through advances in technology, it is now feasible to study and analyse PPI networks in 

complexes and their rewiring in specific diseases. For example, single-cell proteomics (Schoof 

et al., 2021) and deep proteome profiling can also detect quantitative changes, biological 

process alterations and metabolic reprogramming in cancer as an example (Kasvandik et al., 

2016), to reach an almost complete quantification of the cellular proteome.  
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In addition, antibody-based approaches through Co-IP and AP-MS are usually used to 

assess how PPI networks assemble (effector binding) to form complexes in endogenous 

environments and access the coordinated activation state of many signalling pathways. To 

some extent, both methods can reflect the endogenous level of the protein of interest when used 

in parallel to MS. Indeed, using large scale systematic AP-MS analysis with high coverage, 

Huttlin and colleagues succeeded in detecting interacting partners for 2,594 human proteins in 

HEK293T cells, known as the Bioplex Network (Huttlin et al., 2017). The Bioplex 

collaboration also determined new undocumented interactions and allowed to identify 

perturbation at the PPI level for mutations (Huttlin et al., 2015) (Huttlin et al., 2017) (Schweppe 

et al., 2018). Furthermore, the same collaboration, presented in 2021, was updated to a Bioplex 

3.0 version, which is, to date, the most complete model of the human interactome. Comparative 

analysis at large-scale PPIs has been done across two cell lines, the HEK293T cells, and 

interestingly, the HCT116 cell line, which harbours the KRASG13D mutation (Huttlin et al., 

2021). Interestingly, the "core complexes" were identical between the two cell lines (conserved 

functions); however, the network remodelling differed and reflected how interactomes vary 

with cellular state. Therefore, MS-based PPI networks are a powerful tool for studying human 

interactome and disease mutations (Richards et al., 2021). Besides, through the advance of 

another method, the CRISPR/Cas9 technology, genetic manipulations of cell lines are now 

feasible (Ran et al., 2013), including the engineering of selected mutations inside a cell line 

(Jia et al., 2017). This new technology opens a new level of possibilities, such as replacing a 

normal version of a gene with its mutant version in its native endogenous environment 

(physiological expression level), then allowing the analysis of the effect on cell signalling. 

Indeed, Matano and colleagues show that by modelling human intestinal organoids through the 

insertion of mutation via CRISPR, it was possible to study the impact of driver pathways on a 

cellular context, here stem cell maintenance (Matano et al., 2015). Likewise, plasmid based-

tool can be used for siRNA-mediated downregulation of endogenous protein and expression of 

exogenous proteins simultaneously. This approach allows replacing the endogenous gene with 

the mutant version, as demonstrated by Beltran-Sastre and colleagues (Beltran-Sastre et al., 

2015), to investigate the effect on the endogenous signalling PPI reorganisation.  

Nonetheless, for Co-IPs and CRISPR/Cas9 methods, antibodies are required to detect PPI 

interactions in their native environment to pull down the protein of interest together with its 

partner proteins. A physiological expression and a low protein expression can be detected only 

if the antibody affinity to the endogenous target is high. In comparison, the advantage of the 

affinity purification approach is that when combined with a tag, the protein can be pulled down 
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through a high specificity antibody to the tag and not the endogenous protein anymore. 

However, if the tag is too hefty, it can hinder the binding of effectors such as the green 

fluorescence protein (GFP). In conclusion, native antibody-based methods are highly specific. 

Still, they are limited by the availability of antibodies against the protein of interest. Tagged 

proteins can overcome this issue and being coupled to MS-based identification, this method 

can provide better detection of additional interactor proteins. 

In addition, as the analysis of PPI is complex due to the voluminous data extracted from 

MS, PPI databases were developed to facilitate accessing available literature data to provide a 

comprehensive proteome view of the cell interactome. There are different databases, the 

primary database, the predicted, and the integrated databases. The primary databases are mainly 

collaborative and provide manually curated PPIs from experimentally detected PPIs (Chatr-

Aryamontri et al., 2013) (Schaefer et al., 2012), such as the BioGRID database. The predicted 

databases are based on computationally available algorithms to predict protein interactions 

(Schmitt et al., 2014). The last one combines both the known experimental and predicted 

interactions, thus grouping all this information in one highly comprehensive online resource 

such as the STRING database (Szklarczyk et al., 2015). However, challenges remain due to the 

various potential names of protein identification (ID) across the different databases, and the 

level of detection (or coverages), which is not equal between all databases.  

In summary, most experimentally detected PPIs are captured in artificial settings such as 

yeast, thus differing from natural or human tissues and tend to be performed in cell lines such 

as the HEK293T cell line (Huttlin et al., 2015). The HEK293T cells are less relevant to cancer, 

mainly due to their embryonic kidney origin. As mentioned earlier, PPIs are also mainly studied 

in a non-dynamic and non-contextualised environment. However, recent PPI studies tend to be 

more and more investigated in a non-artificial context, such as in the Bioplex collaboration 

(Huttlin et al., 2021), among others, where the authors use the HCT116 colon context cell lines 

to examine PPI complexes. Interestingly, the HCT116 cell line harbours a KRAS G13D 

mutation relevant to our model system, the colon Caco-2 cells. Consequently, the central 

hypothesis related to this thesis project is that networks have to be captured and measured in 

(patho)physiological-relevant contexts/environment/model systems in order to be applicable in 

specific disease contexts (e.g., disease mutations) and to identify new targets for 

pharmacological treatment.  
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1.2. (Patho)physiological relevant disease model system to 
study RAS-mediated PPI network rewiring 

Cancer is one of the leading causes of death in Ireland (Cancer Statistics Office), with 

colorectal cancer being the second most common cancer in men and women in Ireland (Health 

and Safety Executive - HSE). The RAS gene family, which is responsible for signal 

transduction within the mitogen-activated protein kinases (MAPK) and phosphatidylinositol-

3-kinase (PI3K) pathways, is frequently involved in carcinogenesis (Prior et al., 2012). 

Alterations of RAS family members, especially KRAS and NRAS, can be detected in various 

cancers and tumors. As the most frequently mutated RAS isoform in cancer, KRAS is 

intensively studied, and approximately 35% to 45% of CRC harbors a KRAS mutation 

(Rodriguez-Salas et al., 2017). Indeed, with a prevalence of approximately 20% across all 

human tumours, KRAS has been a primary target of oncological drug development for nearly 

40 years (Liu et al., 2019). Although many attempts at pharmacology to inhibit KRAS, 

continuous efforts failed to lead to clinically approved inhibitors. Thus, KRAS remains an 

"undruggable" target (Molina-Arcas et al., 2021). However, network-centric approaches to 

drug development and cancer treatment have become essential in recent years. The mapping of 

PPI networks has become a powerful tool for studying molecular mechanisms of signal 

transduction and its aberrations in disease (Vidal et al., 2011) (Kolch et al., 2015). Therefore, 

CRC-associated oncogenic KRAS mutation is one of the leading causes of death and therapy 

resistance (no specific "mutant" KRAS inhibitors yet, except for the KRAS G12C inhibitor) in 

western industrialised countries. Thus, KRAS mutations have become a significant burden that 

must be investigated differently. Cancer-associated mutations may directly or indirectly impact 

proteins and their interactions. The effect of mutations on signalling pathways has been 

partially studied. However, how mutations alter underlying PPI networks is much less well 

understood. In the scope of this thesis, we will mainly focus on KRAS-mediated PPI. 

1.2.1 The KRAS network in the physiological context 

The proto-oncogene KRAS 

KRAS (Kirsten Rat Sarcoma viral oncogene) (Kirsten and Mayer, 1967) was first identified 

as an oncogene in 1982 (Tsuchida et al., 1982) and has been considered a key driver gene for 

many cancers, as shown in CRC progression and metastasis state (Zheng et al., 2019). 

However, for almost 40 years, KRAS has been an elusive therapeutic target in most 
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malignancies (Cox, 2014) (Indini et al., 2021). KRAS has no identifiable binding sites, which 

makes targeting this mutant protein directly unsuccessful. Moreover, unlike other mutations, 

KRAS protein is mainly in its activated GTP state, causing cells to grow, and finding a drug 

that could turn it off proved elusive. However, an inhibitor of the KRAS G12C mutant protein 

displayed increased potency and is currently in the clinical trial stage for NSCLC, but does not 

benefit patients with CRC harboring the same nutations (Amodio et al., 2020).   

Ras is a small GTPase protein, part of the RAS family, which counts mainly three RAS 

isoforms: HRAS, NRAS and KRAS, and encodes a 21kDa protein. Compared to the other 

isoforms, KRAS has two variants arising from splicing, the KRAS4A and KRAS4B variants. 

KRAS4B is expressed ubiquitously and is the predominant splice variant (Barbacid, 1987). 

Although all three RAS isoforms share a high degree of sequence homology (82-90%) 

(Castellano and Santos, 2011), KRAS has particularities. Shared between the other isoforms, a 

highly conserved G domain (amino acid 1-165), also called the catalytic domain, forms the 

basis of biological functionality of the GTPase proteins (Wittinghofer & Vetter, 2011). KRAS 

also has a flexible C-terminal structural element, the hypervariable region (HVR) (amino acid 

166-188/189) involved in PM anchoring, as has been shown by (Welman et al., 2000) (Laude 

& Prior, 2008). Importantly, critical areas in the G domain, such as the switch regions (switch 

I and switch II), form the binding interface for KRAS regulators (GAPs and GEFs proteins) 

and effectors proteins. Another region part of the G-domain, the P-loop region, is not directly 

involved in effectors binding. However, it is where the most common KRAS mutations are 

found (e.g., G12 and G13 KRAS mutations), together with the switch II region (e.g., Q61 

KRAS mutations) (Pantsar, 2020). 

(K)RAS proteins enrichment at the PM is essential to mediate Ras signalling downstream 

activation. For example, Schmick and colleagues showed that Ras location could be attributed 

to posttranslational modification in the C-terminal part of the protein. Ras proteins also require 

a highly coordinated spatial cycle of solubilisation, trapping and vesicular transport (Schmick 

et al., 2014) (Schmick et al., 2015). KRAS is a GTP-regulated molecular switch and cycle 

between two states; an active GTP-bound state as a result of guanine nucleotide exchange 

factors (GEFs) that promote its activation, and inactive guanosine diphosphate (GDP)-bound 

state where GTPases-activating proteins (GAPs) inactivate KRAS by catalysing GTP 

hydrolysis. The intrinsic GTP hydrolysis rate is low for Ras proteins (Ahmadian et al., 1997) 

(Hunter et al., 2015); therefore, GAPs proteins provide an efficient GTP hydrolysis rate (speed 

up > 1000-fold to ensure rapid inactivation) when bound to Ras proteins. Upon activation at 

the PM (RAS-GTP bound form), Ras switches into a conformation that mediates the binding 
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of downstream proteins effectors, building different signalling networks at the cell membrane, 

which are involved in distinct cell fates and functions (Soriano et al., 2021). In summary, the 

structure of KRAS contributes to understanding the protein function and dynamics and its 

aberrant roles in cancer when mutated (Pantsar, 2020). 

KRAS signalling pathway 

To appreciate the essential role of KRAS, Johnson and colleagues realised knock-out 

mice of KRAS, and they showed that deficient KRAS mice were embryonically lethal 

compared to the other Ras isoforms (Johnson et al., 1997). Moreover, in a human physiological 

context, wild-type (WT) KRAS is a critical hub protein within cells. Upon upstream activation, 

KRAS transduce activating signals to several cellular signalling pathways by binding several 

effectors implicated in different pathways. Two of the most characterised downstream 

signalling pathways of (K)RAS are the RAF/MAPK pathway (Cox and Der, 2010) and the 

PI3K/AKT pathway, which lead to proliferation and survival/apoptosis, respectively, and are 

known to be involved in Ras-driven cancer (Krygowska and Castellano, 2018) (Terrell and 

Morrison, 2019). In fact, many KRAS downstream effectors are implicated in numerous 

signalling pathways and interact together through cross-signalling, feedback loops and 

canonical signal transduction. In addition to the two already mentioned signalling pathways, 

KRAS is also involved in interacting with other known effectors such as RalGDS, Tiam (GEF 

protein), RASSF, RIN, and AFDN (Rajalingam et al., 2007) (Simanshu et al., 2017). These 

Ras-effectors modulate cellular processes ranging from growth survival, cell migration, 

differentiation, and apoptosis. Specifically, studies on (K)Ras effectors in human cells have 

been mainly focused on the RAF and PI3K effectors involved in the RAS/RAF/MEK/ERK 

pathway and RAS/PI3K/AKT pathway, respectively (Castellano et al., 2013) (Gupta et al., 

2007). Interaction between Ras protein and its putative and less-studied effectors remains to be 

analysed and validated in a physiological context. Indeed, the other putative RAS effectors 

have been studied and identified in cancer contexts (Stephen et al., 2014) (Simanshu et al., 

2017). In terms of binding, (K)RAS effectors are multi-domain proteins, and their potential 

interaction with RAS proteins relies on one of the three-domain types: the RAS-binding domain 

(RBD), the RAS association (RA) domain or the PI3K_rbd. They all share common structural 

similarities, which will herein be referred to as RBD. All the RBD of effectors recognises the 

same switch regions of activated Ras-GTP (Shields et al., 2000). Noteworthy, effector-binding 

affinities in complex with RAS-GTP have been measured either experimentally in vitro or in 
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silico and range from low nanomolar (nM) to high micromolar (µM) Kd values (Erijman and 

Shifman, 2016) (Nakhaeizadeh et al., 2016) (Kiel et al., 2005). Furthermore, based on protein 

structural information, protein abundance and protein binding affinities, Kiel and colleagues 

showed that perturbation at the protein abundance level could affect the downstream signalling 

pathway of the ErbB network (Kiel et al., 2013).  

 In summary, based on the previous studies, multiple features must be considered when 

implementing PPI networks. The structure of the protein of interest and the domains of the 

effector proteins, abundances and binding affinities are likely to participate in the complex 

formation and network reconstruction. Moreover, because a single-point mutation can cause 

aberrant signalling and the diversity in effector binding, KRAS-effectors complex formation is 

not entirely understood, especially their rewiring in specific physiological or context disease-

related. 

1.2.2. Oncogenic KRAS in colorectal cancer (CRC) 

KRAS is one of the most common mutated genes in cancer (25-30%) (Hobbs et al., 2016) 

(Simanchu et al., 2017) (Bailey et al., 2018). Oncogenic KRAS mutations are frequently 

observed at residue positions 12, 13 and 61 in cancer. Indeed, the most commonly mutated 

residue is at position 12 with glycine (G12), and it is mainly mutated to aspartate (G12D), 

followed by valine (G12V) and cysteine (G12C) (Prior et al., 2012) (Lu et al., 2016) (Hobbs et 

al., 2016). These gain of function mutations are known to impair the protein GTPase activity. 

For example, the KRAS G12D point mutations have been shown to impair the GTPase function 

and lock KRAS in its active GTP-bound state (Scheffzek et al., 1997) (Malumbres and 

Barnacid, 2003). The G12V mutation leads to a loss of GAP sensitivity compared to the Q61L, 

which leads to reduced intrinsic hydrolysis and GAP sensitivity compared to wildtype KRAS 

(Smith et al., 2013). The protein became unresponsive to its inactivation by GAPs proteins, 

and the exchange rate of GDP to GTP has also been observed to increase. As a result, KRAS 

mutated protein is locked into its constitutively active form (Jancik et al., 2010), causing 

activation of uncontrolled and aberrant pathways such as cell growth, proliferation, cell 

transformation and leading to cancer promotion and metastasis, including CRC (Schaeybroeck 

et al., 2014). 

Interestingly, KRAS is mainly found mutated at a high frequency in some cancers, such as 

lung adenocarcinoma, multiple myeloma, pancreatic adenocarcinoma, and CRC (Cox et al., 

2014). Approximately 30-35% of CRC harbour a KRAS mutation and have been associated 
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with a poorer survival rate and an increase in tumour aggressiveness. KRAS mutation in CRC 

also leads to resistance to selected treatment therapies, such as a decreased response to anti-

EGFR agents (Lièvre et al., 2006). To better understand the prevalence of KRAS mutation in 

the colon, looking at the physiological role of KRAS-mediated intestinal function could give 

clues. For example, it has been shown that small GTPases, including Ras proteins, regulate 

intestinal epithelial homeostasis and function (Citalan-Madrid et al., 2013). In addition, KRAS 

is the most predominant Ras isoform expressed in colon tissue based on a vast proteomics data 

set (Wang et al., 2019) in a proportion of 88% (against ~4% and ~8% for HRAS and NRAS, 

respectively) (Vasaikar et al., 2019) (Wang et al., 2019). Further, the G12D mutation is the 

most common in CRC and accounts for 41% of all the G12 mutations, followed by the G12V 

with 28% and 14% of the G12C (Hobbs et al., 2016). 

The accumulation of evidence converges through the strong hypothesis that mutations of 

KRAS are allele- and tissue-specific and that most mutations have heterogeneous behaviour, as 

suggested by (Ihle et al., 2012) (Hobbs et al., 2016) (Cook et al., 2021) (Brubaker et al., 2019) 

on their work. For instance, observations show that the allele activation of KRAS varies across 

cancers (Cox, 2014). Ihle and colleagues also suggest that most KRAS mutations could affect 

patient survival as well as downstream signalling (Ihle et al., 2012) and lead to functional 

specificities, as discussed in several studies (Castellano et al., 2011) (Munoz-Maldonado et al., 

2019). It has also been shown that some mutations, such as the KRASG12C, could affect drug 

sensitivity differentially and tumour behaviour (Garassino et al., 2011). Literature evidence 

also points out that cell fate-mediated KRAS mutations also could be modulated through 

specific cancer contexts (Haigis et al., 2017) (Poulin et al., 2019).  

The global burden of CRC in terms of new cases and death is predicted to increase to 60% 

by 2030, and a shift in diagnosis from older people to young people seems to emerge based on 

statistical reports (Ferlay et al., 2012) (Siegel et al., 2020). However, biological insight to 

classify CRC is necessary. The Colorectal Cancer Subtyping Consortium in 2015 used a 

combination of multi-omics, mRNA and clinical (patient outcome) data to identify different 

consensus molecular subtypes (CMSs) (Guinney et al., 2015). This new classification is 

divided into four CMS: the CMS1, which is associated with microsatellite instability and 

upregulation of immune genes (14%), the CMS2, which is defined by the canonical "adenoma-

carcinoma sequence" with mutations in APC, TP53 and RAS (37%), the CMS3 which is 

associated with metabolic dysregulation, i.e., increased glutaminolysis and lipidogenesis (13%) 

and finally the CMS4 which is associated with epithelial-mesenchymal transition (23%). The 

CMS3 is of interest, as it shows an evident overexpression of KRAS mutations (80%) 
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(Dienstmann et al., 2020), as well as an activation of the receptor tyrosine kinase (RTK) and 

MAPK pathways. Further, the enrichment of KRAS activating mutations has been linked to 

metabolic adaptation in CRC (Toda et al., 2016) (Varshavi et al., 2020) (Gimple and Wang, 

2019) and these tumours harbour a "normal-like" gene expression pattern. 

1.3. Experimental model systems for studying KRAS PPI 
network 

As demonstrated above, the KRAS PPI network is not well understood, both in 

physiological and disease mutation settings. Thus, there is a need to improve experimental and 

analytical strategies to understand how PPIs are rewired in specific conditions, such as disease 

mutation contexts or specific environmental cues and investigate how these same PPIs control 

biological decisions. Appropriate cellular models are necessary to implement these approaches. 

The human colorectal adenocarcinoma Caco-2 cell  

Caco-2 cells are immortalised heterogeneous cells established by Jorgen Fogh at the Sloan-

Kettering Cancer Research Institute (Fogh et al., 1977). These cells are derived from a human 

colorectal adenocarcinoma and harbour somatic APC mutations and CTNNB1 (i.e., β-catenin) 

mutations. Caco-2 cells have been widely used as an intestinal epithelial barrier model 

(Sambuy et al., 2005) to measure mainly drug delivery and absorption (Hilgers et al., 1990) 

due to its advantageous properties (i.e., membrane transporter expression (Nauli et al., 2015) 

and differentiated cell profile as found in the intestine). For example, Caco-2 cells have been 

commonly used as a model system for intestinal epithelial permeability since 1989 (Hidalgo et 

al., 1989). Furthermore, Caco-2 cells harbour a unique feature as they can spontaneously 

differentiate when reaching confluence into a polarised monolayer of cells with features of 

absorptive enterocytes (Hidalgo et al., 1989). Indeed, differentiated Caco-2 cells expressed an 

apical brush border with microvilli, tight junctions between adjacent cells, and they expressed 

enzyme activities specific to enterocytes and markers of colonocytes (Verhoeckx et al., 2015). 

Hence, Caco-2 cells can be used as a relevant model to study in vivo human context. In 

fact, to more accurately mimic the conditions found in vivo, Caco-2 cells can be cultured in 

semi-permeable filter inserts to be differentiated after several days and weeks. The 

physiological differentiation development can be monitored over time by measuring the 

transepithelial electrical resistance (TEER) (Srinivasan et al., 2016). For example, Al-Sadi and 

colleagues were able to show the regulation of intestinal epithelial tight junction permeability 
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after the addition of tumour necrosis factor-alpha (TNF-α) on Caco-2 cells grown into a 

transwell culture system (Al-Sadi et al., 2013).  

Thus, the Caco-2 cell is a relevant model to study KRAS PPIs in an appropriate colon 

environment due to its close resemblance to the physiological intestinal epithelium. Further, 

Caco-2 cells are a suitable system to introduce KRAS mutations, which will enable to study PPI 

networks rewiring in different (patho)physiological colon contexts. 

1.4. Main research tools to study RAS-mediated PPI 
network rewiring experimentally 

This section describes and explains the primary tools used in this project to study KRAS-

mediated PPI. Different approaches are used to introduce the expression of specific KRAS 

mutations and capture KRAS mediated PPIs: from engineering tools to introduce different RAS 

mutations within our model system to the detection methods of PPIs. The first subsection is 

dedicated to protein engineering tools. The second subsection focuses on antibody-based 

methods to capture PPIs in line with previously detailed techniques. The third is devoted to the 

PPI detection method. 

1.4.1. Protein engineering tool 

Protein engineering tools are often used to study and comprehend perturbations at the level 

of the PPI network. These tools are mainly based on the modification of gene DNA sequences, 

which are then expressed into altered proteins potentially responsible for the desired properties 

(e.g., PPI rewiring). Different techniques can be used through a variety of available tools. This 

subsection will describe the two main approaches used to introduce different KRAS mutations 

in our Caco-2 cell model. 

1.4.2. The CRISPR/Cas9 gene editing 

Discovery, components, and mechanisms of action 

Precise genome editing is a fundamental method for exploring and understanding 

molecular biology, especially the function and regulation of a gene. With the advancement in 

molecular biology, methods like zing-finger nuclease (ZFN) and transcription activator-like 

effector nucleases (TALEN) were predominantly used for genome editing, as reviewed by (Gaj 

et al., 2013). These methods are expensive, time-consuming, and some steps are challenging, 
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such as cloning and protein engineering, thus hindering their use throughout the scientific 

community. However, since 2012 (Jinek et al., 2012), a new approach has been developed 

called the CRISPR/Cas9 technology. This technique, which permits genome editing, has 

revalorised the field due to its more straightforward use, lower prices, and more versatile action. 

Pioneers in this field of CRISPR gene editing, Emmanuelle Charpentier and Jennifer Doudna, 

share the 2020 Nobel Prize in Chemistry (Strzyz, 2020). The CRISPR discovery started when 

scientists were studying genes in Escherichia coli. Briefly, to defend themselves against 

viruses, bacteria developed an adaptative defence system containing a genetic structure 

composed of alternating repeat and non-repeat DNA sequences. This specific molecule found 

in 1987 (Ishino et al., 1987) (Ishino et al., 2018), called clustered regularly interspaced short 

palindromic repeats, known as CRISPR, was able to cleave the nucleic acid of invading viruses 

(Deltcheva et al., 2011), and thus added protection against viral infection. Adjacent to the 

repeated sequences locus (CRISPR), in 2002, Jansen and co-workers identified a set of well-

conserved genes termed Cas genes (Jansen et al., 2002). After several years, research revealed 

that this CRISPR molecule acts as a memory RNA guide, screening the genome for previous 

invading pathogens sequences. Then, the Cas protein uses this guide to cleave this specific 

invading DNA by inducing a double-strand break (DSB) of the DNA through an endonuclease 

manner (Hille et al., 2018). Among the different types of CRISPR and Cas protein 

classification, one of them was of particular interest, the Cas9 protein, which only requires a 

single RNA-guided nuclease (Cas9) to mediate DSBs. It was extended to what is used 

commonly in research nowadays as the class II CRISPR. However, other types of CRISPR and 

Cas are also used for different purposes (Cong et al., 2013) (Doundna and Charpentier, 2014) 

(Mans et al., 2015) (Lino et al., 2018). The most popular Cas protein used is Cas9 originating 

from Streptococcus pyogenese (SpCas9), and it is the most commonly used for genome editing. 

However, many other derivatives are used for genome editing and other purposes to study a 

variety of genes and proteins regulations and mechanisms in general within cells (Koonin et 

al., 2017). 

Focusing on the commonly used CRISPR/Cas9 system, this project aims to take 

advantage of this method to introduce different KRAS mutations in our Caco-2 model systems 

to investigate KRAS mediated PPI rewiring.  

