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1. RAS 

1.1 Ras superfamily 

The Ras superfamily is composed of small GTPases that act as molecular switches cycling 

between an active state by binding of GTP and an inactive state by hydrolysis of GTP. In the 

active state, they are able to bind to the effectors thereby regulating different biological 

processes as cell proliferation, differentiation, survival migration, polarity, morphology, 

adhesion and apoptosis1,2. The first members of RAS superfamily were identified more than 

forty years ago3–6, and so far 167 human proteins have been described belonging to this 

category6,7 (figure 1).  

 

 

Figure 1. Evolutionary relationships of human Ras superfamily. The evolutionary history was inferred using the 

Neighbor-Joining method (From Liang Qu at al, 2019).  
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1.1.1 Classification of small GTPases 

According to their evolutionarily conservation at structural and functional levels, the Ras 

superfamily of small GTPases are divided into five major different protein families: Ras, Rho, 

Arf/Sar, Rab and Ran2,7 (figure 1).  

I. Ras family: The Ras genes family was the first identified in the 1970s after extensive 

studies in retroviruses isolated from rats, mice and other animals. These viruses 

were able to induce rapid formation of sarcoma in different infected animals and to 

transform cells in culture. Along the following years, these investigations led to the 

detection of Ras mutations in the context of carcinogenesis2,8. The Ras family is 

composed of 36 members divided into six different subfamilies: Ras, Ral, Rap, Rad, 

Rheb and Rit.  They can be activated in response to multiple extracellular signals, 

regulating cell proliferation, differentiation, apoptosis and survival. Within Ras 

family, KRAS, HRAS and NRAS have been thoroughly studied and characterized due 

to their relevance in human cancer1,6.  

 

II. Rho family: The Rho family, Ras homologous, are small GTPases closely related to 

the Ras family. It is composed of 20 members which are involved in biological 

processes such as actin cytoskeleton organization; cell adhesion, polarity and 

motility; cell proliferation, survival and differentiation; cell morphology and gene 

expression9,10. The best-characterized classical Rho GTPases are RhoA, Rac1 and 

Cdc42 which have been well studied biochemically and have been described to 

contribute in cancer progression2,11,12. 

 

III. Arf/Sar Family: The ADP-ribosylation factor (Arf) family, classified in three different 

classes (Arfs, Arfs like proteins (Arl) and Sar1), are proteins involved in the regulation 

of membrane traffic, vesicular biogenesis and intracellular traffic, as well as in 

cytoskeletal dynamics. These proteins, in contrast to Rab family, develop different 

functions in several steps of vesicular trafficking such as the recruitment of coat 
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proteins, the formation of clathrin/adapter protein 1 (AP1) complex-associated 

vesicles, and the formation of the AP3-containing endosomes. Additionally, ARFs 

proteins play a role in the recruitment and activation of enzymes that can modify 

membrane lipid composition, and in the interaction with cytoskeletal factors1,13–15.     

 

IV. Rab family: The Rab family, described as Ras like protein in brain, comprises more 

than 60 members implicated in intracellular vesicular transport. In the endocytic and 

secretory pathways, Rab proteins are distributed in different cellular compartments 

regulating the transport between organelles. These proteins facilitate the vesicle 

budding from donor compartment, the vesicle motility along cytoskeletal filaments 

to target compartment, the fusion of vesicle in the membrane of acceptor 

compartment and the release of cargo2,16.  The amplification of Rab genes, which 

induces overexpression of Rab proteins,  is usually associated with tumorigenesis 

and cancer progression due to the activation of cell survival and of growth signaling 

pathways17,18. 

  

V. Ran family: Ran, encoded by a single ortholog in Eukaryotes, is the most abundant 

small GTPase in the cell. Ran-GTP is mainly accumulated in the nucleus while Ran-

GDP is localized in the cytoplasm. For this reason, it is the responsible of the 

directionality for both nuclear export and import. Moreover, Ran is involved in the 

maintenance of nuclear envelope, nuclear pores and mitotic spindle assembly 1,15,19. 

 

 

 

1.2 RAS family  

The discovery of Harvey murine sarcoma virus in 196420 and the Kirsten murine sarcoma 

virus in 196721 together with their capacity to induce rat sarcomas (Ras) were the basis for 

their current genes names, HRAS and KRAS, respectively 8,22.  The cellular origin of viral HRAS 
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and KRAS genes was determined during 1970s and 1980s23,24. Moreover, it was described 

that these genes encoded for 21kDa proteins,  which were able to bind to GTP and GDP, and 

were located in the plasma membrane25–27.  Later on, the homologous human genes were 

found6,22; and NRAS, the third member of the mammalian RAS genes family,  was 

discovered28,29.  