NHEJ versus HDR, Knock-Out (KO) and Knock-In (KI) 
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As mentioned above, once assembled, the complex CRISPR/guide RNA/Cas9, through 

the endonuclease Cas9, can mediate the DSB of the targeted DNA sequence of interest (Cong 

et al., 2013). DNA repair in cells is a natural mechanism in many organisms (e.g., during 

meiosis); however, unintended DNA DSBs due to external factors like CRISPR are lethal for 

cells. Eukaryotic cells have evolved to counteract this issue, and repair mechanisms can be 

triggered. The two main pathways that are observed after CRISPR/Cas are the non-homologous 

end joining (NHEJ) and the homology-directed repair (HDR) pathways (Mao et al., 2008) 

(Branzei et al., 2008). Indeed, repair mechanisms are essential whether the purpose of genome 

editing is to knock-out (KO) (remove a sequence to silence it) or knock-in (KI) (alteration of 

the sequence: introduction of a single point mutation, for example) a gene. The relatively low 

efficiency of HDR limits genome editing compared to the higher efficiency of the NHEJ 

pathway. In addition, the HDR pathway is also known to compete with the NHEJ pathway 

(O'Brien et al., 2019). In mammalian cells, DSB is mainly repaired by the NHEJ pathway 

(Srivastava et al., 2012), often leading to the loss of nucleotide, which enables the efficient 

construction of KO alleles by introducing frameshift mutation (codon stop). It is known to be 

an error-prone pathway (Bernheim et al., 2017), introducing random indels and being active 

throughout the cell cycle (Branzei et al., 2008), making it the first repair mechanism choice by 

the cells after DSBs, thus the easier one regarding the generation of CRISPR KO genes. On the 

contrary, the HDR pathway requires precise genetic modification introduction by recombining 

a homologous template directly inserted into the targeted site. The HDR frequency of action is 

considerably less than the NHEJ pathway and is restricted to the cell cycle's late S and G2 

phases (Symington et al., 2011), making it challenging to target. Regarding CRISPR KI, an 

exogenous single or double donor repair template can also be introduced to boost HDR 

efficiency (Schaeffer and Nakata, 2015) (Wang et al., 2016) (Adli, 2018), as well as NHEJ 

inhibitors (Ray and Raghavan, 2020).  

Safety concerns & off-targets, delivery methods and challenges & limitations 

Through its component functions capabilities, the CRISPR/Cas technology has 

revolutionised genome editing, especially with its ability to target any locations that contain a 

short protospacer adjacent motif (PAM) next to the target sequence (Leenay and Beisel, 2017). 

Target recognition relies on the PAM, a short DNA sequence usually 2 to 6 base pairs in length, 

which is essential for DNA cleavage by the Cas nuclease. The Cas9 recognises a 5’-NGG-3' 

PAM sequence where "N" can be any nucleotide. The PAM sequence also stabilises the guide 
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RNA (gRNA) to confirm that the region matches the guide RNA before editing. However, 

what can be seen as a benefit is also a potential off-target concern due to the possible presence 

of this sequence in more than one location, leading to an alternative cutting site and potential 

unwanted KO (Zhang et al., 2015). In addition, the gRNA has a high tolerance for mismatches, 

thus decreasing the specificity.  

There are different ways to deliver CRISPR/Cas' components; however, the plasmids 

format-based approach is the most conventional, straightforward, and inexpensive delivery 

method. It allows a transfection of all elements at once within cells of interest and exhibits 

excellent stability. The plasmid encoding CRISPR/Cas9 must be delivered into the cell nucleus 

and then translated into Cas9 mRNA. Although this delivery method can potentially develop 

more off-target due to the plasmid-expression time, CRISPR/Cas9 only requires the transient 

expression to achieve permanent "correction" to host DNA (Lino et al., 2018) (Adli, 2018). 

More recently, delivery of Cas9 as mRNA alongside gRNA is a viable alternative to consider, 

even though mRNA is less stable than DNA. Protein transfection directly into the cells is also 

an option (i.e., RNP forms); however, large protein delivery like Cas9 remains a challenge to 

pass through the cell membrane (Seki and Rutz, 2018) (Luther et al., 2018). 

In summary, this approach enables the endogenous expression and direct purification of the 

target protein with both an intact structure and the appropriate posttranslational modifications. 

1.4.3. Plasmid-based expression of exogenous FLAG-tagged proteins 

As mentioned above, genome engineering approaches, like CRISPR, open new avenues 

for studying PPI. In addition to the endogenous insertion of mutation within cells (i.e., 

CRISPR), other techniques, such as the FLAG-tagged protein-based plasmid approach, are also 

available. This method allows the exogenous expression of the altered protein of interest 

coupled with a FLAG-tag sequence. This short sequence or peptide designated by the following 

sequence: DYKDDDDK (D=Aspartic acid, K=Lysine and Y=Tyrosine), can be added to the 

N-terminal or C-terminal region of the protein of interest (Zhao et al., 2013) and can be 

delivered under plasmid-based form. As the FLAG-tag sequence consists of only a few amino 

acids, it brings the size of the FLAG-tag to approximately 1 kDa. Nevertheless, there is a 

variety of possible tags, and this method is also used for different purposes (Kimple et al., 

2013). However, the small tag size presents an advantage compared to, for example, the green 

fluorescent protein (GFP) with its 27kDa, by minimising the potential effect on the protein's 

structure, activity, and characteristics to allow partner effectors to bind. Moreover, due to the 
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addition of the FLAG-tag, which could be compared to an "artificial epitope" and which is also 

one of the most highly specific tags, high-affinity monoclonal antibodies are used to purify it. 

Several specific anti-FLAG monoclonal antibodies, such as M1, M2 and M5 can be used and 

have different recognition and binding characteristics (Einhauer and Jungbauer, 2001). It 

permits high-affinity purification with a dissociation constant of the FLAG to the 

corresponding antibody at 100nM (Einhauer and Jungbauer, 2001). The FLAG-tag can also 

enhance the yield of the target partners and allow a sufficient concentration of the protein in 

complexes to be analysed, for example, by mass spectrometry as shown with the BioPlex 

interactome (Huttlin et al., 2021). 

FLAG-tagged proteins have been initially used for recombinant protein identification 

and purification as reviewed by (Einhauer and Jungbauer, 2001) (Kimple et al., 2013), for 

overexpression studies, and interestingly for isolation/purification of protein and protein 

partners (Huttlin et al., 2021). For example, through ultra-high-affinity chromatography and 

with the use of tagged protein Vassylyeva and colleagues showed that they could isolate large 

multisubunit complexes from a high-affinity tag of a challenging biological target (Vassylyeva 

et al., 2017). Moreover, recently, for example, affinity purification through FLAG-tagged 

protein-coupled to mass spectrometry (AP-MS) has been successfully used to determine PPIs, 

as shown by the Bioplex interactome resource (Huttlin et al., 2015) (Hutllin et al., 2021) with 

the BioPlex interactome web-based resource. Although, some may regard the use of the ectopic 

expression in addition to the tag as not physiological. Nonetheless, AP-MS to study PPI is a 

well-characterised method highlighted in several papers as previously described with the web-

based interactomes to define PPI networks (i.e., BioPlex) available and allow the experimental 

PPIs investigation (Huttlin et al., 2021).  

1.4.4. Antibody-based methods to capture network (Co-IP & AP) coupled 

with mass spectrometry detection  

The introduction of alterations into the gene sequence of interest is now possible 

endogenously, as previously described with the CRISPR tool or indirectly with the ectopic 

insertion of an altered gene DNA sequence coupled to a tagged protein. However, the isolation 

of the protein of interest and its partner proteins for identification, based on the same antibody 

approach, has different advantages and disadvantages.  

The only limitation depends on the antibody specificity; a high-affinity antibody is 

necessary to pull down efficiently the endogenous target. Hence, the protein is the bait. Its 
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binding partners are the prey proteins co-purified by the antibody/protein bait interaction, and 

this method is referred to as co-immunoprecipitation (Co-IP) (Lin and Lai, 2017). The other 

approach is an indirect method based on affinity purification (AP) (Dunham et al., 2012). The 

bait is the combination of the tag peptide (e.g., FLAG) attached to a protein (i.e., protein of 

interest). This FLAG technique (or AP) is often used because of its high selectivity and because 

it is challenging to find a high specific antibody for a bait protein (co-IP). By coupling these 

approaches to quantitative MS analysis, perturbations on PPI networks can be studied. Because 

it can be used under different physiological conditions, this method provides a dynamic view 

of PPIs. AP and co-IP methods combined with MS have emerged as an attractive technique for 

PPI mapping (Gingras et al., 2007), as shown with the BioPlex interactome (Huttlin et al., 

2015).   

For identifying and quantifying protein in (sub)complexes, MS is often the method of 

choice. Here, we will focus on the quantitative shotgun proteomics method based on pulled-

down protein samples digested into peptides (Aebersold and Mann et al., 2003). Briefly, 

peptides are separated by high-performance liquid chromatography (HPLC) and transferred 

directly into the mass spectrometer. By measuring the mass to charge ratio (m/z) in addition to 

peptide intensity, it is possible to determine the amino acid sequences that can be compared to 

protein databases for peptides and protein identification. MS technology is not initially a 

quantitative method, however several methods have been developed to enable proteome 

quantification using MS (Cox and Mann, 2011), such as incorporating stable heavy isotopes 

into proteins through metabolic (SILAC) or chemical labelling approaches. These methods 

allow mixing several cell populations and analysing them together. Alternatively, proteins 

through MS can be quantified using computational methods called "label-free quantification" 

(LFQ) intensity (Zhao et al., 2020). Although the choice of quantification approach depends 

on various factors, experimental approaches, and methods used, LFQ has been shown to 

perform better in accuracy and precision, even though more missing values are obtained (Zhao 

et al., 2020).  

1.4.5. Summary for studying protein interacting partners 

Protein engineering, followed by immunoprecipitation (IP) coupled to MS, is one of the 

standard methods used (e.g., Huttlin et al., 2021) to identify and study the occurrence of PPI 

events in vivo. Therefore, it stands to reason that with interest in studying PPI rewiring, this 

method can be applied to explore the potential impact of KRAS mutations on the rewiring of 
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PPI in (patho)physiological colon contexts to detect PPIs and protein in complexes. Both 

techniques (co-IP and AP) have advantages and disadvantages, such as being performed in 

living cells and having significant benefits of preserving the native surroundings in which the 

interactions are monitored. Nonetheless, limitations also affect the experimental approach and 

will be encountered throughout the thesis project and described along with the results and 

discussion chapters. 

1.5. Project rationale & leading goal 

While CRC can be mostly cured with surgery for early-stage disease, chemotherapy is the 

first treatment option for advanced and metastatic CRC. Despite decreased CRC mortality over 

the past 30 years, there is still an important heterogeneity in survival rates due to tumor features, 

treatment options, and treatment responses. Indeed, KRAS mutations, found in approximately 

35% of all CRC cases, are known to drive resistance and are associated with poorer survival 

rates and tumor aggressiveness. Despite some breakthroughs in targeting the KRASG12C mutant 

protein (Ostream et al., 2013) (Lito et al., 2016), KRAS remains an elusive target, and different 

(un)direct approaches to target Ras are needed. In addition, the different KRAS mutant proteins 

expressed in cancer have distinct functional and biological outputs. Despite over 40 years of 

research, KRASWT and KRASmutant proteins remain "untargettable," and a lot has yet to be 

elucidated. 

Additional Ras partners proteins and their connected signalling pathways are essential to 

investigating and reconstructing the PPI networks in relevant contexts for several reasons. For 

example, understanding the relationship between RAS protein and its downstream signalling 

pathways may provide fundamental insight into the functional characterisation of KRAS 

proteins in complexes (PPI network). Furthermore, accumulating evidence supports the idea of 

cell-type-dependent Ras functions that should shape the way of analysing each Ras pathway 

more in a context-specific manner. Thus, further characterisation of the KRAS PPI network 

rewiring in the KRAS-driven cancer context could also provide insight into specific molecular 

aberrations that can be considered when treating patients. 

In conclusion, as considerable evidence suggests that PPI networks are context-specific and 

depend on environmental cues, it is becoming essential to analyse PPI networks in 

(patho)physiological conditions and to understand how PPI networks control 

outcomes/phenotypes. With that in mind, the overall aim of this project is to determine KRAS-

mediated PPI networks in colon and CRC contexts (influence cellular fates) and, more 
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specifically, how KRAS PPI networks in colon cancer are quantitatively modulated by 

(patho)physiological stimuli in the presence of KRAS mutations.  

1.6. Hypothesis 

This thesis project aims to gain insight into the network rewiring of PPIs mediated by 

disease mutations and (patho)physiological contexts/stimuli to advance the understanding of 

disease pathogenesis and predict potential disease-directed targets to some extent. The 

underlying hypothesis is that PPI networks can be perturbed under specific disease mutations 

(i.e., KRAS-driven CRC) as well as specific environmental cues (e.g., inflammation, hypoxia, 

etc.), which play an essential role in the biological cell fate decision.  

As mentioned above, a detailed understanding of how interacting proteins carry out cellular 

functions would help to understand biological processes and model complex disease mutations 

by accurately reconstructing the PPI networks in their relevant contexts. Literature evidence 

supports the identification of PPI in complexes, however, it is under-studied whether the 

biological contexts in which the interaction influences the protein assembly and affects 

biological decisions. 

1.7. Objectives and experimental design 

Objectives 

I. Distinguish cell general from cell-type-specific components of the KRAS effector 

interactions in the colon context based on bioinformatics and computational 

characterisations  (Figure 1). 

II. Characterisation of the physiological KRAS PPI in relevant colon cell model system 

and colon context stimuli (Figure 2). 

III. Reconstruction of the KRAS wildtype PPI network in colon growth conditions (Figure 

3). 

IV. Understand how disease mutations rewire networks qualitatively and quantitatively in 

KRAS mutation conditions and under (patho)physiological relevant colon stimuli 

(Figure 4). 

V. Understand the role of the relevant colon (patho)physiological stimuli on the re-

arrangement (sub-complexes) of the disease mutation network and connection with 

associated functions/phenotypes (Figure 5). 
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Experimental design description 

The first part explores the KRAS effector partner interactions in colon contexts (Figure 1). 

The underlying hypothesis is that the components of the KRAS PPI network are tissue- and 

condition-specific dependent. Based on bioinformatics and computational analysis, this part 

investigates the KRAS downstream partners proteins in colon tissue found in databases such 

as transcripts and proteins from the HPA or available proteomics data. Then, RAS effectors 

structure (i.e., domain), binding affinities when in complex with Ras (Kd), and quantitative 

expression information (i.e., abundances) in colon tissues are extracted. Through a literature 

network analysis, a characterisation of all of the components involved in the KRAS PPI 

network is then realised. 

 

 

Figure 1: Schematic representation of 
the resultant chapter 3 “Bioinformatic 
and computational characterisation of 
Ras effector interactions in colon 
context”. 

 

 

 

 

 

 

 

The second part characterises the colon cell line model system used with the Caco-2 cells 

(Figure 2). The underlying hypothesis is that the Caco-2 cells are a relevant model system to 

study the KRAS PPI network in colon contexts. On the one hand, this part is based on the 

literature analysis of relevant colon context stimuli or growth conditions. On the other hand, 

an experimental part aims to characterise the physiological KRAS in Caco-2 cells, such as 

phenotypes, the role of stimuli on barrier function, the effectors binding, etc.  
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Figure 2: Schematic representation of the 
resultant chapter 4 “The study of Ras in 
relevant Caco-2 cell model system”. 
 

 

 

 

 

 

 

 

The third part aims to reconstruct the KRAS physiological network assembly in the colon 

context (Figure 3). The underlying hypothesis is that the stimuli/inputs implemented in our 

model system would modulate/rewire the physiological KRAS PPI network. This part is based 

on KRAS pull-down assays to capture the downstream KRAS partner proteins in different 

colon growth conditions and reconstruct the PPI network to investigate the potential re-

arrangement. 

 

  

Figure 3: Schematic representation 
of the resultant chapter 5 “Network 
reconstruction of wildtype KRAS”. 

 

 

 

 

 

 

 

The fourth part aims to reconstruct the KRAS mutant network in (patho)physiological 

colon context (Figure 4). The first underlying hypothesis is that disease mutations (i.e., KRAS 

mutations) can rewire the PPI network in a mutation-specific manner. However, the second 

hypothesis is that not only mutations can impact the rewiring but that the context (growth 

conditions/stimuli) can add another more stringent level of rewiring. This part aims to evaluate 

how colon cancer disease mutations affect the different complex assembly under condition-
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specific stimuli. This part is based pull-down assay of different KRAS mutations and their 

partner protein under specific growth conditions/stimuli and analysed by MS to reconstruct the 

KRAS PPI network and investigate the different partner proteins re-arrangement.  

 

 
Figure 4: Schematic representation of 
the resultant chapter 6 “KRAS mutant 
proteins in complexes”. 

 

 

 

 

 

 

 

The two last parts aim to reconstruct the KRAS-mediated subcomplexes network per 

conditions (Figure 5). The underlying hypothesis is that each KRAS subcomplexes formed 

under specific conditions are related to specific cellular functions. Based on previous proteomic 

experimental data, the first part is the creation of a methodology through the BioPlex database 

to identify sub-complexes and then extract the subcomplexes mediated by each condition and 

predicted through gene ontology, for example, the function associated. The second part is based 

on experimentally linking identified sub-complexes to functional characteristics such as 

proliferation or viability.  

 

 
Figure 5: Schematic representation of the 
resultant chapter 7 “Subcomplexes 
methodology and analysis”. 
 
 
 
 
 
 
 



 

 36 

Chapter 2: Materials & Methods 

2.1. Introduction 
This chapter describes and explaines the different relevant materials and methodologies 

used in this thesis project, where each protocol is described in its optimized and final version. 

2.2. Materials and methods 

2.2.1. Cell lines and culture conditions 

 
Caco-2 cell line  

Caco-2 cells (ATCC©HTB-37) were cultured in Dulbecco's Modified Eagle's Medium 

(DMEM) (ThermoFisher, 21969-035) supplemented with 2mM L-glutamine (ThermoFisher, 

25030-024), 10% (v/v) Foetal Bovine Serum (FBS) (Gibco, Thermo), and 1% 

Penicillin/streptomycin (ThermoFisher). For long-term storage, frozen stock vials were made 

on the week of receiving the cell line in RecoveryTM cell culture freezing medium (Gibco 

12648010) and stored in liquid nitrogen. For each experiment, cells were not exceeding passage 

25 and were thawed from the liquid nitrogen stock. All cell lines were maintained in a 

humidified incubator at 37°C and 5% CO2. The minimal medium (DMEM with 2 mM 

glutamine) used was supplemented with either interleukin-6 (IL-6) (ThermoFisher), Tumor 

necrosis factor-alpha (TNF-⍺) (ThermoFisher), prostaglandin E2 (PGE2) (ThermoFisher), 

epidermal growth factor (EGF) or dimethyloxalylglycine (DMOG) (Cayman chemical).  

Conditioned media obtention  

Caco-2 cells were cultured in DMEM containing 10% FBS, 1% glutamine, and 

antibiotics until they reached 80-90% confluency. The medium was then collected from the 

cells, centrifuged at 15000 rpm for 10 minutes and transferred to a new tube. 

 

 

Figure  SEQ Figure \* ARABIC 1: Flow diagram outlining workflow for the analysis of 
condition-specific RAS-effector (sub)complexes in colon context strategy for characterisation of 
KRAS PPI networks.  
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2.2.2. Plasmids and DNA sequences 

CRISPR plasmid, primers and homology directed repair (HDR) templates 

 The pSpCas9(BB)-2A-GFP plasmid (PX458 Addgene; #48138) was linked with a 

single-guide RNA (sgRNA) designed specifically for each KRAS mutations by using the 

CRISPR webtool CHOPCHOP (https://chopchop.cbu.uib.no/). The sgRNA and primer 

sequence compositions are provided in Table 1. The KRAS target sequence was obtained from 

the COSMIC database (www.cancer.sanger.ac.uk) and NCBI genetic database 

(www.ncbi.nlm.nih.gov) as well as the  HDR templates, which have been design based on the 

same webtool (Figure 6).  

Name Sequence (5’ à 3’) % GC TM (°C) 

sgRNA #1 

(KRAS exon 2) 

Top CACCGCTGAATTAGCTGTATCGTCA 

Bottom 

AAACTGACGATACAGCTAATTCAGC 

48 

 

40 

67.6 

 

67.6 

sgRNA #2 

(KRAS exon 2) 

Top 

CACCGCTGAATTAGCTGTATCGTCA 

Bottom 

AAACTGACGATACAGCTAATTCAGC 

48 

 

40 

 

67.6 

 

67.6 

U6 primer GAGGGCCTATTTCCCATGATTCC 52.2 62.4 

T7EI-Reverse AGAATGGTCCTGCACCAGTAAT 45.5 58.4 

T7EI-Forward TTTAGCCGCCGCAGAACA 55.6 56 

 
Table 1: Design of single guide RNA (sgRNA) sequences for genome editing and primers sequences 
compositions. The percentage of GC (%GC) and the melting temperature (TM) are represented in the 
table. The additional guanine nucleotide to the 5’ of 21-bp guide, in bold, was added as it has been 
shown to increase targeting efficiency. 
 



 

 38 

 

Figure 6: Sequences of HDR templates for the different KRAS exon 2 mutations. Three mutations are 
represented (i.e., G12D, G12V and G13D), and the wild-type sequence of the KRAS exon 2. In all 
sequences, the start codon is underlined and the nucleotide (nt) involved in the mutations is highlith in 
yellow and bold. Both nucleotide (nt) and amino acid (aa) nomenclature for the missense mutation are 
displayed on the figure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TTCATTATTTTTATTATAAGGCCTGCTGAAAATGACTGAATATAAACTT
GTGGTAGTTGGAGCTGATGGCGTAGGCAAGAGTGCCTTGACGATACAGC
TAATTCAGAATCATTTTGTGGACGAATATGAT 

HDR-G12D 
5’à3’ 

Nt: G>A 
Aa: G>D 

ATGACTGAATATAAACTTGTGGTAGTTGGAGCTGGTGGCGTAGGCAAGA
GTGCCTTGACGATACAGCTAATTCAGAATCATTTTGTGGACGAATA… 

WT-exon2-KRAS 
5’à3’ 

HDR-G12V 
5’à3’ 

Nt: G>T 
Aa: G>V 

HDR-G13D 
5’à3’ 

Nt: G>A 
Aa: G>D 

TTCATTATTTTTATTATAAGGCCTGCTGAAAATGACTGAATATAAACTT
GTGGTAGTTGGAGCTGTTGGCGTAGGCAAGAGTGCCTTGACGATACAGC
TAATTCAGAATCATTTTGTGGACGAATATGAT 

TTCATTATTTTTATTATAAGGCCTGCTGAAAATGACTGAATATAAACTT
GTGGTAGTTGGAGCTGTTGACGTAGGCAAGAGTGCCTTGACGATACAGC
TAATTCAGAATCATTTTGTGGACGAATATGAT 

H
D

R
 te

m
pl

at
e 
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FLAG-tag plasmids 

Plasmids used in this project were gifted from the previous research laboratory of 

Associate Professor Christina Kiel in Barcelona (CRG). All the plasmids harboured identical 

backbone pMDS_TetOn3G-kozak-flag-GOI (gene of interest). Plasmids differ only by their 

GOI, which are wildtype (WT) KRAS, KRASG12D, KRASG12V, or KRASG12C as GOI (Table 

2). 

 

Backbone GOI Size 
Bacterial 

resistance 
Source 

pMDS_TetOn3G-Kozak-
FLAG-GOI 

KRAS Wild-type 5,331bp Spectinomycin H. Benisty 

pMDS_TetOn3G-Kozak-
FLAG-GOI 

 

KRAS G12D 5,331bp Spectinomycin H. Benisty 

pMDS_TetOn3G-Kozak-
FLAG-GOI 

KRAS G12D 5,331bp Spectinomycin H. Benisty 

pMDS_TetOn3G-Kozak-
FLAG-GOI 

KRAS G12C 5,331bp Spectinomycin H. Benisty 

 
Table 2: Detailed construct for the expression of the different FLAG-KRAS tagged proteins (N-terminal 
FLAG tag).  

2.2.3. Transformation, extraction & purification 

Bacterial transformation 

The bacterial transformation of the CRISPR/Cas9 plasmids and the KRAS FLAG-

tagged plasmids were performed using the One-ShotTM Stbl3TM (Invitrogen C737303) 

chemically competent bacterial cells to replicate each plasmid following the manufacturer's 

instructions. Then, 100µl of the bacteria-plasmids solutions were plated into LB selective agar 

plates containing either the antibiotic ampicillin (100 μg/ml) or spectinomycin (50 μg/ml). 

Plates were incubated at 37°C, overnight. The next day, individual bacterial colonies were 

selected from LB agar plate and grown in 4 ml LB broth with the corresponding antibiotics for 

6 to 12 h at 37°C in a shaking incubator at 250 rpm. After incubation, several aliquots of this 
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original starter culture were used to make a transformed bacterial glycerol stock for long term 

storage at -80°C (1 ml transformed bacteria in 1 ml 50% glycerol). The remainder of the 

original starter culture was then used to grow at a large scale the transformed bacteria under 

selective antibiotics overnight in 500 ml of LB medium at 37°C in a shaking incubator at 250 

rpm. 

Extraction and purification 

A large number of plasmids were necessary, especially for the KRAS FLAG plasmids. 

The HiSpeed Plasmid Maxi Kit (Qiagen) was routinely used to generate stocks of the KRAS 

FLAG plasmids, and the different KRAS CRISPR/Cas plasmids needed. The kit was used 

following the manufacturer's instructions. Final DNA was eluted in 400 µl of TE buffer and 

allowed to resuspend overnight to ensure homogeneity.  

Quantification: The following day, concentrations and purities were measured on a NanoDrop 

(Implen NanoPhotometer® NP80), and plasmids DNA were stored at -20°C. 

2.2.4. CRISPR plasmid construction: annealing and cloning into the pSpCas9(BB)-2A-

GFP CRISPR plasmid 

Top and bottom sgRNAs containing each target sequence were synthesised 

(Eurofins, Table 1) and annealed in a thermocycler to obtain a double-strand oligonucleotide 

ready to be inserted in the CRISPR plasmid. 100µM of the top and bottom sgRNA were 

annealed in an annealing buffer (T7 DNA buffer (1X)) and diluted in RNA-free water in a total 

volume of 10 µL. This mix was heated for 30min at 37°C, then 5 min at 95°C and ramp down 

to 25°C at 5°C/ min. Following this, oligonucleotides were removed from heat and allowed to 

cool to room temperature on the bench. After a 1:200 dilution in RNA-free water of the double-

strand oligonucleotide, a cloning step is necessary to introduce it into the pSpCas9(BB)-2A-

GFP plasmid. The pSpCas9(BB)-2A-GFP plasmid is then linearised with the FastDigest 

BbsI enzyme at the same time as the cloning of the oligonucleotides duplex. The diluted oligo 

duplex was added to 100 ng of the pSpCas9(BB)-2A-GFP plasmid in addition to Tango buffer 

(10X), DTT (10mM), ATP (10mM), and the T7 ligase. The mix reaction was incubated in a 

thermocycler at 37°C for 5 min, and 21°C for 5 min and these steps were repeated 1 - 6 

times. After completed incubation, the pSpCas9(sgRNA_KRAS)-2A-GFP plasmid for each 

target sequence were ready to be transformed in competent cells, amplified and purified to be 

added to the cells by transfection . 
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2.2.5. Polymerase chain reaction (PCR) for genotyping analysis  
Polymerase chain reaction (PCR) was set up for validation before sending DNA 

sequences to sequencing (Sanger Sequencing). The genomic DNA of the Caco-2 cells 

transfected with the pSpCas9(KRAS)-2A-GFP CRISPR plasmid was extracted using the 

QIAamp DNA Mini Kit following the manufacturer instructions. The purified DNA was then 

measured (NanoDrop) and diluted to reach approximately 100-200 ng of genomic DNA along 

with 12.5 µl of polymerase (Q5 Hot Start HF 2X MM/ENGEN) in nuclease-free water with 

standard buffers. The target DNA fragments to amplify for the sequencing were generated with 

the two T7EI reverse and forward primers (at 100 µM) as per Table 1, were added into each 

PCR reaction tube. Then the total volume of the reaction was brought up to 25 µl with RNA-

free water. The PCR setting was set up as follow: initial denaturation at 94°C for 2 min, and 

cycled 30 times for a denaturation at 94°C for 30 s, annealing at 65°C for 30 s, an extension at 

72°C for 30 s and a final extension at 72°C for 5 min. the final mix was then ready to use for 

sequencing puroposes (see 2.7. Sanger sequencing). 

2.2.7. Plasmids transfection 

Transfection of the CRISPR plasmids 

Caco-2 cells were seeded 24 h before transfection in 6-well format in growth medium 

and grown to 70-80% of confluency. Cells were then transfected with different transfection 

agents: Lipofectamine 2000 (Thermo), Lipofectamine 3000 (Thermo), and the TransIT-X2 

(Mirus) as well as by electroporation (nucleofector technology, Lonza) following the 

manufacturer instructions in OPTI-MEM reduced serum medium (ThermoFisher Scientific, 

31985-062) for 6 h. 

Transfection of the FLAG-KRAS plasmids 

Caco-2 cells were seeded 24 h before transfection in either 96, 6 or 10-cm dishes in 

normal growth medium and grown to 70-80% of confluency. Cells were transfected with 15 

µg of plasmids (containing KRASWT or KRASG12D or KRASG12V or KRASG12C as GOI) (Table 

1) using Lipofectamine 2000 (Invitrogen, 11668-019) according to the manufacturer's 

instructions in OPTI-MEM reduced serum medium (ThermoFisher Scientific, 31985-062) for 

4 h. Then, the medium was changed and supplemented with or without the appropriate 

conditions. To note, cells transfected with the KRASWT plasmids were always supplemented 

with 15 ng/ml of doxycycline (Sigma-Aldrich). Cells were incubated for 24 h at 37°C and 

harvested. 
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2.2.8. Protein extraction and concentration 

Caco-2 cells or MEFs cells lysates were obtained after trypsinisation, and cell pellets 

were recovered and washed twice with PBS 1X. The cells pellets were then resuspended in the 

appropriate volume (e.g., 300µl for the AP-MS experiments) of lysis buffer [50 mM TRIS HCL 

pH 7.5, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 2 mM MgCl2, 1 mM DTT, and 1% 

IGEPAL/NP-40 supplemented with PhosSTOP (Roche) and cOmplete, Mini protease inhibitor 

cocktail (Roche)]. Cells were lysed for 30 min on a rotator at 4°C, centrifuged at 14000 rpm 

for 30 min at 4°C, and the supernatants were collected in a new tube. Protein concentrations 

were measured using the Pierce 660-nm Protein Assay (Thermo) per manufacturers guidelines. 

Samples were incubated for 5 min before absorbance was read at 660 nm on a SpectraMax M3 

plate reader. Net absorbances were plotted against BSA protein concentration for standard 

curve generation (Thermo 23208). For each sample, the concentration was obtained by 

comparing net absorbance values against the generated standard curve. A new standard curve 

was generated for each assay. Kept on ice, cell lysates were then directly used for affinity 

purification. 

2.2.9. Western Blot 

Prior to loading the samples into the gel, a normalisation of the concentration for each 

sample is done, with a concentration aiming to be 1ug/ul. Proteins were then denatured, 

samples were boiled at 95°C for 5 min in 4x Laemmli buffer and dithiothreitol (DTT) before 

loading onto 4 to 12% NuPAGE gradient precast gels. Gels were run for 10 min at 110V, 

followed by 45min ar 150V, with gels submerged in NuPAGE MES running buffer. After 

electrophoresis, proteins are dried transfer using the iBLOT2 device for 7 min into a 

nitrocellulose membrane. The membranes were checked by Ponceau S staining to ensure 

protein transfer. Then, the membranes were washed in 1X Tris buffer saline-tween20 (TBS-T) 

before blocking solution for 1h in 5% milk at room temperature in a shaking device. Depending 

on the antibody, the membranes were incubated either overnight at 4°C or at room temperature 

for 4 h, with the primary antibody diluted in 0.05% milk in TBS-T (Table 3). The membranes 

were then washed three times in TBS-T, 10 min each and incubated horse radish peroxidase 

(HRP) conjugated secondary antibody (Table 3) for 1h diluted in milk TBS-T on shaking 

device. Protein bands were developed using high sensitivity ECL reagent (Thermo) with the 

West Pico western blotting substrate as per the manufactuer's instructions and visualised using 

the G-Box image developer (SYNGENE). Densitometry analysis was performed using ImageJ, 
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with target protein bands normalised to loading control (b-actin or GAPDH). The following 

antibodies were used for Western blotting:  

 

Antibody Supplier Species Dilution 

b-Actin (#4970 Cell Signaling) Rabbit / monoclonal 1/3000 

GAPDH (ab2118 Abcam) Rabbit / monoclonal 1/1000 

panRAS (ab52939 Abcam) Rabbit / monoclonal 1/5000 

KRAS (CPTC-KRAS4B-2) Mouse / monoclonal 0.5 ug/ml 

Secondary 

HRP (mouse) 
HRP Abcam Goat anti-Mouse 1/3000 

Secondary 

HRP (Rabbit) 
HRP Abcam Goat anti-Rabbit 1/3000 

 
Table 2: List of primary and secondary (underline) antibodies, supplier, species and the appropriate 
working dilution or concentration used in Western blotting.  
 

2.2.10. Fluorescence activated cell sorting of Caco-2 cells and single-cell 

cloning 

In order to assess the transfection efficiency and generate single-cell clones of the 

transfected Caco-2 cells, fluorescent activated cell sorting (FACS) was used to identify GFP 

positive cells. Caco-2 transfected cells were trypsinised, and the cells in suspensions were 

washed in PBS, transferred into a 1.5ml tube, and filtered through a CellTrics® filter to remove 

aggregates before sorting cells. Untransfected Caco-2 cells were used as a negative control for 

the FACS gating strategy. GFP positive cells were sorted in 96-well plates, and only the GFP 

population was sorted to have one positive GFP cell in each well based on the GFP intensity. 

Forward and side scattering were used to gate out cell debris, and doublets with GFP 
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fluorescence were detected at 488 nm using a 530/30 nm bandpass filter. Automated FACS 

was performed on a BD FACS ARIA III cell sorter (BD Biosciences) in the flow cytometry 

Core facility to identify overall optimal transfection efficiency in Caco-2 cells (in collaboration 

with A. Blanco in the Conway Institute).  

The GFP positive cells were sorted in 96-well plates, in which each well was previously 

kept at 37 degrees and filled with a fresh conditioned growth medium (see 2.1.). Then, Caco-2 

cells were directly sorted by one cell in one well. The medium was replaced with a conditioned 

medium depending on the adherence status of the single cell in each well to avoid any 

disruptions. 

2.2.11. Sanger sequencing and anlaysis  

For the validation of the cloning for the insertion of the target sequence into the 

pSpCas9(BB)-2A-GFP plasmid 

Sanger sequencing services was used to confirm the sgRNAs insertion into the CRISPR 

plasmid. A pre-mix solution containing 1 µg of plasmid and the U6 primers (1/10 dilution) 

(Table 1) in RNA-free water were sent directly to the sequencings services of Eurofins.  

For the validation of the genome of Caco-2 cells after the CRISPR editing: The unpurified 

PCR products (see 2.2.4) were used to confirm successful gene editing of cells using T7EI 

forward and reverse primers (Table 1) in a pre-mix tube labelled specifically for Eurofins for 

sequencing.  

Sequence processing and analysis 

In order to analyse the editing events of the CRISPR on the genomic DNA of the Caco-

2 cells, the Sanger sequencing data were uploaded into the Synthego Performance analysis tool, 

and the guide sequences used was also specified to assess the edits by inference of CRISPR 

edits (ICE) analysis. The indel formations were tracked into a cell pool population using the 

software. ICE scores the frequency of insertions, deletions or changes in the edited samples 

compared to the wildtype sample. 

2.2.12. Affinity purification (AP) 

Cell lysates were immunoprecipitated from 800µg of cell lysate using anti-FLAG-M2 

magnetic beads (Sigma, M8823) by using the KingFisher DuoPrime purification system 

(ThermoFisher). Beads were washed in TBS (according to the manufacturer's instructions) for 

5 min, twice, at low speed. Then beads were collected by the KingFisher magnet and discarded 
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into the samples wells and mixed at a slow speed for 1 hour. Then, beads-antibody samples 

were collected and went through different wash salted solutions [Wash 1 and 2: RIPA buffer 

with 150 mM NaCl; Wash 3: RIPA buffer with 500 mM NaCl], mixed at low speed for 30 s. 

Then, beads-antibody-sample were eluted in 50 µl of glycine [0.1 M, pH 3.0] for 5 min. 

Immediately after, samples were neutralised with 20 µl of TRIS BASE (1 M, pH 8.0).  

2.2.13. Mass spectrometry (MS) sample preparation (SP3 protocol) for the 

AP immunoprecipitate proteins (2.8) and the whole cell lysate of 

Caco-2 cells 

Each sample from the affinity purification and the Caco-2 cells transfected (KRAS wild-

type and KRAS mutant G12D, G12V and G12C) cell lysates were analysed in triplicates. For 

the Caco-2 whole cell lysate, cells were lysed as described in section 2.4, and protein 

concentrations were determined using the PierceTM BCA protein assay (Thermo) following the 

manufacturer instructions. For each sample, 50 µg of proteins were adjusted in 20µl of 

buffer/MS grade water. 

Then, each protein samples (AP or WCL) were homogenised and denatured in urea (final 

concentration, 4 M), ammonium bicarbonate (100 mM), and calcium chloride (100 mM), then 

reduced in DTT (final concentration, 1 mM) for 15 min at room temperature and alkalinised in 

iodoacetamide (IAA) (3 mM) in the dark at room temperature for 15 min. The Tryptic digestion 

protocol was performed using the KingFisher Duo Prime system (ThermoScientificTM) 

following the described steps: magnetic hydrophobic and hydrophilic beads were washed 

several times in MS grade water, then added to the deepwells plate on the KingFisher along 

with the samples and the same volume than the sample of 100% ethanol. The solutions were 

then mixed at low speed for 10 min, then the beads coupled to the proteins were collected with 

the magnetic arm of the KingFisher and transferred to be washed in 3 different deepwells 

containing each 80% of ethanol. The washed beads-proteins were then released into the trypsin 

(Promega, V5111) deepwells at a 50:1 (w/w) protein to protease ratio and mixed at low speed 

for 8h of digestions into peptide fragments at 37°C on the KingFisher. Peptide samples were 

transferred into low binding tubes, 1% of trifluoroacetic acid (TFA) was added to acidify the 

samples ready to be desalted, cleaned, and concentrated on C18Tips (ThermoScientific, 87784) 

(Rappsilber et al., 2007) according to the manufacturer's instructions. Purified peptides are then 

dried and resuspended in low binding tubes before mass spectrometry analysis in 30 µl of 

0.15% TFA acid and 1% acetic acid in MS grade water. 
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Mass spectrometry  

The peptides were analysed in a MS shotgun proteomics technique. This technique allows 

a sensitive bottom-up approach that consists of the separation of peptides resulting from protein 

digestion by liquid high-performance liquid chromatography (HPLC) followed by tandem 

mass spectrometry (MS/MS).  

 

LC-MS/MS method: Samples were run on a Bruker timsTof Pro mass spectrometer connected 

to an Evosep One liquid chromatography system. Tryptic peptides were resuspended in 0.1% 

formic acid and each sample was loaded onto an Evosep tip. The Evosep tips were placed in 

position on the Evosep One, in a 96-tip box. The autosampler is configured to pick up each tip, 

elute and separate the peptides using a set chromatography method (30 samples a day).  

The mass spectrometer was operated in positive ion mode with a capillary voltage of 1500 V, 

dry gas flow of 3 l/min and a dry temperature of 180°C. All data was acquired with the 

instrument operating in trapped ion mobility spectrometry (TIMS) mode. Trapped ions were 

selected for ms/ms using parallel accumulation serial fragmentation (PASEF). A scan range of 

(100-1700 m/z) was performed at a rate of 5 PASEF MS/MS frames to 1 MS scan with a cycle 

time of 1.03s.  

 

Chromatography buffers: Buffer B: 99.9% acetonitrile, 0.1% formic acid. Buffer A: 99.9% 

water, 0.1% formic acid. All solvents are LC-MS grade. 

 

Data analysis using MaxQuant: The raw data were searched against the Homo sapiens (Caco-

2 cells) subset of the Uniprot Swissprot database using the search engine Maxquant (release 

2.0.1.0) using specific parameters for trapped ion mobility spectra data-dependent acquisition 

(TIMS DDA). Each peptide used for protein identification met specific Maxquant parameters, 

i.e., only peptide scores that corresponded to a false discovery rate (FDR) of 0.01 were accepted 

from the Maxquant database search. The normalised protein intensity of each identified protein 

was used for label-free quantitation (LFQ) using Proteome Discover search engone (Thermo) 

(in collaboration with Kieran Wynne at Systems Biology Ireland). 

 

MS Data filtering and transformation followed by ID mapping: The data were first pre-

processed based on the label-free quantification intensities (LFQi). Five filterings were applied 
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to the whole LFQi data set for the AP samples (in collaboration with Philipp Junk, PhD student, 

Systems Biology Ireland). The data were first filtered as follow: 

F1: Filtering of proteins by "only identified by site", "potential contaminant", and "reverse." 

F2: Filtering of all observations with LFQ intensity equals to 0. 

F3: Filtering of outlier samples. 

F4: Filtering cutoff of 0.6 by protein presence in groups for each group. A group is defined as 

a collection of biological replicates for one combination of mutation (i.e., WT, G12D, G12V 

and G12C KRAS), conditions (i.e., growth conditions) and concentrations (i.e., 0, 20 and 200 

ng/ml), which results in a group size of 6. 

F5: Filtering against the negative control sample, which is the beads only used for the AP and 

MS sample preparations. In MS analysis based proteomic data, there are typically two types of 

missing values, the missing not at random (MNAR) and the missing at random (MAR) (Lazar 

et al., 2016). The MAR values were imputed using a mixed imputation strategy such as a kNN 

imputation (Gatto and Lilley, 2012) (Gatto et al., 2021). Other missing values were considered 

MNAR values were imputed at value 0. After the imputation, differential expression analysis 

was performed for each group against the beads control. Afterwards, all proteins were extracted 

for each group which were significantly enriched in the sample (cutoffs: p-value adjusted: < 

0.01, Log Fold Change: > 1).  

The data were transformed to have consistent protein and gene names annotations following 

the data filtering. The data are received from the MaxQuant software in Uniprot IDs. 

Nevertheless, for some protein isoforms, there are multiple names that were collapsed on the 

protein ID. When a different ID for a protein was obtained, manual selection based on a manual 

review of the underlying peptides was performed. 116 pUniprot IDs were found in this case 

(e.g., uniport_IDs: A0A075B6R9;A0A0C4DH68, the leading_razor_protein choose is 

A0A075B6R9). After assigning single Uniprot IDs for each protein, the current version of the 

HGNC database was performed to map the Uniprot IDs to HGNC gene names. However, one 

Uniprot ID can correspond to multiple HGNC gene names. If this case happened, manual 

selection of the gene names of interest was performed (Table 3). Finally, the HGNC names 

were mapped to SysGO names. A couple of proteins could not be found in the SysGO database 

(Table 4), and one protein was renamed (i.e., HGNC name : PHB1, which was renamed PHD 

for sysGO)). Then, the technical replicates were merged using the median. In summary, we 

obtain a dataset with raw LFQ intensity or log2 transform data with biological triplicates.   
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Multiple names Manual assignement 

LGALS7|LGALS7B LGALS7 
H4-16|H4C1|H4C2|H4C3|H4C4|H4C5|H4C6|H4C8|H4C9|H4C11 
H4C12|H4C13|H4C14|H4C15 H4-16 

H2BC4|H2BC6|H2BC7|H2BC8|H2BC10 H2BC4 
H3C13|H3C14|H3C15 H3C13 
SMN1|SMN2 SMN1 
BOLA2|BOLA2B BOLA2 

 

Table 3: Manual selection for multiple HGNC names that are associated to Uniprot ID. 

 

Multiple names 

IGKV2D-24 
IGKV2-29 
GATD3 
RIMOC1 
POLR1G 
H2BC12L 
IGHG2 
UGT1A6 
ATP5MJ 
ATP5F1EP2 
RPL39P5 
GFUS 
MIX23 
HSP90AB4P 
HSP90AB2P 
HSP90AA4P 
CHCHD2P9 
NOPCHAP1 
ATP5MK 
NACA4P 
STEEP1 
MYG1 
AKAP2 

 

Table 4: List of proteins that were not found in sysGO while mapping from HGNC. 

 

The  MS data were handling through R pachages (R Core Team, 2021) (Wickham et al., 2019), 

(Wickham et al., 2021) (Henri and Wickam, 2020) (Robinson et al., 2021) (in collaboration 

with Philip Junk, SBI) and the principal component analysis (R Core Team, 2021) too. 
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2.2.14. Proliferation assay 

Caco-2 cells were seeded in a 96-well plate at a density of 3x104 cells/well and allowed to 

attach for 24 h. At 24 h, cells were transfected using lipofectamine 2000 following the 

manufacturer's instructions with either WT KRAS or G12D KRAS or  G12V KRAS or G12C 

KRAS, and the medium was changed after 4 h and replaced with the presence or absence of 

IL-6, TNF-α, EGF, DMOG, glutamine at two concentrations (20 – 200 ng/ml) for 24 h. At 0 h, 

12 h, 24 h, according to the manufactiurer instruction, medium were removed by aspiration 

carefully and freeze at -80°C. After maximun one week at -80°C, cells were thawed at room 

temperature and the mix dye/lysis buffer provided in the kit was added for 5 min and cell 

proliferation was assessed by fluorometric quantification of DNA using CyQuant Proliferation 

Assay Kit (Life Technologies) at 480nm/520nm. The CyQUANT assay is based on a dye 

(CyQuant® GR dye) which bind to the cellular nucleic acids, thus does not rely on cellular 

metabolic activity allowing the freezing of cells when used in time-course assays.  

 
2.2.15. Transepithelial electrical resistance measurement in the Caco-2 cells 

Caco-2 cells were grown on 0.4 μm pore size poly(ethylene terephthalate) transwell inserts 

in culture medium, and the medium was renewed every two days. The integrity of the cellular 

monolayer was monitored from its TEER as measured using a Millicell® ERS-2 meter 

(Millipore, United States). When the TEER reached a plateau, the epithelial layer was exposed 

to growth conditions or not for 24 h at different concentrations in apical or basolateral parts, 

depending on the experiments. Caco-2 cell layers were used as controls in the absence or 

presence of conditions and inserts without cells as a control for the TEER calculations. The 

TEER was calculated using: TEER = Rmeasured−Rmembrane, which TEERlayer (Ω cm2) is the TEER 

of an epithelial layer after subtraction of the TEER of the membrane without a cellular layer, 

Rmeasured (Ω) is the resistance measurement of the membrane with a cellular layer, and 

Rmembrane is the resistance of the membrane measured in the absence of a cellular layer. 

 
2.2.16. Bioinformatic tool 

Identification of the effectors that contain the Ras binding domain (RBD) (RA, RBD or 

PI3K_rbd domain): different tools were used to retrieve the list of all human proteins 

containing an RBD. The Simple Modular Architecture Research Tool (SMART) was used and 

contains protein information mainly related to domains and domain architecture for a range of 
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organisms. This tool was used parallel to three other tools: the InterPro, Pfam and PROSITE, 

which are used similarly (in collaboration with Simona Catozzi, PhD, SBI).  

Ras effector group: The mathematical model used to predict the different Ras effector groups 

was published in Catozzi et al., 2021 and applied thanks to the collaboration with Simona 

Catozzi, SBI.  

mRNA extraction for the Caco-2 cells: The determination of the mRNA level of the Ras 

effectors expressed in the Caco-2 cell line was obtained from the Human Protein Atlas (HPA). 

The average expression values of single-cell RNA in nTPM units are provided on the HPA 

database.  

Literature analysis: The classification of the 56 Ras effectors to 12 effectors classes was done 

by a manual literature search to classify the effectors into 12 functional pathway classes. A 

manual literature search also integrated the effector domain mechanisms and functions based 

on their additional domain.  
 

2.2.17. Statistical analysis  

All data expressed as average ± standard deviations (SD), with SD represented by error bars. 

Statistical comparisons between two groups (typically treated group against control samples) 

were performed using a t-test. The average value and SD were calculated from at least three 

biological experiments. All tests were performed with a p-value of 0.05 using GraphPad Prism 

9 software. 
 
2.2.18. Whole cell lysate protein enrichment analysis using gene ontology 

(GO) enrichment 

To reconstruct pathways from the subcomplexes and their retrieved functions, we used the 

graphical representation from the KEGG resource: https://www.genome.jp/pathway/hsa04014 

(Yu et al., 2012) (Wu et al., 2021) (Kaneshia et al., 2019) (Kaneshia et al., 2000). Each KEGC 

representation shows the top five enriched terms sorted by adjusted p-value for each sample 

and includes all data points from every sample for these five terms (see chapter 7). 

 

2.2.19. Protein subcomplex databases 

To obtain larger effector protein complexes, we used the Bioplex database (Huttlin et al., 2021): 

https://bioplex.hms.harvard.edu/index.php, which were obtained from multiple AP-MS 

experiments in HEK293 cells of individual flag-tagged Ras effectors. 
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Chapter 3: Bioinformatic and 
computational characterisation of Ras 
effector interactions in colon context 
 
 
Part of the work presented in this chapter has been included in the following paper: 

Ibanez V et al. Analysis of Ras-effector interaction competition in large intestine and colorectal 
cancer context. Small GTPases. 2021;12(3):209-225. 

3.1. Rationale 
Ras protein interacts with several effectors, and some of them are more studied than 

others. For example, RAF1 and PI3K effectors, involved in the RAF/MAPK proliferative and 

PI3K/AKT survival/apoptosis pathway, respectively, are more studied than other effectors such 

as RalGDS, RASSF, RIN, and AFDN (Cox and Der, 2010) (Krygowska and Castellano, 2018) 

(Terrell and Morrison, 2019) (Rajalingam et al., 2007) (Simanshu et al., 2017). This inequality 

is explained by the fact that most of the Ras effectors cited above are known to be altered or 

involved in cancers and diseases. All Ras effectors have a common characteristic, they all 

contain an RBD in their sequence. However, the presence of the RBD does not qualify the 

effector as an effective Ras effector (or "true Ras effector"). Another essential characteristic of 

the effectors is their binding affinities to Ras through the RBD. Indeed, not all RBDs are known 

to bind to Ras, and the binding affinity (Kd) between the effector RBD and Ras can vary from 

low to high affinity. In addition to the affinity, the effector protein concentrations are also 

critical for binding, and expression levels can change in a tissue- and a cell-dependent manner. 

Together with binding affinities, effector concentrations are likely to impact the formation of 

individual Ras-effector complexes, which have been shown to affect downstream pathway 

activation (Kiel et al., 2013). Moreover, contextualising, thus focusing on Ras effectors in the 

colon context, would provide another level of insight into the physiological state of Ras 

proteins in complexes with its effectors in a particular environment. Moreover, also elucidate 

the behaviour of the effector interactions with Ras mutant proteins in the context of CRC.  

However, Ras has various identified partner proteins that are less well characterised; thus, 

investigating their interactions when in complex to Ras-GTP through their RBDs, binding 
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affinities, and abundances in specific tissues is crucial to understanding how the signal 

downstream of Ras propagates. Hence, determine the cellular outcome linked to this particular 

downstream pathway and how they are altered in a tissue-dependent manner, such as 

proliferation, apoptosis, etc.  

This chapter aimed to investigate the potential Ras effector interactions in colon 

contexts based on bioinformatics and computational analyses to reconstruct the Ras-effectors 

network. This led us to dissect the Ras network interaction with its partner proteins. 

3.2. (K)RAS network reconstruction in colon contexts 
In this section, we are looking at the effector binding affinities (Kd) of their RBD for 

Ras-GTP bound and the effector concentrations (protein abundances) in colon tissue and the 

Caco-2 cells (mRNA) due to their contributions to the formation of individual Ras-effector 

complexes. Noteworthy, as the protein expression was not available at the time of the 

computational analysis, transcript levels are used. 

Identification of 56 established and predicted Ras effectors in humans 

To be qualified as a potential Ras effector, the protein must contain an RBD (i.e., RBD, 

RA, or PI3K_rbd) in its protein sequence. Thus, possible Ras effector sequences were extracted 

from all human genes with a homology sequence to the RBD through sequence-based 

prediction databases (e.g., PROSITE, SMART, Pfam). We obtained 56 potential Ras effectors 

(Figure 7) (published in Gaspar et al., 2021). Then, the effectors were distributed based on 

their domain compositions from that list of potential effectors: the canonical RBD and the 

additional domains present (published in Ibanez et al., 2021). In total, 149 additional domains 

were found and distributed into 41 domain families, which were then reduced by sub-

classification into four groups: catalytic domains, intermolecular PPI-mediating domains, 

membrane-binding domains, and intramolecular/structural domains (published in Gaspar et al., 

2021). However, the presence of these RBDs does not qualify them as actual Ras effectors. 

Indeed, other features/characteristics need to be explored, such as their binding affinities when 

in complex with Ras-GTP bound and their abundances that play an essential role in forming 

Ras-effector complexes. 

Binding affinities of the Ras effector interactions 

Binding affinity (Kd) data were collected for all the 56 Ras effectors when in complex 

with Ras-GTP and measured from biophysical in vitro techniques (Wohlgemuth et al., 2005) 
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(Nakhaeizadeh et al., 2016) (Kiel et al., 2005) (Rudolph et al., 2001) or calculated in silico 

based on 3D structural modelling and energy calculations (Pacold et al., 2000) (Esser et al., 

1998). Based on the binding affinities of the effector RBD in complex with Ras-GTP bound 

state, a categorisation of the effectors has been made. The binding affinities of the effectors are 

broad and range from low nanomolar (nM) to high micromolar (µM) values (Figure 7). From 

the 56 effectors listed (Figure 7), eight effectors have a high binding affinity for Ras with a Kd 

value ≤ 1 µM, 35 effectors have a low binding affinity for Ras with a Kd value > 1 µM, four 

effectors are likely not to bind to RAS-GTP via their RBD, and nine effectors have no data 

available (unknown), either in vitro or in silico binding information. 

 

 

Figure 7: Ras-GTP bound and its 56 potential Ras-effectors. The 56 potential Ras effectors are 
distributed based on their RBD binding affinities for Ras-GTP bound state. The effectors with a high 
affinity are defined by Kd values of ≤ 1 µM, and the effectors with a low affinity by Kd values of > 1 µM. 
Adapted from Kiel et al., 2021. 
 
 
Ras-effector protein expression in colon tissue and the Caco-2 cell line 

Colon tissue Ras-effector expression levels were extracted from deep high-coverage 

proteomics mass spectrometry data (Wang et al., 2019). 49 out of the 56 effectors protein 

expression levels were available from this data. The effector protein concentrations for four 

effectors (ARHGAP20, RALGDS, RAPGEF5, and RGL1) were estimated based on their 

mRNA levels (*) (Wang et al., 2019) and two effectors for either concentration and transcripts 

(RASSF9, RASSF10, and RGL4) were not detected by both MS and mRNA sequencing in 

colon tissue (Figure 8. A.). The protein expression data reveals that the eight Ras effectors 
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identified with a high RBD affinity for Ras (ARAF, BRAF, RAF1, RALGDS, RGL2, PLCE1, 

RIN1, RASSF5) are all found expressed in colon tissue, with variable abundances (Figure 8. 

A.). The effectors with a low affinity are found mainly expressed in the colon with high 

abundance variations ranging from 0.01 nM (no protein expression) to 50 nM, among the 

unlikely effectors to bind to Ras and unknown effectors too. Nine effectors (RASSF9, 

RASSF10, RGL4, PIK3C2G, TIAM1, RAPGEF3, RADIL, GRB14, and RASSF3) are 

considered not to be expressed in colon tissue due to their low concentration ranging between 

0 nM and 0.1 nM (Figure 8. A.). In addition, 14 effectors (MYO9A, PLCE1, RASSF6, 

ARAP3, RGS12, PIK3CA, PIK3CD, TIAM2, RAPGEF4, GRB10, MYO10, ARAP2, 

PIK3CG, and RASSF1) are expressed at a concentration ranging between 0.1 nM to 1 nM and 

could be considered as not expressed in colon tissue if using 1nM as a threshold (Figure 8. A.).   

Moreover, in order to investigate the effector’s distribution and correlate effector abundances 

in colon tissue to the effector present in the Caco-2 colon cell line model that we will use later 

in our experiments, the Caco-2 mRNA levels for each of the 56 effectors were extracted from 

the Human Protein Atlas (HPA) (Figure 8. B.). We can observe that the potential Ras effectors 

found with low mRNA levels in Caco-2 cells (< 1 nTPM) are also the ones with a low protein 

concentration in colon tissue ranging from 0nM to 5.8 nM (i.e., TIAM2, RASSF5, PIK3CD, 

RAPGEF3, RGL2, ARHGAP20, TIAM1, RASFF10, APBB1IL, PIK3CG, RAPGEF4, 

RADIL, PIK3C2G, and RASSF9). The eight high-affinity Ras effectors found in colon tissue 

are also found to have high transcript levels in Caco-2 cells, suggesting a high protein 

expression (supposing that mRNA level correlates with protein abundances). And the low 

affinities effectors for Ras (34 out of 56) are found with wide ranges of mRNA levels from 0 

to 88.8 nPTM (Figure 8. B.). Moreover, the effectors classified as likely not to bind and 

unknown are all found at low mRNA levels (ranging between 0 and 0.7 nPTM), agreeing with 

their low protein expression found in colon tissue, suggested as not expressed. 

Taken together, these findings show that from the 56 potential Ras effectors containing 

an RBD, not all of them are shown to be expressed in colon context based on protein expression 

in colon tissue and mRNA levels in the Caco-2 colon cell line. This data also supports the 

hypothesis that the high-affinity Ras effectors, found at low concentrations, can form a 

significant complex with Ras independently of their abundances. On the contrary, the low-

affinity Ras effectors need to have higher abundances to form a significant complex with Ras 

in addition to their RBD. Thus, this leads us to the hypothesis that there is another possible way 

than the effector’s RBD to interact with Ras to enhance the interactions between Ras and its 



 

 55 

effectors, such as the additional domains found in protein sequences. Investigating the low-

affinity Ras effectors based on their abundances would provide insight into their recruitment 

and contribution to Ras signalling. Taken together, these findings based on the Ras effectors 

binding affinities from high to low and abundance from nM to µM concentrations in colon 

contexts support the idea that both the effector concentrations and binding affinities rewire Ras 

effector interactions and, to some extent, can as hypothesised, rewire the cellular outputs/cell 

fate. 

 

 
 
Figure 8: Ras effector abundances and binding affinities.Ras effector protein abundances in human 
colon tissue based on Wang et al., 2019 and Ibanez et al., 2021 (A) and mRNA abundances in Caco-2 
cells based on the Human Protein Atlas database (B). The colours of the effectors´names at the bottom 
of each histogram correspond to Ras-effector binding affinities. The black star indicates effectors´ 
abundances estimated based on their mRNA levels. TPM: transcripts per million; nTPM: normalised 
transcript expression values per sample; Kd: dissociation constant. 
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3.3. RAS as a competition hub in colon contexts  
In order to link the effectors found in colon tissue based on their abundances to downstream 

pathways relevant in colon intestinal cells, the 56 effectors were classified into 12 functional 

groups. However, the threshold used that qualified an effector as relevant in colon physiology 

is that their abundances are ≥ 1 nM (from the 56, 23 were removed = 33 left). After literature 

analysis, these groups were defined based on the additional effector domains present in their 

sequences and/or from the effector known functions found. These pathways are connected to 

several responses and known or potential roles in colon homeostasis (see Review Ternet & 

Kiel, 2021) (Figure 9).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Figure 9: Pathways downstream of Ras based on protein abundances in colon tissues (Wang et al., 
2019). The protein concentration threshold is ≥ 1 nM. From Ibanez et al., 2021. 

 

Ras hub protein binds partner proteins in a mutually exclusive manner 

The Ras hub protein uses the same domain (switch regions) to interact with the RBD 

of its effectors, suggesting that the binding of Ras effector to Ras is mutually exclusive. It 

suggests that Ras-effector could compete for the Ras common binding site and that this 

competition is important for the activation downstream of Ras. Thus, differences in Ras 

effector abundance can lead to differential pathway activations. Indeed, competition between 
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Ras effectors has been shown when Ras proteins are expressed at a limiting concentration (Kiel 

et al., 2013). However, less is known about Ras effector competition in the colon. 

 

Determination of effector competitions for binding to Ras proteins in the colon context 

using protein abundances and binding affinities based on a computational model. 

As described above, the 56 potential Ras effectors interact with Ras with different 

binding affinities and are expressed at different concentrations in colon tissue (Figure 2). 

Moreover, several studies have shown that if active Ras-GTP concentration is limiting, the Ras 

effectors compete for binding to Ras (Kiel et al., 2013) (Kennedy et al., 2020) (Wang et al., 

2002). In the Ibanez et al., 2019 paper, we also investigated the described Ras effectors 

competition for (K)Ras to see if it was also occurring in the colon context. By modelling Ras 

effectors interactions and competition using proteomics colon tissue dataset from quantitative 

MS data, the analysis shows that for a low Ras-GTP bound state, particular effectors have the 

highest concentration of complexes formed with Ras, such as the RAF/ARAF/BRAF, 

RALGDS or the RASSF effector group (Figure 10).  

These results revealed that at low Ras-GTP levels (which is estimated at 20% (by 

Gulbins et al., 1994)), the high-affinity binders are predominant when the modelling uses nM 

concentrations of Ras-effectors complexes in colon tissues (Figure 10). The high-affinity 

binders are in group 1 (RAF/MEK/ERK), followed by the effector group 3 (RALGDS/RAL) 

and 8 (RASSF/MST/LATS hippo) involved in proliferation/self-renewal, 

endocytosis/internalisation Wnt receptors and apoptosis, respectively (Figure 10). The same 

trend was kept when increasing the percentage of Ras-GTP loading without changing effector 

abundances, from 50, 90 to 100%. Interestingly, the binding effector profile changes when 

increasing the Ras-GTP loading after normalising the Ras effector complexes by the total 

concentration of all Ras effector complexes in colon tissue. This data revealed that the high-

affinity binders bind proportionally less to Ras in favour of more low-affinity binders such as 

AFDN or RIN1/2/3 (Figure 10). The low-affinity binders are found in functional group 4 

(AFDN/Actin/Nectin/Cadherin) and 6 (RIN/ABL/RAB) involved in cell-cell junction/barrier 

and migration/polarisation, respectively, for example. The computational model predicts that 

there are globally more effectors binding to Ras-GTP when increasing the levels of active Ras-

GTP and that there are more low-affinity effectors binder when Ras-GTP is increased, 

revealing competitive effectors binding in the colon context for KRAS. 
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Figure 10: Network modelling of Ras effector interactions and competition. (b) The equilibrium 
network analysis results in nanomolar concentrations of Ras-effector complexes in colon tissue. The 
complex formations were calculated using increasing amounts of total Ras, with 100% corresponding 
to the total concentration of Ras for mimicking a 100% load of GTP. (c) Similar to panel (b), the Ras-
effector complexes are displayed in percentage (normalised by the total concentration of all Ras-
effector complexes). From Ibanez et al., 2021. 
 

Noteworthy, due to the high abundances of KRAS proteins (276 nM) observed in colon tissue 

based on the proteomics dataset (Wang et al., 2019), we can assume that the majority of the 

effector (88%) interacts with KRAS as compared to H- (13 nM) and N-RAS (24 nM).  

Taken together, these results indicate that the KRAS network (KRAS in complex with 

effector) changes not only quantitatively but also qualitatively depending on the level of Ras 

activation and the concentrations of different Ras effector proteins. Moreover, the functional 

effector groups correlate with epithelial barrier functional and intestinal homeostasis function, 

which are required for the maintenance and renewal of the intestinal barrier.  
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3.4. Classification of the Ras effectors based on their 
interactions and additional domains importance 
 
As previously shown, Ras-effector competition for the binding to Ras hub protein and 

the differences in Ras effector abundances in colon tissue are modulating the activation of 

downstream signalling pathways leading to intestinal physiology. This model is based on the 

binding of the RBD contained in the Ras-effector sequence, which allows the binding to Ras. 

However, based on the model called “piggyback” (Kholodenko et al., 2000), it has been 

suggested that membrane anchoring of both interaction proteins strongly increases the average 

lifetime of complexes at the PM, hence increasing the extent of activation of downstream 

processes (Kholodenko et al., 2000). The Ras hub protein is the perfect example of PM 

anchored protein by binding effectors at the PM. As mentioned previously, many Ras-effectors 

in complex with Ras have been identified as low binders, suggesting an additional way for the 

effectors to be recruited at the PM, where Ras is located. As observed with the 56 Ras-effectors 

domains, in addition to the RBD, some effectors contain additional domains, potentially 

allowing them to be recruited to the PM. Some effectors contain classical membrane-binding 

domains (i.e., PH, C1, or C2 domains) and other effectors contain domains that can bind to 

membrane proteins (e.g., SH2 domains, which allow the docking to phosphorylate tyrosine 

residue on other proteins). Nevertheless, to be recruited to the PM, in addition to their 

additional domain and their RBD domain, effectors need to be stimulated by physiological 

stimuli. For example, Catozzi and colleagues, using a computational model, show that after 

inputting the stimuli epidermal growth factor (EGF) into the model as an example, the Ras 

signalling profile was shifted towards different effectors in complexes with Ras (Catozzi et al., 

2021). Therefore, the model suggested that specific stimuli influence the Ras signalling profile, 

hence modifying the effectors binding to Ras. Based on the same computational model and the 

hypothesis that additional domains were responsible for the recruitment of effectors to the PM, 

domain information for each of the 56 effectors was inputted into the computational model. 

The hypothesis is that the model will help determine the effectors’ additional domains that can 

be used for membrane recruitment upon certain stimuli by seeing an increase in their amount 

at the PM where Ras is anchored. In order to predict the effectors in complex with Ras, the 

analysis considers a 5% complex formation threshold for both the unstimulated and the 

stimulated Ras network in all 29 tissues (Wang et al., 2019) for each of the 56 potential Ras-

effectors.  
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This model predicted that 32 out of the 56 Ras effectors have a weak binding affinity 

for Ras through their RBD. These 32 effectors are predicted to be significantly in complex with 

Ras through their RBD only when the overall binding affinity is increased through the 

recruitment to the PM via additional interactions (domains). Moreover, as mentioned earlier 

(see 1.3.), these effectors should also have a certain significant abundance to be in complex 

with Ras. These 32 Ras effectors are classified as “Effector Group 2”. In addition, 9 effectors 

(ARAF, BRAF, RAF1, RALGDS, RGL2, AFDN, SNX27, RASSF5, and RASSF7) can be 

considered as “true Ras effectors” and can sufficiently bind to Ras using the RBD alone, 

independently of their abundances. These Ras-effectors are classified as “Effector Group 1”. 

Finally, the other effectors, 16 out of 56, can be considered as not true Ras effectors and are 

classified as “Effector Group 3” (Figure 11). 

 

 
Figure 11: Computational modelling of group effector classification based on each of the 56 potential 
Ras-effectors contributions to Ras binding. Each effector forming a complex for at least 5% with Ras, 
in the unstimulated case, was classified into Effector Group 1; if this happened in the stimulated case, 
it entered Effector Group 2; otherwise, it fed into the last group (group 3). Effector Group 1: efficient 
Ras-effector complex formation with RBD. Effector Group 2: efficient Ras-effector complex formation 
with RBD and additional domains recruited to the plasma membrane. Group 3: inefficient Ras-effector 
complex formation. Adapted from Catozzi et al., 2021. 
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Chapter 4: The study of Ras in 
relevant Caco-2 cell model system 
 

Part of the work presented in this chapter is already published:  

Ternet C & Kiel C. Signaling pathways in intestinal homeostasis and colorectal cancer: KRAS 
at a center stage. Cell Commun Signal. 2021;19(1):31. 

4.1. Rationale 
Human cancer-derived cell lines are fundamental models used in different research 

fields to study cancer biology and the therapeutic efficacy of anticancer treatment (Sharma et 

al., 2010). Cell lines are also the primary tool used for testing hypotheses and generating 

experimental cues that can be further investigated in a more complex model, such as in primary 

cells. Another crucial element of using human cancer-derived cell lines is their ability to 

provide an inexhaustible source of biological materials, and their easier use in most 

experimental assays makes cell lines an indispensable tool in cancer research. Furthermore, 

since each cell line is derived from a patient with a particular disease, it offers the opportunity 

to disclose pathological features that can then be identified and further studied through 

experiments that are sometimes not possible to do in in-vivo settings. Nevertheless, no model 

is perfect, and caveats are well-known. Indeed, immortalised cell lines can be sensitive to 

genetic and phenotypic drift as mutation forms, and cells best adapted to their artificial 

environment are selected, thus being different from their parental origins. Some particular 

characteristics, such as cell-cell interactions seen in-vivo can be lost in-vitro, making these cells 

less clinically relevant. However, to overcome most of these issues or disadvantages, the Caco-

2 cells were directly bought from the American Type Culture Collection (ATCC) and 

characterised for the KRAS primary mutations in this project. 

As previously mentioned, we use the human Caco-2 (Cancer coli-2) cell line 

established from a human colorectal adenocarcinoma by Jorgen Fogh at the Sloan-Kettering 

Cancer Research Institute in 1977 (Fogh et al., 1977). This cell line harbours a unique 

characteristic as cells can differentiate spontaneously when reaching confluence. Regarding 

their mutational status, Caco-2 cells are mutated for APC, CTNNB1 (also known as catenin-

β1), SMAD4, and TP53, and interestingly WT for KRAS. The Caco-2 cell line is a well-
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characterised tumour cell line widely adopted as a model of the intestinal epithelial barrier. 

Indeed, due to the cells’ ability to grow a functional polarised monolayer when cultured in 

porous membrane and their poorly aggressive tumour phenotype, it allows the study of 

mechanisms at play at an early stage of cancer progression. 

Further, to ensure authenticity and be sure that these cells retain most of the properties 

of the cancer of origin, the Caco-2 cell line was bought directly from ATCC at the beginning 

of the project. Upon arrival, cells were cultured, mycoplasma tested, and cryopreserved in vials 

of approximately 1-2 x106 cells in ready-to-use freezing media to provide our frozen stock in 

liquid nitrogen for the whole project and the group. 

4.2. Caco-2 cells characterisation for the study of Ras 
 

Caco-2 cells cultured in a two-dimensional (2D) model system 

As previously mentioned, the Caco-2 cells were derived from a patient diagnosed with 

colon cancer (Fogh et al., 1977). When cultured at low density, the Caco-2 cells form many 

clusters of cells (Figure 12), and we can also observe different cells size due to their known 

heterogenicity. However, the cell clusters disappear at high density, and a monolayer of cells 

can be observed (Figure 12). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 12: Caco-2 cells characterisation. Microscopic images of Caco-2 cells at low-density (left) and 
high-density (right). Caco-2 cells were cultured on a 6 cm plastic cell culture dish, a first picture (low-
density) at low density was taken at 48 h of culture and another image when confluence was reached. 
Phase images were acquired 48 h after seeding and four days after reaching the confluence with Evos 
microscope (objective x20). 
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Detection of KRAS exon 2 in the Caco-2 cells 

To confirm the presence of a wild-type KRAS sequence in the Caco-2 cells, the 

genomic DNA of the Caco-2 cells was extracted, followed by PCR amplification of the exon 

2 and sent to sequencing via the Sanger sequencing technique from Eurofins. As shown with 

the Sanger sequencing results, we observe that Caco-2 harbour a wild-type KRAS sequence 

(Figure 13). The Caco-2 cells do not have any known mutation in the exon 2, which is highly 

mutated in colon cancer, especially exon at positions 12 and 13 (i.e., G12D, G12V, G12C, and 

G13D) (Figure 13). Although some mutations can be found in exon 3, sequencing has 

confirmed the absence of any mutations, particularly the Q61L (data not shown).  

 
 
 
 
 
 
 
 
 
Figure 13: Sanger sequencing analysis of the KRAS codon 12, exon 2 of the Caco-2 cell line. The figure 
represents the electropherogram of WT KRAS exon 12 codon 12. The arrow represents the location of 
the G12D-, G12V-, and G12C-KRAS mutation in the DNA sequence. The colour code at the bottom of 
the figure is based on the quality value of each single base and is represented in a range color code: 
high quality in green (>= 30, in green), medium (20-30, in yellow), low (10-19, in red), and poor quality 
(0-9, in black). 

4.3. Establishment of (patho)physiological colorectal 
cancer conditions to study proteins in complexes 
 

Determination of colon (patho)physiological context with a potential connection to the 

KRAS signalling pathways 

Recognising the essential role of KRAS in CRC, we highlighted the connections of the 

KRAS signalling pathways that are known to contribute to intestinal cell fates, homeostasis 

functions and colon cancer. A comprehensive literature analysis was published on this subject 

(see Ternet and Kiel., 2021). This paper reviews the essential role of WT KRAS and oncogenic 

KRAS in colon and CRC on signalling pathway associated with physiological function and 

altered function of the normal intestinal homeostasis. We discussed the possibility of targeting 

pathways downstream of KRAS and the microenvironmental factors as targets for modulating 

signalling pathways, as oncogenic KRAS remains "undruggable". Therefore, several stimuli or 
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conditions-specific were demonstrated from this literature analysis, depending on their 

concentrations, to play an essential role in (patho)physiological colon and CRC cancer. From 

these potential microenvironmental conditions, we decided to investigate in more detail 

interleukin-6 (IL-6), tumour necrosis factor-alpha (TNF-α), prostaglandin E2 (PGE2), 

epidermal growth factor (EGF) and hypoxia. Furthermore, we hypothesise that those 

conditions can impact the KRAS network rewiring and potentially lead to differential effector 

binding leading to changes in cell fates. These conditions are interesting; most of them are 

indirectly connected to the KRAS signalling pathways, whereas their associations with CRC 

maintenance and progression are well-studied in CRC (reviewed by Ternet and Kiel, 2021). 

Thus, we focus on those five conditions and studied them in the Caco-2 colon cancer cell line. 

The five following paragraphs aim to give a brief description of each of the five 

conditions that will be used as “growth conditions” in the subsequent experiments, and it is 

adapted from the published review (Ternet and Kiel, 2021). 

Interleukin-6 growth condition: The IL-6 cytokine has been identified as a regulator 

of colon cancer progression when secreted by fibroblast detected in the tumour 

microenvironment (TME) (De Boeck et al., 2013). Further, the level of IL-6 in CRC patients 

serum have been correlated with colon cancer stages and can be seen as a prognostic marker 

for the prediction of disease-free survival rate (Galizia et al., 2002) (Vainer et al., 2018). As 

IL-6 is required for KRAS-driven pancreatic cancer progression (Zhang et al., 2013) or lung 

cancer (Brooks et al., 2016), we can hypothesise that similar mechanisms are also occurring in 

KRAS-driven CRC. 

Tumour necrosis factor-alpha growth condition: This key inflammatory cytokine 

detected in the TME (produced by macrophages and tumour cells) has been suggested to 

promote colon cancer invasion and migration through the upregulation of tumour-associated 

calcium signal transducer 2 (TROP-2) protein involved in the ERK1/2 signalling pathway 

(Zhao and Zhang, 2018). Furthermore, in CRC cells mutated for KRAS, the TNF-α level have 

been shown to be higher than in WT KRAS cells (i.e., Caco-2), reflecting the presence of a 

specific TME in KRAS-driven CRC (Khan et al., 2014). 

Prostaglandin-E2 growth condition: The cyclooxygenase 2 (COX-2) found in the 

colon is a known source of reactive oxygen species (ROS), involved with colorectal 

tumorigenesis due to its role in producing PGE2, a lipid molecule (Wang and Dubois, 2009) 

(Oshima et al., 1996). Interestingly, it has been shown that the KRASG12V mutation increases 

the level of COX-2 in lung cancer (Maciag et al., 2004), leading to the hypothesis that the 
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production of PGE2 is likely involved in the KRAS signalling or is influenced by the expression 

of KRAS mutation. 

Epidermal growth factor growth condition: EGF is mainly encountered in intestinal 

stem cell niches where the EGF receptors are highly expressed (Sato et al., 2011). EGF ligand 

also triggers the activation of the EGFR-RAS-MEK signalling pathways, which has been 

involved in the initiation and progression of CRC (Fearon and Vogelstein, 1990) (Markowitz 

and Bertagnolli, 2009). 

Hypoxia-inducible factor stabilisation as a growth condition: The intestinal 

epithelium is composed of a monolayer of epithelial cells which are forming crypts. This 

particular architecture results in a graded level of low oxygen, thus experiencing relative 

hypoxia, or “epithelial hypoxia”, in a physiological state as well as in cancer (Zheng et al., 

2015). Cellular hypoxia is transduced by the hypoxia-induced transcription factor hypoxia-

inducible factor 1 (HIF-1). The KRASG12V mutant proteins have been shown to induce HIF-1 

at the transcription level. Inversely, hypoxic HIF-1 has been shown to increase the KRASG12V 

activity and trigger its downstream signalling in colon cancer cells through a positive feedback 

loop (Wang et al., 2015). 

Throughout this thesis, all the conditions presented above are tested in the Caco-2 cells. 

However, the following growth conditions, IL-6, TNF-α, EGF, and PGE2, are used in their 

protein and lipid form, whereas the stabilisation of HIF-1α is achieved by using a competitive 

inhibitor of HIF-hydrolases, dimethyloxalylglycine (or DMOG). The stabilisation of HIF, the 

master regulator of cell response to oxygen deprivation, is achieved by using the chemical 

agent DMOG to compensate for the lack of a hypoxia chamber and the easier tunability of the 

agent. To some extent, the inhibition of prolyl hydroxylases (PHDs) can mimic the effects of 

hypoxia in activating HIF, even under normal oxygen tension. As might be expected, we are 

well aware that this agent is not perfect and that "real" hypoxic condition induces changes 

independently of HIF-1 stabilisation, such as endoplasmic reticulum (ER) stress, ROS 

production, and many other cellular modulations. 

4.4. Whole-cell lysate analysis 
 
As previously shown, this thesis work is based on the Caco-2 cells. Therefore, before 

testing any conditions or experiments, a characterisation of the protein expression through mass 

spectrometry in a standard growth medium (with 10% of foetal bovine serum (FBS)) and 

minimal medium (without FBS) used for any of the following experiments has been performed. 
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As FBS contains most of the factors required for cell attachment, growth, and proliferation, 

such as EGF, to test the "growth conditions," we used a medium without FBS that we called 

minimal medium. This section presents these results (in collaboration with Thomas Sevrin, 

SBI). 

 

Response of the Caco-2 proteome to serum starvation  

In order to investigate how the “growth conditions” impact the whole Caco-2 proteome, 

we first analysed the Caco-2 proteome with a standard growth medium versus a minimal 

growth medium. The minimal growth medium without FBS is known to synchronise the cells 

to the same cell cycle phase and reduce the impact of the growth factors already contained 

within the FBS. Each Caco-2 whole-cell lysate (WCL) analysis was performed in triplicates 

using a shot-gun MS approach. The Caco-2 cells were seeded and cultured for 24 h, then either 

serum-starved for 24 h in “minimal medium” (DMEM media supplemented with 1% 

glutamine) or the medium was replaced with complete growth medium (DMEM supplemented 

with 1% glutamine and 10% foetal bovine serum) for the same period. Cells were then lysed, 

and protein concentrations were normalised to 20 µg of proteins per sample (BCA 

quantification) and processed for MS analysis through the SP3 protocol on the magnetic robot 

(KingFisher). Protein lysates were digested with trypsin, and LC-MS/MS detected the resulting 

peptides. Peptides were identified and quantified using the MaxQuant software (Cox and 

Mann, 2008). The identified peptides were matched to the human library using the Protein 

Discover tool for processing proteomic data. The label-free quantification intensity (LFQi) was 

used for each protein detected as a proxy for protein abundance.   

In total, by merging the three biological replicates and the technical duplicates for both 

the Caco-2 starved and un-starved samples (a total of 6 samples and 12 runs), we identified 

4113 protein groups. In addition, after filtering and statistical analysis, we narrowed down the 

number of proteins to 3277 proteins. Technical duplicates have been merged, and a false 

discovery rate (FDR) of 1% has been applied for protein analysis. In summary, this part 

identified and quantified the Caco-2 interactome in depth across starved and un-starved Caco-

2 cells with high confidence. 

A multiple t-test analysis with a 1% FDR correction (<1.5 FC) across the three 

biological replicates was performed on the data using biological process 2021 database.  The 

analysis reveals that 106 proteins are differentially expressed over 3992 proteins tested, of 

which 801 proteins have null values in both treatments (starved and un-starved). In summary, 

2.66% of proteins are significantly differentially expressed in total across the two treatments. 
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Of those proteins, 80 are up-regulated, and 26 are down-regulated in response to the 24h of 

starvation, meaning that 75.5% of proteins are differentially up-regulated, and 24.5% are down-

regulated in the starved condition. To have an overview of the response of the proteome to 

starvation, a volcano plot was generated showing the distribution between the starved and un-

starved Caco-2 cells of the log-fold changes in protein abundance levels (based on LFQi) 

(Figure 14). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14: Proteomic analysis of stimulated and unstimulated Caco-2 cell line. Volcano plot of 3992  
proteins identified by LC–MS/MS. The volcano plot shows the fold-change (x-axis) versus the 
significance (y-axis) of the identified 3992 proteins derived from a Multiple's t test across the three 
biological replicates of the FBS+ compared to the FBS- treatment in the Caco-2 cells. The significance 
and the fold-change are converted to −Log10(p-value) and Log2(fold-change), respectively. The 
vertical and horizontal dotted lines show the cut-off of fold-change = ± 2, and of p-value < 1.5, 
respectively. 
 

Then, to characterise the protein expression levels of the effect of the FBS deprivation 

on the main biological processes, we used EnrichR, a pathway enrichment analysis. After 

plotting the top 10 significant proteins (Figure 15), we observe that endocytic recycling 

proteins comprise the most up-regulated group of proteins, followed by rRNA processing, 

calcium import into the mitochondrion, Golgi localisation, etc. In comparison, the most 

significant down-regulated proteins in FBS deprivation are participating in unsaturated fatty 

acid, metabolic process and fatty acid biosynthesis process, etc. Interestingly, the main two 

down-regulated are involved in metabolic processes.  
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Figure 15: Gene ontology (GO). GO term analysis of enriched biological processes within the protein 
groups whose abundance either increased (“Up-regulated in FBS(-)”) or decreased (“Down-regulated 
in FBS(-)”) after starvation for 24 h. The GO term analysis was performed using the EnrichR database. 
The x and y-axes indicate semantic space used to group GO terms of related biological processes. 
 

Furthermore, we also compared the starved transfected Caco-2 cells (FLAG-WT-

KRAS and mutant KRAS proteins) WCL to the starved (FBS(-)) WCL Caco-2 cells to 

investigate the effect of the transfection (expression of KRAS) on the whole protein expression. 

Using the same multiple t-test analysis with a 1% FDR correction (<1.5 FC) across the three 

biological replicates, we compared as follows: WT-, G12D-, G12V-, and G12C-KRAS against 

the FBS(-) (Figure 16). We observe that approximately 50% of the genes are significantly 

differentially expressed between the KRAS transfected cell lines compared to the cells cultured 

in minimal conditions (FBS(-)). This suggests an important effect of the transfection on protein 

expression, thus on pathways rewiring. 
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Figure 16: Whole cell lysate analysis of Caco-2 cells through MS. Volcano plot of 3992  proteins 
identified by LC–MS/MS. Interactome comparison of the starved untransfected Caco-2 cells compared 
to the (A) WT-, (B) G12D-, (C) G12V- and (D) G12C-KRAS starved transfected Caco-2.  
 

Then, we decided to analyse the protein expression difference between the WT-KRAS 

transfected Caco-2 cells compared to the G12D-, G12V-, and G12C-KRAS transfected cells. 

To better visualise this data, Venn Diagrams using DeepVenn tool of either over-expressed or 

under-expressed proteins in transfected cells were performed to investigate which proteins are 

differentially expressed or specific to a particular condition (Figure 17). We can observe that 

approximately 50% of the proteins are commonly differentially expressed in the four KRAS 

transfected Caco-2 cells. An additional ~20% of the proteins are differentially expressed in at 

least three transfected cell lines. This suggests that the KRAS transfections similarly affect 

most genes regardless of the KRAS plasmid transfected. Moreover, we observe that the overlap 

of under expressed proteins in the G12D, G12V, and G12C KRAS mutants is low (about 6%), 

while the overlap is much more considerable for overexpressed genes (Figure 17). 
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Figure 17: Venn diagrams showing protein overlap in percentages in biological replicates (n=3) of the 
KRAS mutant transfected Caco-2 cells compared to the WT-KRAS transfected Caco-2 cells. (A) Venn 
diagram representing the percentage of significant proteins under-expressed between the WT-KRAS 
cells and the G12D (green), G12C (red) and G12V (blue) KRAS transfected cells. (B) Venn diagram 
showing similar observations; however, the comparison is based on significant over-expressed 
proteins. Both Venn diagrams were performed using the DeepVenn tool based on the whole cell lysate 
analysis after filtering and statistical analysis. Vs.; versus, WT; wild-type.  
 
 

Based on the small differences in protein expression between the KRAS transfected 

cells, the data suggest that the best control (to compare with) for the KRAS plasmids is the 

WT-KRAS rather than the minimal medium (FBS(-)). This information is essential for further 

experiment comparisons when stimulated with different growth conditions. We also show that 

the difference in the protein expression regulation is similar between the Caco-2 cells after the 

different KRAS (WT, G12D, G12V, and G12C) transfections. 
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Chapter 5: Network 
reconstruction of wildtype KRAS 
 

Part of the work presented in this chapter was already published and will be included in the 

following paper:  

Ibanez V et al. Analysis of Ras-effector interaction competition in large intestine and colorectal 
cancer context. Small GTPases. 2021;12(3):209-225.  

Catozzi S et al. Reconstruction and analysis of a large-scale binary Ras-effector signaling 
metwork. Cell Commun Signal. 2022;20(1):24. 

Ternet C et al. Analysis of context-specific KRAS effectors (sub)complexes in Caco-2 cells. (In 
preparation for Science Signaling) 

5.1. Rationale 
Evidence shows that the Ras-network is tissue and context-dependent (e.g., Catozzi et 

al., 2021), thus we cannot obtain specific KRAS PPIs from databases. Ras PPIs need to be 

studied in relevant contexts, such as in the colon context (colon tissue and Caco-2 cells), due 

to their high mutation frequency in colon tissue. We predicted that not all effectors bind to Ras 

in a significant amount in colon tissue and that both affinity constants and abundances play an 

essential role (Chapter 3 and Gaspar et al., 2021). Effectors were classified into three effector 

groups, of which effector group 2 are predicted to be significantly in complex with Ras through 

their RBD only when the overall binding affinity increases through the recruitment to the PM 

via additional domains. This recruitment results in a localised PM increased effector 

abundance, thus highlighting the importance of tissue context for binding at the Ras signalling 

hub, in contrast to effector group 1, which are found in all tissue in complex with Ras through 

their RBD only. 

In physiological conditions, such as intestinal homeostasis, KRAS plays a central role 

in maintaining the intestinal epithelial barrier function (see Review Ternet and Kiel., 2021). 

Although WT KRAS is well-understood, in comparison, the KRAS network is less studied, 

and needs to be seen as a complex network rather than pieces of partially linear pathways. This 
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is why we aim to direct attention to the importance of the WT Ras network in physiological 

and cancer contexts in the group.  

To investigate the Ras network in colon contexts, strategies can be applied to capture 

proteins in complexes, including co-immunoprecipitation (co-IP) and affinity purification (AP) 

followed by MS detection analysis. Both methods are well-studied and -used approaches for 

protein enrichment in complexes (see BioPlex dataset: Huttlin et al., 2021), thus providing 

excellent methods for understanding protein networks in physiology. The advantage of the Co-

IP is that endogenous protein can be analysed without the need for exogenous expression of 

the protein of interest. Hence, it is possible to work with cell lines as well as with primary cells 

or patient samples. This approach was the preferred option to study networks in as 

physiological as possible situations. However, co-IP techniques require a highly specific and 

high-quality antibody, which can be the limiting factor due to antibody quality. To partially 

overcome this issue, introducing a tag (e.g., FLAG) to capture interacting proteins is one of the 

possibilities and enables large-scale protein interaction studies (Huttlin et al., 2021 BioPlex 

3.0).  

This chapter investigates the Ras network in physiological colon contexts based on 

immunoprecipitation methods followed by MS protein identification, allowing the 

reconstruction of the Ras network. This led us to dissect the Ras interactions with its partner 

proteins in conditions relevant to the colon context. 

5.2. Study of the endogenous RAS network using co-

immunoprecipitation (co-IP)  

This part describes the group’s approach to co-immunoprecipitated endogenously 

KRAS and its partner proteins to reconstruct the KRAS interaction network. Indeed, the pulled-

down assays can be challenging to optimise due to poor quality antibodies. Further, as Ras is a 

small protein, the antibody binding site may occupy the same binding site on Ras as effectors.  

Endogenous WT KRAS pull-down attempt 

To investigate KRAS in complex formation with its partner proteins, together with a 

postdoc (Miriam Caffarini) in the group, we tried to optimise the Co-IP of endogenous KRAS. 

Co-IPs of KRAS were tested in three cell lines expressing either WT KRAS (i.e., Caco-2 and 

HT-29 cells) or the KRASG13D mutation (i.e., HCT-116 cell line). To determine antibody 

specificities, nine different KRAS-specific antibodies were tested in these cell lines in Co-IP 
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and immunoblotting assays. It resulted in a poor or non-specific endogenous detection of 

KRAS in both assays. Hence, all KRAS antibodies were unspecific and thus not suitable for 

use in Co-IP experiments. In addition, we did not observe known Ras effectors (such as 

RalGDS, Braf and Raf proteins) after IPs (several attempts with changed lysate and IP buffers 

were taken). Indeed, by examining the literature, the Ras interactome is mainly studied by using 

either a Pan-Ras antibody in Co-IP (Shankar et al., 2016) or by introducing a fusion tag to the 

KRAS proteins (Shankar et al., 2016) (Goldfinger et al., 2015) (Vasilescu et al., 2004) (Castel 

et al., 2021).  

Taken together, these previous attempts to immunoprecipitate KRAS in three cell lines 

with different antibodies, as well as the literature analysis, suggest that there is currently no 

specific antibody that can be used in IPs. The idea of using a Pan-Ras antibody was also 

considered and optimised by previous group members. However, it was not specific enough to 

be used in our KRAS IPs experiments due to its ability to recognise the three Ras isoforms at 

once. Thus, we used AP-MS with exogenous expressed FLAG-KRAS as an alternative 

approach to study KRAS networks in Caco-2 cells.  

5.3. Exogenous expression of RAS (KRAS-FLAG) and AP-

MS 

To apply the AP-MS technique, exogenous KRAS-tagged proteins were first expressed 

in Caco-2 cells. Subsequently, the interactome of the WT KRAS was determined by affinity 

purification (AP) to pull down KRAS. The AP was then coupled to mass spectrometry (MS) 

to identify the interacting proteins and reconstruct the KRAS interactome under different 

growth conditions. 

Cloning and expression of KRAS-flagged proteins in the Caco-2 cells 

Sequence analysis of KRAS protein allows the construction of codon-optimised WT 

KRAS sequence. This sequence was then cloned into a mammalian expression vector (pMDS-

GOI-FLAG-TETon3G) containing a FLAG-tag sequence in the N-terminal part of the KRAS 

sequence (Figure 18). This plasmid was part of a work performed and published by Beltran-

Sastre et al., 2015. In the presence of doxycycline, the plasmid TETon3G-dox complex binds 

to the TRE minimal promoter and induces the expression of the gene of interest (GOI), here 

FLAG-KRAS. After transfection of the plasmid into the Caco-2 cell line, a western blot was 
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performed using an anti-FLAG antibody to verify the expression of the FLAG-KRAS protein 

in the Caco-2 cells at either 8, 24 and 48 h post-transfection (Figure 19). We observed bands 

consistent with the predicted protein size of 21 kDa of the KRAS-tagged proteins (Figure 19). 

As observed in Figure 19, the expression of the KRAS-flagged proteins without doxycycline 

(Dox (-)) is low compared to the addition of doxycycline (Dox(+) at 15 ng/ml) as per the 

recommended concentration suggested in the original paper. In conclusion, the FLAG WT-

KRAS plasmid required doxycycline to be induced for 24 h. This assay also shows that 24 h is 

enough for an efficient expression of the FLAG, as the same expression is observed at 48h.  

 

 

 

 

 

Figure 18: Scheme of the pMDS-KRAS-FLAG-TETon3G plasmid used in the AP-MS experiments. C-
terminal fusion expression vectors for the production of FLAG-tagged protein KRAS. SpecR: 
spectinomycin resistance, TRE-pCMVmin: tetracycline response element with minimal CMV promotor, 
rtTA: tetracycline transactivator with (random) mutagenesis derive Tet repressor part of the 
transactivator gene, GOI: gene of interest. FLAG protein sequence: MDYKDDK (Asp-Tyr-Lys-Asp-
Asp-Asp-Asp-Lys).  
 
 
 

 

 
 
 
 
 
 
Figure 19: FLAG WT KRAS-tagged expression: Western blotting analysis of Caco-2 cells treated as 
indicated without or with 15 ng/ml of doxycycline (Dox) for 8 h, 24 h or 48 h post transfection. All 
experiments were normalised for the protein concentration before loading and performed with antibody 
anti-FLAG, and anti-β-actin was used as a loading control. 
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Analysis of context-specific WT KRAS protein interactions through AP-MS: AP-MS 
sample preparation 

The interactions between KRAS proteins and their partner proteins in 

(patho)physiological colon contexts using the Caco-2 cells have been studied through an 

experimental AP-MS approach. This approach allows the identification and comparison of the 

Ras effectors in complex with KRAS. The experimental protocol starts with the transfection of 

the cells with the inducible FLAG-KRAS plasmid in a minimal growth medium for 6 h. Then, 

growth conditions were added at two concentrations (20 and 200 ng/ml) of either TNF-α, IL-

6, PGE2, EGF and DMOG in the minimal growth condition media. Then, 24 h post-

transfection, cells were harvested and lysed in a mild lysis buffer. The cell lysates were 

incubated with an anti-FLAG antibody coupled to magnetic beads. We implemented a semi-

automatised workflow using a magnetic bench instrument (i.e., KingFisher DuoPrime). The 

whole affinity purification was performed with the robot, which allows running 12 samples at 

once into 96-deepwell plates, including the washing and protein elution steps. We implemented 

a single-pot solid-phase-enhanced sample preparation (SP3) on the automatised KingFisher 

instrument using magnetic beads to prepare each MS sample, including digestion. Using a 

semi-automatised approach, we perform unbiased protein purification and digestion, improve 

reproducibility, and deliver peptides that LC-MS can be directly analysed after cleaning steps. 

Figure 20 illustrates the general workflow from the AP of the Caco-2 cells expressing the WT 

KRAS-flagged protein to the peptide identification by MS. The analysis of the peptides (in 

collaboration with Kieran Wynne and Giorgio Oliviero at Systems Biology Ireland) and the 

label-free data obtained were run and integrated into MaxQuant to allow protein identification 

and quantification (Cox and Mann, 2008). The obtained data went through different statistical 

analyses discussed in a collaborative group effort (performed by Philipp Junk at Systems 

Biology Ireland). All statistical analyses were done on the label-free quantification intensities 

(LFQi), as the LFQi can be used to determine the relative quantity of proteins in label-free MS 

experiments, and the data have been normalised against the control samples, which is the 

magnetic beads only. Different levels of filtering were applied to the LFQi data, and a false 

discovery rate (FDR) of 1% was used. 
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Figure 20: A schematic showing the workflow for the affinity purification (AP) experiments 
demonstrating the significant steps for purification of WT KRAS FLAG-tagged proteins in complexes, 
identifications and data filtering. Caco-2 cells were unstimulated or stimulated (growth conditions) at 
two different concentrations after being transfected with FLAG-tagged WT or mutant KRAS inducible 
plasmid, then lysed and incubated with anti-M2 FLAG antibody linked to magnetic beads into the 
magnetic bench instrument (KingFisher DuoPrime, Thermo Scientific). After three different wash steps 
(500 nM NaCl, 150 nM and 150 nM NaCl), the protein in a complex bound to the beads were eluted 
with glycine. The proteins in complex with the bait FLAG-KRAS proteins were then digested using the 
single-pot, solid-phase-enhanced sample preparation (SP3) technology, a paramagnetic bead-based 
approach for rapid, robust and efficient processing of protein samples for MS analysis into the 
KingFisher. Obtained peptides were then identified through MS in collaboration with K. Wynne in SB). 
The data were cleaned and filtered in collaboration with P. Junk in SBI. 
 
Wild-type KRAS interactor proteins analysis under growth conditions.  

The WT KRAS AP analysis in conditions resulted in 1228 high-confidence interactors 

after filtering. A principal component (PC) analysis (Figure 21. A) and a uniform manifold 

approximation and projection (UMAP)  (Melville, 2021) (McInnes et al., 2018) (Figure 21. B) 

analysis were performed to gain insight into the whole dataset. Both techniques enable a 

dimensionality reduction of the data and a data visualisation. The PC analysis tries to preserve 

the global structure of the data and is commonly used, while the UMAP tries to preserve the 
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data's local structure (cluster). A similar trend in the data distributions between the PC analysis 

and the UAMP can be observed, as well as a significant variation in the data distributions. The 

un-stimulated samples (KRASWT only, pink squares) cluster separately from the other groups 

(stimulated conditions), in both approaches, suggesting the unstimulated conditions as a good 

control group. We can also observe a significant separation between the conditions. Indeed, the 

TNF-α conditions are spread on the top right of the PC analysis and cluster together, mirroring 

the PGE2 and EGF conditions which follow the same variance trend on the bottom right. Both 

the DMOG and IL-6 conditions cluster similarly but are still distinguishable from each other. 

Both approaches suggest a clear difference in terms of effector protein abundances between the 

control un-stimulated and the stimulated Caco-2 cells, both expressing WT KRAS proteins.  

 

 

 
Figure 21. FLAG-WT KRAS AP-MS protein expression. A principal component (PC) analysis (A) and 
a uniform manifold approximation and projection (UMAP) analysis (B) were performed on label-free 
quantification intensity (LFQi). Both PCA and UMAP techniques were executed with MS log2-
transformed data after filtering. Colours indicate the different growth conditions (i.e., DMOG, EGF, 
IL-6, PGE2, TNF-α and unstimulated (“unstim”)), and shapes indicate the concentration of the 
conditions (none, 20 and 200ng/ml (Collaboration with P. Junk). 
 

 

 

 

 

 

UMAP1 

U
M

AP
2 

WT KRAS 

PC1 (17.11%) 

PC
2 

(1
5.

32
%

) 

Conditions:  

Concentrations 

WT KRAS 



 

 78 

As the inducible WT KRAS plasmid requires the addition of doxycycline, the 

expression of the WT KRAS-flagged protein can vary. Further, the KRAS-flagged binding to 

the magnetic anti-FLAG beads can also add variations in terms of protein abundance. 

Altogether, this can affect our experiments and add variations. Therefore as shown in Figure 

22, by plotting the LFQi of KRAS of all the samples, we can observe a similar detection of the 

KRAS-tagged proteins in all samples. Only the detection in the unstimulated (no growth 

conditions) is lower than the samples with conditions and can be explained by the non-

stimulation of the KRAS proteins. Furthermore, the sum of the Ras effectors LFQ intensities 

were compared to the KRAS LFQ intensities, as shown in Figure 23. The Ras effectors are 

observed to bind with a similar trend to KRAS across all samples. However, there are two 

exceptions, the unstimulated sample where none of the Ras effectors was detected and in the 

last condition with 200 ng/ml of TNF-α. The lower detection of the sum of the Ras effector 

compared to KRAS can be partly explained by the presence of endogenous KRAS proteins, 

which can bind Ras effectors efficiently. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: Investigation of the WT KRAS interactome in colon cancer Caco-2 cells: KRAS abundances 
detection after affinity purification in mass spectrometry. The bar graph shows the log2-fold change of 
the label-free quantification intensity (LFQi) of the WT KRAS proteins in each of the Caco-2 cells 
transfected with FLAG WT KRAS either unstimulated or stimulated (i.e., DMOG, EGF, IL-6, PGE2 and 
TNF-a) at two concentrations. The lowest concentration of 20ng/ml is coloured in light grey, and the 
highest concentration of 200 ng/ml is coloured in dark grey. The y-axis label is identified as follow: 
KRAS_condition_concentration (e.g., WT_DMOG_20). The error bars indicate the mean's standard 
deviations for three biological replicates.  
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Figure 23: Investigation of the WT KRAS interactome in colon cancer Caco-2 cells: KRAS and sum of 
the Ras effector abundances. The bar graph shows the log2-fold change of the label-free quantification 
intensity (LFQi) of the wild-type (WT) KRAS proteins compared to the sum of the Ras effectors in each 
of the Caco-2 cells transfected with FLAG WT KRAS with or without stimulation (i.e., DMOG, EGF, 
IL-6, PGE2 and TNF-a) at two concentrations. The colour code corresponds to the KRAS LFQi in black 
and the sum of the effectors identified in grey. The error bars indicate the mean's standard deviations 
for three biological replicates.  
 
 

Identification of KRAS effectors in (patho)physiological colon contexts in the Caco-2 cells  

The dataset represents the effectors of WT KRAS identified in minimal medium and in 

two concentrations (20 and 200 ng/ml) for each condition (DMOG, EGF, TNF-α, IL-6 and 

PGE2) supplemented in the same media (Figure 24) as previously mentioned. 

In complex with KRAS, we identified three Ras effectors (AFDN, RAF1 and RIN1) in 

at least one growth condition from the whole dataset out of the 56 Ras effectors (see Chapter 

3). These effectors are Raf1 (RAF1) and afadin (AFDN) proteins, which belong to the effector 

group 1 (see chapter 3), and Rin1 (RIN1) protein, which belong to the effector group 2 (Figure 

11). As expected in control un-stimulated WT KRAS AP, none of the 56 potential Ras effectors 

has been detected. This can be explained by the low medium used (DMEM with glutamine 

only, not supplemented with FBS), thus favouring the inactive KRAS-GDP bound state. 

However, when stimulated with either of the five growth conditions, effectors in complex 

formation with KRAS can be observed (Figure 24).  
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Figure 24: Ras effectors protein intensities identified in Caco-2 cells cultivated under different 
conditions and expressing WT KRAS proteins. The heatmap shows the expression of Ras effectors in 
different growth conditions (i.e. unstimulated (unstim), DMOG, EGF, IL-6, PGE2, and TNF-a) based 
on LFQi from AP-MS experiments, where LFQi expression values of the two concentrations per 
conditions (20 and 200ng/ml) were merged. The colour code indicates protein abundances expressed 
in LFQi, ranging from yellow (low abundance) to blue (high abundance). The figure was created using 
GraphPad Prism 9. 
 

Additional domains of Ras-effectors potentially involved in the increase of effectors at the 

plasma membrane (PM) depending on the contexts or stimuli, thus enhancing the number 

of effectors in complex with KRAS (thesis work and adapted from Gaspar et al., 2021) 

 

Figure 25 shows that Ras effectors are multi-domain proteins, and their interaction with 

Ras involves either a RA or an RBD domain. The additional domains, such as PDZ and SH2 

can be classified as intermolecular PPI-mediating domains, the C1 domain as membrane-

binding domains, and the Vsp9 domain in catalytic domains, based on domain classification 

from the 56 potential Ras effectors (Gaspar et al., 2021). Some domains also have no particular 

elucidated function yet, such as DIL, although it was suggested to act as a cargo-binding 

function (Sattarzadeh et al., 2011). 

The DMOG condition to induce HIF signalling in the Caco-2 cells expressing WT-

flagged KRAS protein shows that two Ras effectors, Raf1 and Rin1, are found in complex 

formation with KRAS compared with cells in minimal medium (Figure 3). The Rin1 sequence 

protein contains an Src Homology 2 (SH2) domain which has been shown to mediate Rin1 

recruitment to the EGF receptor localised at the PM (Barbieri et al., 2003) through its binding 

to phosphotyrosine peptides, as well as ErbB family member receptor (Jones et al., 2006), 
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where also KRAS is localised. ErbB signalling is essential in intestinal homeostasis (Spit et al., 

2018) and has also been involved in CRC (Krasinskas, 2011). In addition, the Rin1 protein 

contains a Vps9p-like domain, which is necessary and sufficient for Rin1 to interact with the 

small GTPase Rab5 (Tall et al., 2001). Interestingly, Rab5 contains a hypoxia-responsive 

element (HRE) which is a HIF target (Tivas et al., 2020) and is localised at the PM due to its 

role in membrane trafficking (Yuan and Song., 2020). As for the effector Raf1, the C1 domain 

present in the protein sequence allows a binding to the PM and has been linked to increasing 

the affinity between Raf1 and KRAS, thus, promoting MAPK signalling (Li et al., 2018). More 

specifically, in Caco-2 cells cultivated in hypoxic conditions, an increase in Ras-GTP bound in 

the presence of WT KRAS has been demonstrated (Zheng et al., 2010), causing the rapid 

activation of the MAPK signalling pathway through hyperphosphorylation of Raf1 (Seko et 

al., 1996). In conclusion, these studies can explain the presence of the protein Rin1 and Raf1 

in complex formation with KRAS at the PM under HIF stabilisation under non-hypoxic 

conditions. 

The EGF stimulation reveals that Rin1 and AFDN are in complex formation with WT 

KRAS. As previously mentioned, the SH2 domain of Rin1 mediates the protein recruitment to 

the PM through the binding of phosphopeptides downstream receptors. As for AFDN, the PDZ 

domain allows its recruitment to the PM by binding to the C-terminal of the adherens junction 

protein nectin-3, mediating cell-cell adhesion (Fujiwara et al., 2015). In colon physiology, 

AFDN expression has been shown to play a role in intestinal barrier integrity maintenance 

(Ternet and Kiel., 2021). Moreover, the stimulation by EGF indicates, in rat intestinal cells, an 

up-regulation of AFDN after EGF treatment by sqRT-PCR (Znalesniak and Hoffmann, 2009). 

Although investigated in drosophila, by inducing the EGF receptor, Ras has been shown to 

interact with Canoe (homolog of AFDN) and participates in the eye cellular motility (Gaengel 

and Mlodzik, 2003), thus enhancing AFDN recruitment to the PM. In conclusion, these studies 

provide evidence for Rin1 and AFDN in complexes with KRAS in EGF-stimulated WT KRAS 

cells.  

In inflammatory conditions mediated by IL-6, KRAS interacts with three Ras effectors, 

which are Raf1, Rin1 and AFDN. As mentioned above, the three effectors found in complex 

with KRAS can be recruited to the PM through their respective additional domains. IL-6 

condition, through STAT3 phosphorylation, triggers IL-6 secretion leading to the ligand-

dependent association of IL-6R and EGFR (Wang et al., 2013), thus enhancing the MAPK 

pathway signalling. In conclusion, this evidence converges to the validation of the interaction 

between KRAS and Rin1, AFDN or Raf1 effectors with the addition of the IL-6 condition.   
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As per our AP results, the stimulation with TNF-α induces only Raf-1 in complex 

formation with KRAS. In TNF-α stimulation, evidence shows induction of ceramide-activated 

protein kinase located at the PM, reported directly to phosphorylate, and activate Raf1 in vitro 

in myelomonocyte HL-20 cell line (Yao et al., 1995). However, as another group has 

contradicted this data (Muller et al., 1998), we can argue that TNF-α stimulation could be cell 

and context-specific, as shown in smooth muscle cells (Osawa et al., 2007). 

Finally, the PGE2 stimulation has shown the binding of AFDN and Rin1 to WT KRAS. 

PGE2 has been shown to influence the assembly, stabilisation and disassemble of cell-cell 

adhesion (Menter and Dubois., 2012), suggesting an implication of AFDN in this mechanism 

through the binding of nectin-3, for example.  

 

  

 

 

 

 

 

 
Figure 25: Ras effectors compositions identified in the in the WT KRAS AP-MS experiments (A) 
Schematic representation of the recruitment of a Ras effectors, here represented as an example Rin1, 
to RAS-GTP through the RBD and additional domains. (B) Domain composition of the three Ras 
effectors. The red colour code correspond to the domain structure of proteins containing either a RA 
or a RBD domain for the binding to Ras and the other domains are in black and white. The domains in 
blue are the domains which are involved in PM recruitment, as mentioned in the text based on literature 
analysis. This scheme is adapted from Gaspar et al., 2021. Small GTPases and Kiel et al., 2021. 
Biomolecules. SH2: Src Homology 2, RA: RalGDS/AF6 Ras association, RBD: Ras binding domain, 
DIL: dilute. 
 

Taken together, these studies aid the hypothesis that Ras-effectors are in complex 

formation with active KRAS-GTP at the PM. In addition, studies also show that context-

dependent effectors are found in complex formation with Ras through their context-dependent 

stimuli and additional domains. As suggested with the “piggyback” model mechanisms, PM 

enhances the lifetime binding affinity between partner proteins (Kholodenko et al., 2000). 

Therefore based on predicted effector group and literature evidence, effectors at the PM are not 

always sufficient to bind to KRAS, thus added conditions are often needed to induce their 

recruitment and bindings. 
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Chapter 6: KRAS mutant proteins 
in complexes 
 
Part of the work presented in this chapter was already published and will be included in the 

following paper:  

Ibanez V et al. Analysis of Ras-effector interaction competition in large intestine and colorectal 
cancer context. Small GTPases. 2021;12(3):209-225.  

Catozzi S et al. Reconstruction and analysis of a large-scale binary Ras-effector signaling 
metwork. Cell Commun Signal. 2022;20(1):24. 

Ternet C et al. Analysis of context-specific KRAS effectors (sub)complexes in Caco-2 cells. (In 
preparation for Science Signaling) 

6.1. Rationale 
This chapter investigates the role of KRAS mutations in (patho)physiological colon 

contexts. As shown for the WT KRAS effector interactions, we aimed to investigate the 

effector's recruitment to KRAS mutated proteins under specific colon context conditions by 

using a similar AP-MS approach. Activated KRAS mutations are commonly found in CRC, 

predominantly the glycine 12 for aspartic acid substitution (G12D) (Haigis, 2017), followed by 

the G12V and G12C mutations. These KRAS mutations are associated with anti-EGFR 

treatment therapy resistance in CRC (Knickelbein and Zhang, 2015), and the KRAS G12D 

mutations are associated with reduced overall survival. Since its role in cancer, KRAS has 

always been a high pharmacological target value, but the efforts to target KRAS mutant 

proteins have been unfortunately unsuccessful to date. KRAS mutations have been studied in 

terms of prognostic significance in CRC (Dinu et al., 2014), protein conformation and 

structural modification, expressions, the mutations behaviour and the signalling pathway 

involved downstream each mutant protein (Hobbs et al., 2016). 

Evidence shows that KRAS mutations differ in expression levels, GTP binding, and 

multiple downstream pathways. Mutant KRAS effectors are likely context-dependent, and a 

better understanding of context-dependent signalling could help understand the pathway 

activated downstream of each mutant protein (Simanshu et al., 2017) (Velho and Haigis, 2011). 

Therefore, studying mutant KRAS PPIs in a relevant context, such as in the CRC context, due 
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to the KRAS high mutation frequency, can highlight the interactor proteins in complex with 

KRAS in a particular system and further connect them to specific cell fates. Moreover, the 

prediction model shows that not all Ras effectors bind to Ras in a significant amount. Both 

affinity constants and abundance play a role in the complex formation between KRAS and its 

effectors as well as the environmental stimuli (Chapter 5 and Gaspar et al., 2021). 

In (patho)physiological conditions, such as in colon and CRC, KRAS plays a central 

role in cancer maintenance, initiation and progression (Wood et al., 2007) (Pylayeva-Gupta et 

al., 2011) (reviewed by Ternet and Kiel, 2021). It has been shown that KRAS mutant proteins 

also play a role in disrupting the intestinal epithelial barrier function (Mullin et al., 2005) 

(Ternet and Kiel., 2021). This chapter aims to direct attention to the importance of the mutant 

KRAS network in physiological and cancer contexts. 

A similar AP-MS approach is applied to study the KRAS-mutant PPI network, as in 

chapter 5. Nevertheless, another approach based on CRISPR/Cas9 technology was initially 

attempted to introduce the different KRAS mutations into the Caco-2 cells by contrast to the 

fusion protein-FLAG. Unfortunately, we did not obtain the desired mutant cell lines; thus, 

efforts were redirected to the FLAG-KRAS mutant protein expression. This first attempt to 

engineer the Caco-2 cells endogenously through the CRISPR/Cas9 technology was made 

parallel to the KRAS antibody's endogenous investigation to immunoprecipitate KRAS 

(detailed in chapter 5).  

Based on previous predictions (chapter 3), we hypothesise that effectors predicted to 

belong to the effector group 2 will bind to KRAS mutant proteins depending on the context, 

thus depending on their additional recruitment to the PM.  

Therefore, the colon Caco-2 cells expressing different oncogenic KRAS mutations 

were stimulated with different context-relevant cues to investigate the effector proteins in 

complexes with KRAS. The first part of this chapter summarises the results of the KRAS 

protein engineered in the Caco-2 cells through CRISPR technology. The second part is 

committed to the AP-MS of the KRAS mutant proteins in growth conditions, leading us to 

dissect the Ras interactions with its partner proteins in conditions relevant to colon contexts. 
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6.2. Generation of endogenous RAS mutant using the 

CRIPSR/Cas technology in the Caco-2 cell line 
In this part, we aimed to use the CRISPR/Cas9 technology to generate different Caco-

2 cell lines expressing either the KRAS G12D, G12V or G12C mutant proteins. We tried to 

attempt precise genetic editing or knock-in (KI) by CRISPR by directly targeting three specific 

mutations at codon-12 of the KRAS oncogene. The single-nucleotide missense substitutions 

c.35 G > T, c.35 G > A, and c.34 G > T resulting in G12V, G12D and G12C KRAS mutations, 

respectively, were selected due to their high frequency of mutations in colorectal cancer and 

their proximity of a PAM sequence (5’-NGG-3’) around these three particular areas allowing 

the CRISPR to be performed (for more details, referred to the materials and methods section). 

Plasmid construction 

The pSpCas9(BB)-2A-GFP plasmid (PX458) expressing the Cas9 endonuclease was 

linked with a single-guide RNA (sgRNA) designed specifically for the KRAS gene. The KRAS 

exon 2 sequence was obtained from the NCBI database and the different KRAS mutation 

information from the COSMIC database. The sgRNAs were designed using the CHOPCHOP 

webtool (top and bottom sequences). The sgRNA harbouring guanine (G) nucleotide at the 5' 

end with the highest score and with the minimum off-target was chosen. Plasmid constructions 

were built following the protocol described in the method section and validated through Sanger 

sequencing. 

Cell culture and transfection 

The Caco-2 cells were co-transfected with either one of those three plasmids in 6-well 

plates in parallel to a homology-directed repair (HDR) template designed to repair the DNA 

after the action of the endonuclease by the specific nucleotide substitution resulting in 

oncogenic mutations. The percentage of transfection and expression is inversely correlated to 

the plasmid size (Lesueur et al., 2016), thus we tested four transfection agents due to the large 

plasmid size of the pSpCas9(BB)-2A-GFP CRISPR plasmid (9,229bp). Figure 26 shows 

clearly that the lipofectamine 2000 demonstrated higher transfection efficiency than either of 

the TransIT, Nucleofactor or Lipofectamine 3000 agents. 

 

 
 
 
 



 

 86 

 
 

Figure 26:  Green fluorescence protein (GFP) expressed from the pSpCas9(BB)-2A-GFP plasmid 
transfection. Bright-field and fluorescent images of Caco-2 cells transfected with GFP using (left from 
right) either the TransIT, Lipofectamine 2000, Lipofectamine 3000 or the Nucleofactor agent. The GFP 
fluorescence was detceted in the FITC channel of the EVOSTM microscope (ThermoFisher Scientific) 
48h post-transfection. The red color code is referred to the transfected agent chosen. 

 

The Caco-2 were gently harvested by trypsin 48h post-transfection and single GFP 

positive cells were then sorted based on their fluorescence by fluorescence-activated cell 

sorting (FACS). The gating strategies used for sorting the high GFP positive cells were used 

with the Caco-2 untransfected cells, of which the auto-fluorescence was removed. 

Clonal expansion 

 This step is critical, and optimisation was required. After cell sorting, the cells were 

sorted in single cells per well in 96-well plates. However, cells were dying and did not succeed 

to reach the required amount to be sub-cultured and analysed. To overcome that issue, we used 

conditioned media to help the cells attach and develop after the cells sort. In total we obtained 

120 viable clones from three cell sorting of ten 96-well plates pre-warmed with conditioned 

medium prior to the sorting. 

Preparation for sequencing (validation)  

The clones that survived were then separated in two, one part was kept in culture and 

frozen, and the other part was harvested. The genomic DNA was extracted using the QIAmp 

DNA Mini Kit, and polymerase chain reactions (PCR) were performed to amply the KRAS 

locus around exon 2 using specific primers. Then, PCR products were sent to Eurofins for 

direct sequencing (Sanger sequencing). Some clones did not survived to passages and some 

other stopped growing, thus we lose at each steps some clones. In total we sequenced around 

50 different clones. 
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Detection of the mutations using ICE SYNTHEGO 

We used the Ice Synthego analysis tool to detect the mutated KRAS allele and validate 

the generated cell lines based on the sequencing files from the Sanger sequencing. From the 50 

clones sequenced, 35 sequencing results were analysed by the web tool based on the sequencing 

quality. The graphical output (Figure 27) provides standardised summaries of five individual 

G12D-KRAS KI clones using the ICE toolbox. To note, the same analysis was performed for 

the G12V and G12V monoclonals cells after sequencing (data not shown). From the results of 

the ICE analysis, we observe that the Cas9 endonuclease cut the DNA at the correct location, 

however none of the expected indels were detected for either the G12D, G12V or G12C KRAS 

mutations clones. Interestingly, the WT of PCR product detected as WT varies considerably 

between the different clones, such as none WT. The editing efficiency shows that for clone 1, 

none of the Caco-2 alleles were detected as WT compared to clone 2, of which 36% of the 

alleles were detected as WT and the rest as edited.  

 

 
Figure 27: Mutation (indel) detection using Sanger sequencing and Ice Synthego tool. Examples of five 
PCR products of Sanger sequencing of the KRAS G12D monoclonal Caco-2 cells were analysed using 
the ICE analysis toolbox for indels mutation frequency detection.   
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Noteworthy, to optimise the KI editing, we also tried adding an inhibitor of the NHEJ 

(i.e., DNA ligase IV inhibitor SRC7 pyrazine) to favour the HDR repair mechanisms (Vartak 

and Raghavan, 2015) after the transfection, and enhanced the editing efficiency. However, the 

obtained sequencing results were not conclusive (data not shown). 

 Taken together, after having sequenced more than 100 clones, of which 35 were 

positive for the action of the Cas9 (edited), none of those was found positive for either of the 

expected KRAS mutations. In conclusion, precise genome editing such as knock-in is 

challenging as many steps throughout the editing require the finest optimisation, and are 

suggested to be cell type- and mutation-dependent.   

6.3. Exogenous RAS WT and mutant using AP-MS 
The same AP-MS approach used for the WT KRAS analysis was applied to study the 

different mutant KRAS in stimulated and unstimulated conditions. Exogenous mutant KRAS 

protein-tagged with a FLAG sequence was first expressed in the Caco-2 cells. The mutant 

FLAG-KRAS proteins were then immunoprecipitated (AP) and analysed by MS as described 

in chapter 5 (Figure 3). The same approach was applied to determine the interacting proteins 

and reconstruct the KRAS interactome under (patho)physiological growth conditions. The only 

difference resides in the absence of doxycycline for inducing the FLAG-mutant-KRAS plasmid 

expressions compared to the FLAG-WT-KRAS plasmid in the Caco-2 cells.  

In chapter 5, Figure 28, it was demonstrated that the expression of the FLAG-WT 

KRAS proteins requires the addition of doxycycline. The same experimental protocol for an 

AP-MS was performed to confirm the doxycycline requirement and similar FLAG expression 

levels across the whole experiment (WT and mutant FLAG proteins). Doxycycline was added 

only in the FLAG-WT-KRAS cells transfected, and no doxycycline was added in the FLAG-

mutant-KRAS transfected cells. Cells were harvested 24 h post-transfection, lysed and 

prepared for western blotting. We observed bands consistent with the predicted protein size of 

21 kDa of KRAS-tagged proteins (Figure 28) at similar levels in the WT and the transfected 

mutant cells. These results show a leak of the FLAG-mutant plasmid expression, which does 

not require doxycycline induction compared to the FLAG-WT-plasmids to reach similar 

FLAG-KRAS expression levels. The doxycycline in the WT transfected cells allows 

comparable expression levels with the KRAS mutants transfected cells for the AP-MS 

experiments, which was performed by adding the indicated concentration of doxycycline only 

for the FLAG-WT experiments. 



 

 89 

 
Figure 28: Western blot analysis for relative expression of FLAG-tagged proteins. Caco-2 cells were 
transfected with different FLAG-KRAS plasmids expressing either a FLAG WT or mutant KRAS 
proteins (i.e., KRAS G12D, G12V or G12C) with doxycycline at 15ng/ml for the FLAG-WT plasmids 
only and without doxycycline for the FLAG-Mutant plasmids, both for 24h. An anti-FLAG antibody was 
used to detect the different KRAS-tagged proteins, and an anti-β-actin was used as a loading control. 
The histogram shows a semi-quantitative representation of the levels of proteins obtained from a 
densitometric analysis (ImageJ) of three independent experiments. Each value represents the mean ± 
standard error of the mean of three biological replicates. Statistical analysis was conducted using one-
way ANOVA (Prism) comparing the transfected conditions to the non-transfected (NT) and between the 
transfected cells. 
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The AP-MS samples were then sent to the MS core facilities, and the received data 

were treated and filtered together by grouping the FLAG-WT-KRAS APs and the FLAG-

Mutant-KRAS APs, both stimulated and unstimulated. Each sample was performed in three 

biological replicates and the LFQ intensities were used as a proxy for protein expression levels. 

After statistical analysis and filtering, the AP-MS analysis of the FLAG-Mutant-KRAS in 

unstimulated and stimulated conditions resulted in 2266 high-confidence interactor proteins 

compared to the FLAG-WT-KRAS in conditions that resulted in 1228 high confidence 

interactors proteins. 

In order to verify the robustness and applicability of the protocol, we analysed the whole 

dataset for the KRAS LFQ intensity in each sample. The mean of each biological triplicate was 

then plotted (Figure 29). We observed that the intensity of the bait (KRAS) is similar across 

all samples (Figure 29). Further, the sum of the LFQ intensity of the effector protein identified 

in each sample (blue) was plotted against the KRAS LFQ intensity (Figure 30). We can 

observe a similar trend; the intensities are similar across the whole dataset. However, we can 

observe that the sum of the LFQi of the effector proteins in complex to WT KRAS (stimulated) 

is lower compared to the sum of the effectors in complex to the oncogenic KRAS proteins (in 

blue) but that the FLAG-WT-KRAS LFQ intensities are similar to the FLAG-mutant KRAS 

(in black) in the same samples. To note, none of the 56 effectors was detected in two samples, 

which are the unstimulated WT-KRAS and the TNF-α (200 ng/ml) WT-KRAS. 

In proportions, fewer proteins LFQi can be observed in the presence of WT KRAS or 

not at all (i.e., WT un-stimulated), but the overall FLAG expression (KRAS) is similar to the 

other samples. These results suggest that a similar quantity of FLAG-KRAS proteins seems to 

bind to the magnetic beads across all APs (partially due to the same transfection efficiency see 

figure X) compared to the interactor proteins. Due to the transient transfection of the FLAG 

plasmid, the aim was to see if our protocol was sensitive enough to observe any changes in 

protein expression after adding an external stimulus.   
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Figure 29: Investigation of the WT and mutant KRAS abundances detection after AP-MS. The bar graph 
shows the log2-fold change of the label-free quantification intensity (LFQi) of the WT and mutant KRAS 
proteins in each of the Caco-2 cells transfected with FLAG WT or different mutant KRAS unstimulated 
or stimulated (i.e., DMOG, EGF, IL-6, PGE2 and TNF-a) at two concentrations. The unstimulated 
samples are coloured in light grey and the stimulated samples are coloured in a dark grey for better 
visualisations. Each group transfected group (either WT, 12D, 12V or 12C) is separated for a better 
visualisation. The y-axis label is identified as follow: “KRAS_condition_concentration” (e.g., 
WT_DMOG_20). The error bars indicate the mean's standard deviations for three biological replicates.  
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Figure 30: Comparison of KRAS and the sum of the Ras effectors abundances detected after AP-MS. 
The bar graph shows the log2-fold change of the label-free quantification intensity (LFQi) of the WT 
and mutant KRAS proteins (in black) and the sum of the Ras effectors (in blue) in each of the Caco-2 
cells transfected with FLAG WT or different mutant KRAS unstimulated or stimulated (i.e., DMOG, 
EGF, IL-6, PGE2, and TNF-a) at two concentrations. Each group transfected group (either WT, 12D, 
12V or 12C) is separated for a better visualisation. The y-axis label is identified as follow: 
“KRAS_condition_concentration” (e.g., WT_DMOG_20). 
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The recruitment of Ras effectors in complex with KRAS is likely to be context-

dependent, as shown with the wild-type KRAS, and the effectors binding to KRAS also depend 

on their abundances. Therefore, proteomics analysis of the FLAG-Mutant-KRAS APs after 

24h of culture in minimal medium unstimulated or stimulated with particular conditions was 

performed in triplicates using LFQ intensities as a proxy for protein expression levels. For each 

KRAS mutational status (i.e., WT, 12C, 12D, and 12V), the LFQ intensities for all unstimulated 

and stimulated APs were plotted into four PCA (Figure 31). Significant variations in the 

interactor proteins are observed. Interestingly, KRAS interactor proteins detected in the WT 

KRAS dataset cluster together, compared to the mutant KRAS, where the data a more 

discriminated. Hence, it suggests higher variations in the interactor proteins interactions in the 

KRAS mutant induced by the conditions than the WT KRAS. Indeed, proteins in complex with 

KRAS mutant proteins follow a similar trend in data spreading and seem to be based on the 

stimulations. In both stimulations with EGF and PGE2 stimuli, the biological replicates cluster 

together in the top right corner, in addition to the DMOG stimuli, which cluster in the bottom 

right corner. Nevertheless, the PC analysis shows that both IL-6 and TNF-α stimulation cluster 

together along with the unstimulated samples for each KRAS mutant. Taken together, these 

results suggest that the proteins detected in complex with KRAS seem to be more condition-

dependent rather than mutation-dependent. 
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Figure 31: FLAG-WT and mutant KRAS AP-MS protein expressions. A principal component (PC) 
analysis was performed on label-free quantification intensity (LFQi) and executed with MS log2-
transformed data after filtering on the whole AP-MS dataset (i.e., WT and Mutant KRAS with and 
without conditions at two concentrations in three biological replicates. Colours indicate the different 
growth conditions (i.e., DMOG, EGF, IL-6, PGE2, TNF-a and unstimulated (unstim)), and shapes 
indicate the concentration of the conditions (none, 20 and 200 ng/ml). This work has been done in 
collaboration with P. Junk at SBI.   
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Identification of effector binding to KRAS under (patho)physiological conditions by AP-

MS 

After statistical analysis, the Ras effector interactors were isolated from the total AP 

interactome to identify effectors in complex with KRAS. A total of 11 Ras effectors are 

identified in at least one condition (i.e., stimulated and unstimulated), of which 56% belong to 

effector group 1, and 20% belong to effector group 2 (Figure 32). As previously mentioned, 

an effector group 1 (in yellow) is predicted to require an RBD only to be in complex with 

KRAS, in contrast to the effector group 2, which is classified as condition-dependent, and in 

addition, the RBD needs to be recruited to the PM where RAS is located. To note, none of the 

effectors predicted as not likely being a true Ras effector has been detected in any of the AP-

MS samples (effector group 3).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32: Ras effectors distributions. The graph represents the distributions of the Ras effectors found 
in any of the 44 conditions (stimulated and unstimulated at two concentration in the presence of either 
WT, 12D, 12V or 12C KRAS-tagged proteins) in percentage based on the effector group predicted in 
Chapter 3. The colour code represents in yellow the effector group, in green the effector group 2 and 
in blue the effector group 3.  
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Further, we investigate the percentage of the effectors in complex with KRAS detected 

in any samples. An overview of the Ras effectors distribution is presented in Figure 33. Eleven 

out of the 56 classical Ras effector proteins were detected in the whole dataset in at least one 

of the conditions. They are generally highly expressed in colon tissues and Caco-2 cells with 

medium or high affinity in complex with Ras-GTP or are moderately expressed but have high 

affinities in complex with Ras-GTP. All effectors identified in complex with KRAS belong to 

either group 1 (ARAF, AFDN, RAF1, BRAF, and RGL2) or group 2 effectors (RIN1, PIK3CA, 

GRB7, PIK3C2A, ARAP1). The four effectors (RIN1, ARAF, AFDN, and RAF1) detected in 

complex with KRAS in all genetic and growth conditions belong to effector group 1, except 

RIN1, which is part of the group 2 effector. The seven other effectors are found in particular 

growth genetic and/or growth conditions and mainly belong to group 2, except BRAF and 

RGL2, which are part of effector group 1.   

This experimental approach shows that the effectors classified as effector group 1 are 

mostly found in all the genetic and growth conditions compared to the effectors classified in 

effector group 2, which seems to be mainly context-dependent, with the exception of RIN1. 

These results are in adequation with the effector groups predicted with the mathematical model 

presented in chapter 3.  

 

 
 
Figure 33: Ras effectors distribution across the genetic (WT and mutant KRAS-flagged proteins) and 
growth conditions. The graph represents the distribution of the effectors detected in complex with KRAS 
in percentage in any of the 44 conditions (stimulated and unstimulated at two concentrations in either 
WT, 12D, 12V or 12C KRAS-tagged proteins). The colour code corresponds to the effector group 1 in 
yellow and effector group 2 in green.  
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Furthermore, two heatmap images were generated to illustrate in which conditions the 

Ras effectors were detected (Figure 34. A) and most abundant (Figure 34. B) based on LFQi 

when in complex with KRAS, in both unstimulated and stimulated conditions. The two 

heatmaps show a similar pattern in terms of effectors detection and abundances in each of the 

groups of the AP KRAS mutants (i.e., G12D, G12C, and G12V) in unstimulated and stimulated 

conditions.  

In detail, the effectors AFDN, ARAF, RAF1 and RIN1 are detected in all the KRAS mutant 

APs when unstimulated and stimulated (Figure 34. A, detection heatmap). However, as shown 

in chapter 5, these effectors are also detected in the WT APs but not in all the conditions 

(Figure 34. A). These effectors are classified in the effector group 1 except for RIN1, which is 

part of the effector group 2. Regarding their abundances (Figure 34. B), these effectors appear 

to be more abundant when detected in particular conditions, such as DMOG and TNF-α, 

compared to other conditions, such as IL-6 or PGE2. As these effectors are detected consistently 

in the presence of KRAS with or without stimulations, we can suggest that these effectors are 

KRAS-specific rather than condition(stimulation)-specific. Other effectors are only detected in 

specific stimulated conditions and are mainly detected in the predicted effector group 2. For 

example, the effector GRB7 is only detected in the presence of DMOG (Figure 34. A) at a low 

abundance (Figure 34. B) in the presence of all the KRAS mutations. Another effector, 

PIK3CA, is only detected when stimulated with TNF-α in the presence of either the G12D or 

G12V KRAS mutations. The effector PIK3C2A is only detected significantly in the presence 

of the G12D KRAS mutation with DMOG. These effectors grouped in effector group 2 can be 

classified as conditions-specific. To mention, effectors such as BRAF, which was predicted to 

be always in complex with KRAS, is found in complex with KRAS only in DMOG and TNF-

α conditions.  

In conclusion, as predicted, the experimental AP approach shows that some effectors 

are more KRAS-specific and others more conditions-specific.  
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Figure 34: Ras effector proteins distribution based on their presence (A) and abundances (B). Both 
heatmaps display the Ras effectors in complex with KRAS. The rows display the Ras effector in complex 
to KRAS grouped in function of the KRAS mutational status (WT, G12D, G12V and G12C), and the 
columns represent the conditions (unstimulated or stimulated with either DMOG, EGF, IL-6, TNF-a 
and PGE2). To generate the two heatmaps, the LFQi values were analysed, the different concentrations 
for each stimulation merged and translate for the heatmap (A) in term of the presence or absence of an 
effectors and for second heatmap (B) the LFQi were directly plotted into the heatmap. (A) the colour 
code is based on the detection (blue) and not detected effectors (yellow) and for the (B) the colour code 
indicates protein abundances ranging from yellow (low abundance) to blue (high abundance). The 
heatmaps were created using GraphPad Prism 9.  
 
 
Context-dependent Ras-effectors recruitment (Thesis work and adapted from Gaspar et 

al., 2021) 

Figure 35 shows the multi-domain effectors proteins detected by MS in the whole AP-

MS experiments, their potential binding and localisation, and their interaction with Ras through 

either a RA, PI3k-rbd or RBD domain. As mentioned in chapter 5, the additional domains of 

the Ras effectors can be used for PM recruitment, according to Ibanez et al., 2021. In addition 

to the possible mechanisms involved in the recruitment to the PM of the effector group 2, we 

will study in parallel in which context this effector is recruited and its possible mechanisms.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35: Domain compositions of Ras effectors. Domain composition of Ras effectors identified in 
the WT and Mutant KRAS AP-MS experiments in this work and classified grouped by signalling 
pathways (chapter 3, figure 10). The effectors are coloured based on their effector group 1, 2 or 3 
(Gaspar et al., 2021). The colour code for the effector domain compositions represent in red the domain 
structure of proteins containing either a RA, PI3K-rbd or a RBD domain for the binding to Ras. The 
domains in blue are the domains which are potentially involved in PM recruitment or PM-associated 
protein. This scheme is adapted from Gaspar et al., 2021. Small GTPases and Kiel et al., 2021. 
Biomolecules. SH2: Src Homology 2, RA: RalGDS/AF6 Ras association, RBD: Ras binding domain, 
DIL: dilute, S_TKc: serine/threonine kinase, SAM: sterile alpha motif, PH: pleckstrin homology, FHA: 
forkhead-associated. 
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The PI3K effectors. Both PI3KCA and PI3KC2A effectors are context-dependent and 

are mainly detected in the presence of oncogenic KRAS when stimulated with DMOG (HIF-⍺ 

stabilisation; mimicking hypoxia) for PI3KCA and with EGF for PI3KC2A. These effectors 

harbour known PM associated domains such as C2, PX and PI3K_C2. Interestingly, the C2 

and PX domains have been shown to bind to phospholipids at the PM (Chen et al., 2018). In 

addition, as PI3KCA effectors were detected in DMOG/HIF-⍺/hypoxia context, it has been 

shown that HIF-⍺ regulates oncogenic pathways, and under EGF stimulation has been shown 

to induce HIF-⍺ in normoxia through the MAPK/PI3K pathways (Jiang et al., 2013). It could 

explain the presence of PI3KC2A in EGF and PI3KCA in DMOG. Further, the presence of 

PI3KCA when stimulated by TNF-α could also be explained by the promotion of growth of 

CRC via the Pi3K/AKT signalling pathways by the TNF receptor 2, which is the receptor for 

TNF-α (Zhao et al., 2017). To note, PI3K has been found mutated (gain of function mutations) 

in colorectal cancer (Hamada et al., 2017). 

The GRB7 effectors. GRB7 protein effector is detected in all the mutant KRAS APs, 

however only when stimulated with DMOG. This protein contains a PH domain demonstrated 

to allow their binding to the inositol phosphates in the PM and an SH2 domain, which is known 

to bind to receptor tyrosine kinases such as ErbB, Tek/Tie, Kit and ephrin receptors) and 

cytoplasmic proteins (Shen and Guan, 2004) (Jones et al., 2006), that localised the protein at 

the PM. Both ErbB and ephrin signalling have been involved in intestinal stem cells 

homeostasis and regeneration (Islam et al., 2010) (Beumer and Clevers, 2016). Moreover, a 

role in cell migration through the focal adhesion kinase (FAK) signalling has been suggested 

for GRB7 in intestinal cells (Han and Guan, 1999). 

 The ARAP1 effector. ARAP1 effector is found in complex with KRAS in one AP 

when stimulated with PGE2 in the presence of the G12C KRAS mutation. ARAP1 can associate 

with the PM through its interactions with 3- and 4-phosphorylated phosphoinositides through 

its five PH domains. ARAP1 is involved in the RAC/PAK/RHO signalling pathways known 

as regulators of the actin cytoskeleton and its interactions with junctional proteins in epithelial 

cells (Poppof et al., 2009), such as occludin and zona occludens localised at the PM. ARAP1 

has also been involved in membrane trafficking, regulating EGFR trafficking and signalling 

(Daniele et al., 2008). The role of prostaglandin in the actin cytoskeleton remodelling can 

potentially result in the recruitment to the PM of ARAP1 when stimulated with PGE2 in 

intestinal epithelial cells (Banan et al., 2000) (Sawyer et al., 2001). 
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The RIN1/RIN2 effectors. RIN1 effector is detected in complex with KRAS mutant 

proteins in all stimulated and unstimulated conditions, however RIN1 is detected in complex 

with WT-KRAS in four conditions (DMOG, EGF, IL-6, PGE2). In comparison, the RIN2 

effector is detected in KRAS mutant proteins only with the addition of DMOG. RIN protein 

effectors contain SH2 domains, allowing them to bind to phosphotyrosine peptides. For 

example, ErbB tyrosine kinase signalling has been shown to be involved in normal intestinal 

homeostasis (Spit et al., 2018) and in the development and progression of CRC via its 

downstream pathways (Krasinskas, 2011). The RIN2 mRNA has been shown to increase 

significantly in hypoxia (Rivas et al., 2020) and could explain the higher detection of RIN2.  

 

 In conclusion, to assess the prediction model of the effector group (chapter 3), we 

applied it to the WT and oncogenic KRAS AP-MS experimental approach (un)stimulated with 

different colon and CRC stimuli. Identifying the Ras effectors in the KRAS AP-MS shows that 

effectors predicted as group 1 were detected in complex to KRAS in all the conditions and are 

mutant-specific. However, most of the effectors classified as group 2 were found in complex 

to KRAS only in a particular context. This last category of effectors contains an RBD and at 

least one additional domain that allows for the possibility of binding directly to the PM or 

indirectly through PM-associated proteins (“piggyback” model mechanisms (Kholodenko et 

al., 2000)). Literature-based evidence confirms their recruitment to the PM for many effectors 

and that these binding have also been found relevant in the colon and CRC context. 
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Chapter 7: Subcomplexes 
methodology and analysis 
 

Part of the work presented in this chapter will be included in the following paper:  

Ternet C et al. Analysis of context-specific KRAS effectors (sub)complexes in Caco-2 cells. (In 
preparation for Science Signaling) 

7.1. Rationale 
Oncogenic KRAS mutations play an essential role in CRC initiation and progression, 

and it has been shown, for example, to cause metabolic alterations, be associated with 

suppressed immune pathways and activate different signalling pathways (Toda et al., 2016)  

(Lemieux et al., 2014). Because Ras is a hub signalling protein (Hobbs et al., 2016), this protein 

coordinates several cellular processes. Therefore Ras proteins and oncogenic Ras proteins can 

alter the network, resulting in a differential rewiring of the Ras interactome (Janjic and Przulj, 

2012) (Kennedy et al., 2020).  

 After investigating the Ras effector in context through the AP-MS experiments, we 

showed that most of the effectors in the group 1 effector were detected in all samples in 

complex with KRAS and that the effectors classified as group 2 (predicted as context-

dependent) tended to be detected only in specific culture contexts. In addition, the 

concentration of the effectors and their binding affinities can both influence the specific Ras-

effector complex formation. Furthermore, context-dependent effectors recruitment to the PM 

is another characteristic to consider in the Ras network reconstruction. As differential protein 

expression can drive differential pathway activation, knowing which Ras-effector is in complex 

with KRAS in a particular context does not certify that the downstream signalling pathway is 

activated or which function/ phenotype is potentially associated with that effector. However, 

the AP-MS experimental approaches allow the Ras-effector detection in complex with Ras, in 

addition to the downstream interactors of the Ras-effectors (interactor proteins) in complex 

with Ras. The MAPK and the PI3K signalling pathway downstream of the Ras-effector, RAF 

and PI3K, respectively, are well-studied. But others Ras-effectors-mediated signalling are less 

well-studied and even less in specific contexts such as colon and CRC. 
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Therefore, the analysis of KRAS subcomplexes is investigated in this chapter. The first 

part of this chapter describes the methodology of the subcomplexes characterisation. The 

second part applies the methodology to the AP-MS data obtained before. Finally, we aim to 

connect the different subcomplexes to cellular phenotypes.  

7.2. Methodology of the KRAS-subcomplexes identification 

To gain insights into the extensive network, we analyse the Ras signalling network for 

all the WT and mutant KRAS APs unstimulated or stimulated with (patho)physiological colon 

conditions, the Ras-effectors were first identified based on the list of the 56 potential Ras-

effectors (Ibanez et al., 2021 and chapter 3). These Ras-effectors defined the first layer or 

effectors of the Ras interactome based on the presence, for each of these effectors, of a RBD. 

To do that, a script was written (in collaboration with Simona Catozzi in SBI). The script allows 

the identification of all the effectors with an LFQ intensity > 0 by effectors classes (class 1 to 

12, Ibanez et al., 2021, chapter 3, Figure 9) of the list of KRAS-associated proteins after AP-

MS (Figure 36. A). Then, the effector complexes (interacting proteins of each effector) were 

identified based on the Bioplex database (Figure 36. B). Bioplex is an open-source database 

that uses high-throughput AP-MS to determine interacting partners proteins for 2,594 human 

FLAG-tagged proteins in HEK293T cells, of which 23,744 interactions were detected (Huttlin 

et al., 2016). From this database, the interactors of effectors were obtained by searching for 

effector complexes for each of the 56 Ras-effectors (i.e., RAF1, ARAF, BRAF, etc., ). The 

script identifies the effector complexes with an LFQ intensity > 0 and transfers them into tables. 

These tables detail the effector complexes distributed by effector classes for each condition-

specific Flag-KRAS AP-MS experiment. The effector complexes intensities detected are set to 

0 if no effectors are detected and normalised by the number of effectors (with intensity > 0) 

divided by the total number of effectors detected in the experiment. This correction (i.e., 

intensity/(#eff_byClass/#eff_byExp) was applied to correct for the effector interactors shared 

between several Ras-effectors. We assumed that the shared proteins across the different classes 

were equally distributed between the number of classes shared (Figure 36. C). The output of 

that methodology results in Ras-effector-mediated subcomplexes containing Ras (either WT, 

or oncogenic G12D, G12C and G12V KRAS), a Ras-effector and interacting proteins (Figure 

36. D).  

 
 



 

 105 

 
 
Figure 36. Workflow of the methodology to identify KRAS-effector mediated subcomplexes based on 
FLAG-KRAS AP-MS experiments. (A) List of proteins identified after the Flag-KRAS AP-MS 
experiment. Flag-KRAS is coloured in dark blue. (B) Identification of Ras effector proteins (coloured 
in yellow, red, blue, and green). Interactions between effectors and interacting proteins obtained from 
the BioPlex database are indicated with solid back lines. Some interacting proteins can be shared with 
multiple effectors (“shared protein”). (C) KRAS-effector subcomplexes are underlined in different grey 
colours. (D) Individual Ras-effector subcomplexes show Ras, one effector, and interacting proteins. 
Shared proteins participate in more than one subcomplex. 
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7.3. Functional analysis of network proteins by gene ontology 

(GO) 

We used the KEGG (Kyoto Encyclopedia of Genes and Genomes) resource to analyse 

the proteins that belong to different Ras-effector subcomplexes (in collaboration with Philipp 

Junk). To investigate the functions linked to the subcomplexes proteins, a gene ontology (GO) 

analysis was performed to identify and visualise the biological pathways and processes 

associated with the subcomplexes protein detected per effector class. The six heatmaps 

represent the GO terms for each of the effector classes determined above (class 1, class 2, class 

3, class 4, class 6 and class 12) downstream of the Ras-effectors detected in DMOG conditions. 

The top five enriched terms, sorted on p-value, were picked and represented per class (Figure 

36). Nevertheless, for each condition, heatmaps were generated per effector class (data not 

shown). In this thesis, we will only show the example for the DMOG condition in the G12D, 

G12V and G12C KRAS FLAG AP-MS experiments for better clarity. 

As expected, the analysis of the DMOG oncogenic KRAS network GO biological 

process terms revealed a predominant role downstream Ras effectors for the Ras signalling 

pathway, such as in class 1, class 3 and class 6 (Figure 37. A. C. E.). Further, the analysis of 

the network GO biological process terms revealed that terms converge in almost all classes 

(except class 4) on output response that plays a critical role in intestinal epithelial homeostasis 

and barrier function, such as the Hippo pathway, MAPK pathway, adherens junction, mTOR 

signalling and Rap1 signalling (Romano et al., 2014) (Kooistra et al., 2007) (Ibanez et al., 

2021) (Ternet and Kiel., 2021). In addition, the GO terms involved with cancer signallings, 

such as CRC (class 1 and 2), pancreatic cancer (class 6), or renal cell carcinoma (class 3) are 

found in many classes and in the presence of all the oncogenic KRAS mutations with DMOG. 

Interestingly, these cancers harbour oncogenic KRAS mutations (Hobbs et al., 2016).  

Further, when comparing the other specific conditions, such as TNF-α, IL-6, PGE2 and 

EGF, we observe a similar GO enrichment for the top 5.  

In summary, the GO analysis suggests that most of the GO terms converge toward the 

primary function (signalling pathways) expected to be observed in intestinal epithelial cells 

and colorectal cancer. Many GO terms are also linked to cancer signalling pathways in 

adequation with the presence of oncogenic mutations. 
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Figure 37: Gene ontology (GO) enrichment analysis. Top 5 significantly enriched GO (−log10 (p-
value)) terms of the subcomplexes effector proteins detected downstream of the Ras-effectors in DMOG 
condition-specific FLAG-G12D, -G12V and G12C-KRAS AP-MS experiments. The GO terms are 
visualised in six heatmaps, each representing the three oncogenic mutations in DMOG, distributed in 
effector (A) class 1, (B) class 2, (C) class 3, (D) class 4, (E) class 6 and (F) class 12. 
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7.4. KRAS subcomplexes analysis 

Reconstruction of the Ras-effectors signalling network  

The methodology described above was applied to each of the condition-specific FLAG-

KRAS AP-MS experiments. However, we decided to focus on one particular KRAS-

subcomplex reconstruction for this thesis. Due to the high-frequency detection in CRC, the 

G12D KRAS mutation was chosen to represent the G12D KRAS-subcomplexes in different 

culture conditions.  

The script allowing for the sub-complexes identification was applied to each protein 

list of each FLAG-G12D-KRAS-associated effector after AP-MS in stimulated and 

unstimulated conditions. In total, we obtained a list of 448 protein interactors detected 

downstream of the Ras-effectors in complexes with the G12D-KRAS protein in unstimulated 

and stimulated conditions. The result is illustrated in Figure 38, where the Ras-effectors and 

the effector complexes are distributed in the functional effector classes. On the x-axis, as 

previously analysed in chapters 5 and 6, we represent the Ras-effectors grouped by functional 

classes and the conditions on the y-axis (i.e., DMOG, EGF, PGE2, IL-6 and TNF-α). The Ras-

effectors are distributed in 6 of the 12 functional classes previously generated (Ibanez et al., 

2021). Most of the Ras-effectors complexes appear to be implicated in the following six 

classes: class 1 RAF-MEK-ERK signalling (RAF1, BRAF, and ARAF), class 2 PI3K-AKT 

signalling (PI3KCA and PI3KC2A), class 3 Ral-PDL-Sec5 signalling(RGL2), class 4 Actin-

Nectin-cadherin signalling (AFDN), ABL-RAB4-RAB5 signalling class 6 (RIN1 and RIN2) 

and class 12 RTK signalling (GRB7). This observation shows the high level of communication 

and complexity occurring within the Ras network that interconnects different signalling 

pathways. In addition, we can observe that some effector interactors are shared with other Ras-

effectors subcomplexes and across different conditions. These shared effectors are compared 

in the same classes across stimulated conditions and highlighted in yellow (Figure 38). For 

example, seven proteins are shared between the five conditions in class 1 (i.e., CTNNB1, 

GSK3B, IQGAP1 NOP58, PPP2CA, PPP5C and RPS27L) and three proteins (CTNNB1, 

GSK3B and PPP2CA) are shared in class 6, of which three are also shared between classes. 

Interestingly, no shared proteins are detected in class 4 downstream of AFDN. This suggests 

that effector interactors downstream to a unique upstream Ras-effector, such as RGL2 (class 

3) or AFDN (class 4), have fewer shared proteins than in the classes harbouring multiple 

effectors, such as effector class 1 and effector class 6. Similar results have been shown in 

Catozzi et al., in press.  However, some proteins detected in complexes are unique (Figure 38, 
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in green), such as the proteins LAMTOR3 and MLST8 detected in class 1 and RPS27 and 

WASL proteins detected in class 4, both in DMOG condition only. The proteins RLP21, RLP26 

and RLP27 are also only detected in class 4 in the presence of the DMOG condition. Another 

interesting example is the protein detected under the DMOG condition in class 6, there are 

many unique proteins, 23 out of 64 in this class which are not detected in any other of the 

conditions and either in any of the classes in the all FLAG-G12D-KRAS AP-MS experiments. 

In the un-stimulated samples, there are fewer interactor proteins detected than the proteins 

detected in any stimulated conditions. Indeed, 30% of proteins class 1, 56% of class 4 and 33% 

of class 6 are detected in the unstimulated sample when normalising by the average number of 

effectors per class. In addition, the proteins detected are mainly all shared proteins in the same 

classes, and two of them (i.e., RPS8 and MRPS28) are uniquely found in the whole G12D-

KRAS AP-MS effector interactor proteins list and are suggested to be specific (“condition-

specific”). Finally, the non-highlighted proteins are either detected in several conditions per 

class or several classes across a same condition. Taken together, these results suggest and 

enable insight into the extensive inter-connected oncogenic KRASG12D network by analysing 

the whole set of downstream proteins.  
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Figure 38: KRAS-subcomplexes. This figure illustrates the identification of Ras-effectors and effectors 
complexes in each of the condition-specific FLAG-G12D-KRAS AP-MS experiments based on the 
methodology described in chapter 7 (using the Bioplex database). The x-axis represents the Ras-
effectors proteins distributed by their belonging to the functional classes (Ibanez et al., 2021), and the 
y-axis represents the conditions (DMOG, EGF, IL-6, TNF-α, PGE2 and unstimulated (unstim)). The 
class coloured code is based on the colour defined in chapter 3, for each functional class (Ibanez et al., 
2021) and in yellow are the shared proteins. 
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Linking sub-complexes to cellular phenotypes.  

Ras proteins can bind to different set of effectors and effectors complexes that can drive 

pathway activation and cellular outputs. This is why in this part, we aim to investigate the cell 

fate or phenotype outputs in different growth conditions to then link it to the Ras-effector 

subcomplexes in the respective contexts. This analysis is based on the same experimental set-

up described above as for the AP-MS experiments. 

Cell growth was analysed using the CyQuantTM Cell Proliferation Assay based on DNA 

content to determine cell number in a 96-well plate at 24h (Figure 39 and Figure 40). We can 

observe that the proliferation are similar between the un-stimulated and the stimulated 

conditions in the non-transfected cells (A), WT (B), G12D (C) and G12V (D) cells compared 

to unstimulated conditions in the presence of KRAS (Figure 39). However, for the Caco-2 

cells expressing the G12C KRAS mutation, we can observe a higher significant proliferation 

induced by all the conditions (stimulation) compared to the G12C KRAS unstimulated cells 

(E) (Figure 39). Then, based on the same proliferation data, we wanted to visualise the impact 

of the conditions on all the mutation statuses of the KRAS proteins (Figure 40). We can 

observe first, in panel A (Figure 40), that in unstimulated conditions, no significant 

proliferation differences were observed between the different KRAS proteins expression (A) 

(Figure 40). These observations are likely the consequences of the starvation and the minimal 

medium used without any FBS (no growth factor) present to trigger proliferative signalling 

pathways, making the unstimulated condition a relevant control to compare with the addition 

of conditions. Furthermore, we can observe that each of the five conditions tested in the 

presence of the G12C mutation increased the proliferative significantly, as shown in Figure 

40, panels B to F. The combination of the G12C mutation and conditions increases the 

proliferation. In addition, the proliferation rate was significantly higher with the DMOG 

stimulation in the Caco-2 cells expressing either a WT KRAS or G12D and G12C KRAS 

mutant proteins than in the non-transfected (C).  

 Nevertheless, these results show no critical effect of the conditions on the proliferation 

of the Caco-2 cells transfected with different KRAS mutant proteins, as previously expected. 

However, these observations are likely explained by the large error bars due to a high variation 

detected in the biological replicates. Statistical analysis was applied to compare the impact of 

the conditions on the mutational status based on the non-transfected samples (as shown 

in Figure 40), and against the FLAG WT KRAS cells (data not shown), and the same trend 

was analysed. However, we can suggest that other outputs such as migration, senescence or a 

disruption of the intestinal barrier integrity can be affected.  
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Figure 39: Cell proliferation assay. Comparison of each conditions at both concentration (20 and 200 
ng/ml) against the unstimulated condition (“Unstim”) in the (A) non-transfected (“NT”) cells, (B) 
transfected cells with either (B) WT KRAS, (C) G12D, (D) G12V and (E) G12C KRAS plasmid using 
the CyQuant assay in three biological replicates at 24h. The One-way ANOVA statistical analysis was 
applied to the data via GraphPad, Prism 9.  
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Figure 40: Cell proliferation assay. Comparison of each transfection (NT, WT and mutant KRAS) 
against the non-transfected (”NT”) cells at both concentrations (20 and 200 ng/ml) in (A) unstimulated 
cells (“Unstim”) cells, and stimulated cells with either (B) TNF-α, (C) DMOG, (D) PGE2, (E) IL-6 and 
(F) EGF using the CyQuant assay in three biological replicates at 24h. The Two-way ANOVA statistical 
analysis was applied to the data via GraphPad, Prism 9. 
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To determine any influence of the conditions on the intestinal barrier, we performed a 

transepithelial electrical resistance (TEER) measurement of the untransfected Caco-2 cells 

cultured for 21 days on the semi-permeable membrane insert (Figure 41. A). After being 

monitored for 21 days, this setting allows the cells to form a fully polarised and functional 

monolayer of cells mimicking the intestinal epithelial layer (Figure 41. A). The TEER was 

measured with the Millicell® ERS-2 Voltohhometer every two days at the same time that the 

medium was replaced with a fresh medium (Figure 41. B). We observe that the TEER 

stabilised at around 21 days in transwell culture, and a plateau is observed after 21 days. 

 

 
 
 
Figure 41: Transepithelial electrical resistance (TEER) measurement of the Caco-2 cells. (A) 
Schematic of the TEER measurement apparatus (Millicell® ERS-2 Voltohhometer) for monitoring the 
integrity of the intestinal epithelial Caco-2 cells over 21 days cultured in a semi-permeable membrane 
insert on a transwell insert system (blue). (B) Representative TEER plots of Caco-2 cells in complete 
medium changed every two days. Data were obtained from 3 independent ranswell systems measured 
twice every two days on 25 days. Three biological replicates with two TEER measurement(technical 
measurement) n=2 wells per replicates (total n=6 inserts). The raw TEER data were plotted normalised 
with an empty transwell insert with medium and kept in culture and measures every two days.  
 

To investigate the influence of TNF-α, IL-6, DMOG PGE2 and EGF on the intestinal 

barrier integrity, Caco-2 cells were seeded, and the TEER was monitored. In line with previous 

observations (Figure 41. B), on day 20, the medium was replaced with starvation media, and 

on day 21, the specific growth conditions were added at 20 and 200 ng/ml on the fully 

differentiated Caco-2 cells. Figure 42 represents the graph of the TEER measured after the 

addition of the conditions in the percentage of the control (starved cell but no addition of 

specific growth conditions). We observe that the treatment with either PGE2 (20 and 200 ng/ml) 

and EGF (20 and 200 ng/ml) do not result in significant changes in TEER within 72 h post 

addition. However, after treatment with either TNF-α, IL-6 or DMOG (20 and 200 ng), the 
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contact of these conditions induce a significant drop in TEER, which start approximately after 

12h of treatment (Figure 42). These drops are significant compared to the control Caco-2 cells 

untreated at 48 h and 72 h; an average drop of 30% can be observed.  

Barrier integrity experiments reveal that TNF-α, IL-6 and DMOG conditions at 20 and 

200 ng/ml are sufficient to induce barrier disruptions, compared to PGE2 and EGF conditions, 

which conserved intestinal barrier integrity when measured by TEER. In the presence of an 

endogenous KRAS protein in the untransfected Caco-2 cells, these data suggest that specific 

conditions such as TNF-α, IL-6 and DMOG (inflammation) alter the intestinal barrier integrity, 

reproduced here with a monolayer of Caco-2 cells. 

 

 
 
Figure 42: Influence of culture conditions on TEER. Results are expressed as a percentage of control 
in TEER measurements of Caco-2 cells at six different time points post-conditions. The graphs show 
the TEER results measured at times 0h, 6h, 12h, 24h, 48h and 72h after the addition of the conditions 
and after 21 days of polarisations. Two transwell inserts control seeded with Caco-2 cells (no 
conditions) were always measured in parallel of each of the five conditions. n=3 transwell for each 
condition with two technical TEER measurements. The stars represent the significant differences 
between the conditions and the control when p<0.05 (Two-way ANOVA) using GraphPad, Prism 9.  
 

These phenotypic assays show that to characterise the subcomplexes and link them to 

cellular phenotypes, different functional assays are necessary to allow a more precise 

determination of the influence of specific conditions on the network rewiring.  
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Chapter 8: Summary, discussion, 
limitations and future directions 
 

This chapter aims to summarise the overall conclusion presented throughout the thesis, the 

limitations associated with the study, and future work and directions. This thesis has presented 

a PPI network-based computational and experimental analysis of KRAS AP-MS analysis in 

the Caco-2 cells. 

 

Challenges in determining “true” Ras effector based on bioinformatics and 

computational analysis in the colon context 

Bioinformatics and computational modelling tools are essential to investigate system 

behaviour that can be difficult to isolate from large databases or experimental studies. They 

can also be used as predictive tools in research to predict protein phenotypes or link gene 

expression and phenotype (Karr et al., 2012) (Lu et al., 2011), with applications in medicine 

for diagnosis and treatment options. In this thesis, based on a model that predicted the 

concentration of effectors in complex with WT and mutant KRAS proteins, we show how Ras-

effectors are distributed downstream of Ras and compete for the binding to Ras proteins in 

different colon contexts. The Ras-effectors proteins abundances, their respective binding 

constants (Kd values) when in complex with Ras, and Ras protein abundances in the colon, 

constitute the predictive model established in the physiological colon tissue context.  

The establishment of the 56 potential Ras-effectors allows opening the study of the Ras-

effector outside of the main canonical standard Ras-effectors usually studied. Further, by 

searching and investigating their binding affinities based on their RBD, we observed that the 

Ras-effector binding affinities for Ras varied between certain effectors. In addition, we found 

that not all RBD, which are required for the binding of Ras and effectors, were available from 

experimental data. By consequences, we used Ras-effectors three-dimensional structure energy 

predictions to estimate their binding affinities (Kiel et al., 2007). Nevertheless, these 

predictions are based on validated experimental data and are well-calibrated, allowing their use 

with high confidence when experimental data is missing. To summarise, only three out of the 

56 Ras-effectors were not assigned any binding affinity values. Other missing Kd values were 

either assigned by experimental in vitro analysis or computational in silico predictions. A 
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similar approach was taken for the analysis of Ras-effector protein abundances determination 

in colon tissue. Indeed, based on a high coverage protein detection in the colon tissue sample 

(Wang et al., 2019), only three Ras-effector protein abundances were reported as missing. 

Thus, their respective abundances were estimated based on their colon tissue mRNA levels in 

the same colon tissue sample (Wang et al., 2019), reducing error-prone correlations as possible. 

Indeed, studies show that estimation from mRNA levels to protein expression levels poorly 

correlates (Guo et al., 2008) (Liu et al., 2016) and can be explained by alternative splicing. In 

conclusion, combining protein abundances and binding affinities allow the generation of a Ras-

effector competition model for the binding to Ras in a specific colon context, in which 

remarkably only a few estimations based on correlation were done and assumed to be as 

accurate as possible. Moreover, based on the protein expression level of the three Ras isoforms 

in colon tissue (H-, N- and K-RAS), we observe that KRAS is the highest expressed. Therefore 

we assumed that most of the Ras-effectors predicted by the model will be in complex with 

KRAS in colon contexts (Ibanez et al., 2021) (Wang et al., 2019). 

Taken together, this model opens the possibility of being used in future personalised 

medicine approaches, where individual protein concentration can be directly incorporated into 

the predictive model, also in the presence of oncogenic mutations. In this thesis, we presented 

the example of colon tissue. However, this model can be applied to any human tissue when 

protein concentrations and binding affinities are available and have been applied in 29 human 

tissue based on proteomics data (Catozzi et al., 2021) (Wang et al., 2019). 

Furthermore, after the classification of the Ras-effectors in 12 effector functional 

classes in the colon, we observe that most of the Ras-effectors detected in significant complex 

with (K)Ras converge toward pathways related to the intestinal homeostasis such as migration, 

adhesion, proliferation, survival and apoptosis (Ternet and Kiel., 2021) (Ibanez et al., 2021). 

These processes play a critical role in colon homeostasis, such as intestinal barrier integrity, 

stem cell renewal, or cell-cell junction, supporting the model prediction. The model further 

predicted that when the Ras-GTP was increased, the total amount of Ras-effectors in complexes 

with Ras-GTP was increased, as expected. The exciting prediction is that most of those 

effectors that harbour a low-affinity binding for Ras, proportionally bind more when then the 

total amount of Ras-GTP increases (Ibanez et al., 2021). This data suggests that increasing the 

Ras-GTP favours the binding of low-affinity effectors that cannot effectively compete for the 

binding to Ras compared to the high-affinity effectors. This observation leads us to the 

generation of the effector group prediction (Catozzi et al., 2021).  
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Indeed, 15 effectors have been found with a binding affinity > 10 µM, which suggests 

that they are likely not “true” Ras-effectors despite the presence in their sequence of an RBD 

(effector group 3). Nine effectors were predicted to require an RBD only to be in significant 

complex with KRAS (high-affinity effectors), in contrast to the effector group 2 (mainly low-

affinity effectors), which are classified as condition-dependent, and in addition, to their RBD 

needs to be recruited via another domain to the PM where Ras is located. The additional 

domains presented in those effectors are predicted to allow their recruitment to the PM and 

have been supported by the “piggyback” model (Kholodenko et al., 2000). This “piggyback”  

mechanism suggests that membrane anchoring of both interaction proteins (i.e., Ras and Ras-

effectors) strongly increases the average lifetime of complexes, hence increasing the extent of 

activation of downstream processes (Kholodenko et al., 2000). 

 

Validation of the "true" Ras-effectors based on an experimental AP-MS approach in the 

colon and CRC context, and the challenges to reconstruct a PPI network in 

(path)physiological relevant contexts  

The validation of the Ras-effector groups predicted by the model was determined by 

analysing the WT KRAS protein and oncogenic KRAS proteins in complexes through affinity 

purification by mass spectrometry (AP-MS). The Caco-2 cell line has been used as a relevant 

model system to compare with the predictive model that Caco-2 cells can be grown in various 

growth media. Indeed, Caco-2 cells are human intestinal epithelial cells that closely mimic the 

colon intestinal epithelium in the early stage of CRC by showing no mutations in the KRAS 

gene and harbouring intestinal features (Fogh et al., 1977). Using AP-MS experiments, we 

observed that Ras-effectors predicted as group 1, such as RAF1 and ARAF, are mostly always 

detected in complex with KRAS, even in the presence of an oncogenic mutation. We propose 

that these effectors rely less on additional domains to form an efficient complexes with KRAS 

and likely bind through the RBD alone. These effectors have a high binding affinity for Ras 

and are expressed in high abundances in the Caco-2 cells. Similarly, effectors predicted as 

group 2, such as PI3KCA, RIN2, GRB7 or ARAP1, are detected in the presence of growth 

conditions (context-dependent) such as HIF stabilisation, IL-6, TNF-α, with specific stimuli. 

As shown in this thesis, a large set of effectors proteins can only efficiently bind to Ras in 

specific conditions. To mention, BRAF effector, classified as a group 1 effector, which was 

predicted to be always in complex with KRAS, are found in complex with KRAS only under 

certain conditions. Thus, we propose that BRAF, in addition to the effectors found in certain 

conditions such PI3KCA, RIN2, GRB7 or ARAP1, rely more on additional domains to form 
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efficient complex with KRAS in addition to their RBD.  This observation can be explained by 

the additional domain of the Ras-effectors allowing their recruitment to the PM via other 

domains than their RBD alone. Indeed, we show in this thesis work that the total number of 

effectors and other proteins in the Ras-mediated complex increases with the number of 

conditions. This context-dependent binding can be explained by the fact that cells in their 

physiological microenvironment are constantly experiencing a variety of stimuli that trigger 

receptors located on the plasma membrane, such as the EGF receptor, and where Ras is located. 

Ras proteins are membrane-associated proteins that require an attachment to the membrane to 

be active (Eisenberg and Henis, 2008). This example is supported in the context of cancer, 

where tumour cells are often located in a hypoxic, immunosuppressive and nutrition-deficient 

environment, also called tumour microenvironment (TME) and induced reprogramming of 

metabolism and signalling (Hanahan and Weinberg, 2011). The TME has been recognised as 

a hallmark of cancer.  

Additional domains present in Ras-effectors were further predicted to increase the 

number of complexes formed between Ras and effectors at the PM based on the "piggyback" 

mechanisms (Kholodenko et al., 2000). Most PM-associated domains are well studied and are 

known to recruit proteins to the PM. Many effectors, especially the effector group 2 (predicted 

from the model and detected in the AP-MS experiments), contained classical membrane-

binding domains such as PH, C1, or C2 domains (Hurley and Misra, 2000). To emphasise that 

recruitment, Catozzi et al., 2021 show that by modelling the “piggyback” mechanism, the 

impact of stimuli, such as EGF or nectin-3, influences the rewiring of the Ras-effector network. 

This evidence supports the requirement to study the role of the microenvironment when 

performing an experiment that aims to characterise PPI networks because they can significantly 

increase the impact on protein formation in complexes. It is also demonstrating the need to 

consider multidomain interaction. However, the interpretation of receptor stimulation might 

not be straightforward. For example, the stimulation of cells using different growth factors 

might cause different activation profiles, which can be challenging to analyse. Future 

experiments planned in the Kiel lab aim to further support the hypothesis of a “piggyback” 

mechanism in effector recruitment, e.g., through the generation of point mutations in additional 

domains of effectors that impair recruitment to the PM.  

Further, an accumulation of evidence support that signalling networks are highly-cell 

type-specific (van Boxel-dezaire et al., 2006) (Miller-Jensen et al., 2007) (Kiel and Serrano, 

2007). Together with different databases such as the Human Protein Atlas initiative (Uhlén et 

al., 2015) and the large-scale interactome Bioplex based on AP-MS baits (Huttlin et al., 2015) 
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(Huttlin et al., 2017), human PPI and the conditions in which they occur is essential for the 

development of context-dependent human interactome. Indeed, a new version of the Bioplex 

3.0 interactome has been recently published (Huttlin et al., 2021) were, in addition to the HEK 

293T cells, they have performed a dual comparison with the HCT116 cells (Hutllin et al., 

2021). Interestingly, this cell line is mutated for the G13D KRAS mutations. Regarding our 

oncogenic KRAS AP-MS, it will be attractive to perform the same analysis on the 

subcomplexes based on the new HCT116 cells BioPlex data set and dive into the protein 

overlap. Also, these show that more and more research on PPI networks is converging toward 

studying mutations and context-dependent interactome in a large scale analysis.  

Therefore the computational and bioinformatic tools provide computationally efficient 

techniques for predicting “true” Ras effectors. Moreover, the affinity purification based 

shotgun mass spectrometry analysis provides an efficient tool for quantitative and qualitative 

proteomics based on label-free quantification intensity, despite practical and theoretical 

objections to label-free methods (Krey et al., 2015).  

Further, the next step would be to integrate protein abundances with context-specific conditions 

and localised signalling responses. Indeed, quantitatively predicting the influence of specific 

conditions on larger networks (whole cell lysate) to get an efficient predictive model would be 

ideal, especially in the case of oncogenic mutations. In addition, understanding the rewiring in 

physiological contexts to enhance the understanding of network rewiring in cancer contexts 

would provide new insights into potential therapeutic targets (Nogales et al., 2021). 

 

Endogenous oncogenic KRAS mutant expression engineering limitations 

One explanation for the unsuccessful attempt to generate specific KRAS mutations 

using the CRISPR approach may be the proposed so-called “sweet spot” model (Li et al., 2018), 

suggesting that a defined window of pathway activation (downstream of Ras) is needed to 

enable tumour initiation optimally. However, outside this narrow region, signalling activation 

will result in growth arrest or senescence. Therefore, when performing the CRISPR approach, 

considering that some cells potentially incorporated the mutations, these cells could not survive 

due to mutation expression levels. However, we successfully altered the KRAS proteins by 

producing different length-sized proteins. The clones that survived these alterations were 

analysed by western blot (data not shown). We observed that these clones were expressing the 

KRAS proteins, and for some clones, multiple bands were detected, validating the multiple 

sequencing overlap shown by Ice Synthego analysis. Those KO cells were likely predicted to 

die, even though the Caco-2 cells also expressed NRAS and HRAS proteins. In the future, it 
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will be interesting to further characterise the whole-cell proteome in the engineered cell lines 

and, in particular, to better understand the KRAS variants present on the protein level. 

 

Efficient AP-MS approach for capturing protein in complexes 

Global human protein-protein interaction networks have relied on the yeast two-hybrid 

(Y2H) approach. This technique is based on binary protein-protein interaction detections and 

is often direct. However, signal transduction requires the activation of several proteins at the 

same location that interacts together simultaneously, leading to biological process outputs such 

as regulatory responses. Therefore many interactions involve the assembly of proteins that can 

be detected in complexes through AP-MS. In addition, certain interactions that are not seen in 

binary detection methods (e.g., due to their complex structural interactions) are often observed 

via the AP-MS approach. To illustrate this, by using five subunits of the Mediator proteins 

(known to be composed of multiple subunits) via AP-MS, each of the five baits could pull 

down 23 to 37 subunits. In comparison, the Y2H approach, by using seven baits, captures 24 

partner proteins (Huttlin et al., 2021) (Roland et al., 2014). As shown with this thesis work, 

after MS data cleaning, filtering and statistical analysis, we identified with high confidence 

more than 2,000 proteins in complexes to KRAS. Thus, the AP-MS approach is an efficient 

technique for capturing protein complexes and reconstructing the PPI network.   

Competition between effectors for the binding to KRAS is likely not significant as we 

show that enough KRAS-flagged proteins were available. Nevertheless, effectors with low 

affinity for KRAS could have been washed away throughout the AP protocol during the 

washing steps. The washes used to remove the non-binding proteins could have washed away 

the low-affinity binders. It will be interesting to perform the AP experimental parts under 

several mild to harsh lysis buffers and washes to overcome that potential issue. That will allow 

us to determine if some effectors identified as low-affinity binders for KRAS are not present 

in the conditions used in this project. Another approach would be to use the biotin ligation 

assay (or BioID) (Sears et al., 2019), an alternative approach to Y2H or affinity complex 

purification. This technique detects proteins in complexes with the bait protein fused to a biotin 

ligase called BioID (e.g., KRAS). When expressed in cells, it can be induced to biotinylate 

interacting proximate proteins over hours, thus generating a history of protein association. The 

biotinylated proteins are then purified and identified by MS. Therefore, this technique detects 

weak and transient interactions. For further analysis and characterisations, this technique could 

be relevant to use. 
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AP-MS experimental challenges of interaction mapping 

 Although the AP-MS approach has been proven reliable (Huttlin et al., 2021), technical 

issues can impact the interpretation of protein interactions. Indeed, the transfection efficiency 

of the FLAG-KRAS plasmids can influence the expression of our bait proteins and the intrinsic 

function of the proteins and can impact cell behaviour, thus cellular phenotypes. Indeed, 

according to the “sweet spot” model, depending on the level of oncogenic RAS signalling, 

RAS can either induce proliferation, growth arrest, or tumour initiation (Li et al., 2018). This 

different state can be potentially reached through the overexpression of the FLAG-KRAS in 

the Caco-2 cells, impacting the final interpretation. Moreover, the oncogenic plasmid, despite 

their inducibility (Beltran-Sastre et al., 2016) through doxycycline, does not require any, 

compared to the FLAG-WT-KRAS plasmids, as previously shown in this thesis work. 

Therefore, by performing three independent biological replicates of the transfection in the 

Caco-2 cells and by measuring the expression of the plasmid leaks before the APs, these 

validations suggest that these plasmid transfections are likely less susceptible to biased our 

network reconstruction. 

Moreover, as KRAS is anchored to the PM, studies suggest that the extraction conditions can 

impact membrane protein complex recovery (Babu et al., 2012), such as the detergent 

concentrations as well as the salt concentration. However, by using three biological replicates 

for each transfection and conditions tested in both concentrations, we limit the error addressed 

by MS analysis (Tabb et al., 2011). The use of the semi-automated magnetic robot, KingFisher, 

also helps to reduce background noise and enhanced reproducibility with the adapted sample 

preparation SP3 protocol using magnetic beads (Mikulášek et al., 2021). 

 

Subcomplexes identification to subcomplexes-mediated phenotypes 

The challenge regarding the identification of subcomplexes is that we can only 

differentiate between the Ras-effector but not distinguish between the effector interactors in 

complexes to each Ras-effectors in the same effector class. This challenge comes from the fact 

that shared proteins cannot be assigned with confidence to a specific effector because protein 

downstream Ras-effector is shared between them and between classes. One possible way to 

overcome that issue could be the use of combined proximity labelling and MS (Liu et al., 2020), 

as all Ras effectors bind to Ras proteins using the same and thus ‘mutually exclusive’ binding 

surface. In addition, it would be necessary for further analysis to individualise each Ras-

effector in effector classes in terms of their downstream complexes. For example, in class 1, 
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three effectors are grouped such as RAF1, BRAF and ARAF (i.e., in the G12D-KRAS AP-MS 

experiments).  

Furthermore, to enhance the effector proteins coverage, databases other than Bioplex could be 

merged for further analyses. For example, the new Bioplex 3.0 (Hutllin et al., 2021), the human 

reference interactome (HuRi databases) and the STRING databases to improve the accuracy of 

subcomplexes mapping and reconstruction. 

To extend the subcomplexes identification toward their potential function and impact 

on cellular phenotypes, we performed enrichment analysis based on gene ontology (GO). The 

use of GO terms can be difficult due to the complexity and multiplicity of the function of many 

gene products, combined with the lack of knowledge of certain proteins and complex protein 

functions. The annotation itself can also provide limitations because some processes are more 

annotated than others. We assigned single Uniprot IDs for each protein detected in our AP-MS 

experiments to HGNC gene names to overcome that issue partially. Nonetheless, pathway 

enrichment analysis is a remarkable tool that is essential for mapping PPI network 

reconstruction to cellular functions (Gaudet and Dessimoz, 2016). 

 We tried to link AP-MS subcomplexes observation to cellular phenotypes 

experimentally too. As shown in this thesis work, these phenotypic assays demonstrated that 

different functional assays are necessary to characterise the subcomplexes and link them to 

cellular phenotypes to precisely determine the influence of specific conditions on network 

rewiring. Further investigation will require more high-throughput assays to decrease the error 

rates induced by both the transfection, the cell lysing and the addition of the growth conditions 

at different concentrations in parallel to control conditions. 

 

Overview of the work 

Overall, this work is drawn in a single cell type, and interactions may differ in different 

cell lines in response to specific stimuli. Although cell lines could be an efficient host to study 

PPI networks, they have limitations (Federico and Monti, 2021). Applying this approach in 

primary cells would be of great interest in validating our approach in patient-mediated complex 

diseases such as KRAS-driven colorectal cancer in the patient. Even if the context/stimuli do 

not directly affect the Ras-mutated PPI network, blocking specific signalling pathways leading 

to cellular cell fate detected by our approach (such as proliferation signalling) or in the 

surrounding tissue could efficiently contribute to treatment success. Indeed, it has been shown 

that the Ras signalling network is highly interconnected (56 potential Ras-effectors) and is 

involved in many cross-talk and feedback (Catozzi et al., 2021). 
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Conclusion 

 Altogether, our work shows the impact of environmental contexts on network rewiring, 

which provides insides to tissue-specific signalling mechanisms. Our work also sheds light on 

why individual KRAS oncogenic mutants may be causing cancer only in specific tissues, 

despite KRAS proteins being expressed in most cells and tissues.  
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Figure  SEQ Figure \* ARABIC 1: Flow diagram outlining workflow for the analysis of 
condition-specific RAS-effector (sub)complexes in colon context strategy for characterisation of 
KRAS PPI networks.  