The Ras family has been extensively studied due to its implication in different biological 

processes and for its critical role in oncogenesis1,6,8. The three genes encode for a total of 

four RAS isoforms known as HRAS, NRAS and the alternatively spliced KRAS4A and KRAS4B 

(only a 10% of the total gene transcription is leaded to KRAS4A synthesis).  

This thesis is focused on the study of KRAS4B which is explained in detail in chapter 2. 

Although, all Ras isoforms share common features due to a high homology in their N-

terminal domains, the C-terminal hypervariable region (HVR) and the CAAX box confer 

specific characteristics to each RAS isoform, which determine different localization patterns 

and distinctive posttranslational modifications6,30,31 (detailed in the chapter 1.2.2 and 1.2.3). 

Furthermore,  it was revealed that KRAS was essential for embryonic development whereas 

HRAS and NRAS were dispensable32,33. However, this last topic is challenged, since it has 

been reported that HRAS and KRAS are biologically equivalent in homeostatic conditions 

when the locus of KRAS gene is replaced by the sequence of HRAS34.   

 

1.2.1 Activity cycle  

All Ras superfamily and subfamily members act as molecular switches that alternate 

between two conformational states, a GTP-bound state (active) and GDP-bound state 

(inactive)35 (figure 2). Although, the small GTPases show biochemical and functional 

similarity with the heterotrimeric G protein α subunits, they function as monomeric G 

proteins. During the GTPase cycle, the exchange of GDP to GTP induces conformational 

changes in the GTPases, allowing an increased affinity for the effectors36. However, this 

nucleotide exchange is the rate-limiting step in the activation of RAS proteins. Due to the 
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high affinity binding for GTP or GDP and the low intrinsic GTP hydrolysis and GDP/GTP 

exchange activities, small GTPases are tightly regulated by two groups of regulatory proteins: 

GTPase activating proteins (GAPs) and guanine exchange factors (GEFs).  Whereas GEFs 

promote the formation of the active form (GTP-bound), the GAPs induce the hydrolysis of 

GTP accelerating the intrinsic GTPase activity and promoting the establishment of the 

inactive form (GDP-bound)1,35,37 (figure 2). Different GEFs and GAPs are able to regulate the 

activity of the same small GTPase in different tissues or in different subcellular 

compartments of the same tissue15. 

Due to the fact that cellular concentration of GTP is ten times higher than the one of  GDP, 

the GTP-bound state prevails over the GDP-bound state38.   As previously mentioned, GEFs 

are the proteins responsible for the exchange of GDP for GTP. Specifically, they catalyze the 

dissociation of the nucleotide from the GTPases by modifying the nucleotide-binding site, 

thus reducing molecular affinity and allowing the release and  replacement36,39. GEFs are 

regulated by protein interactions (protein-lipid interaction included), binding to second 

messengers and posttranslational modifications. These let them to establish specific 

subcellular localizations, to revert the autoinhibition by releasing the GTPase-binding site, 

and to induce changes in their catalytic domain38.   

As mentioned above, small GTPases show low intrinsic capacity to hydrolyze GTP to GDP and 

thus they require GAPs proteins to stimulate it. The action of GAPs is necessary to induce 

rapidly the inactive state of small GTPases when cellular conditions require it. As GEFs 

protein, the regulation of GAPs is tightly controlled by protein-protein and protein-lipid 

interactions, protein degradation, interaction with second messengers and posttranslational 

modifications. All these regulatory processes are involved in the translocation of GAPs to 

specific cell localizations, conformational changes in their catalytic domain and mechanisms 

that allow the release of the autoinhibition37,38,40.  
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Finally, the guanine nucleotide dissociation inhibitor (GDIs) exercise another small GTPase 

regulatory mechanism. These proteins have specific affinity for GDP-bound GTPases and 

thus, they act as negative regulators by inhibiting the GDP release. Furthermore, they can 

bind the lipid-modified GTPases in the cytosol, preventing their association with membranes 

and the interaction with their regulators or effectors2,15,41. GDIs are only found in Rho and 

Rab GTPases superfamilies. 

 

1.2.2 Structure of Ras family  

Ras isoforms, as small GTPases, share a common structural and biochemical domain in the 

N-terminal region, the globular domain, composed of five G-box (G1 – G5) which regulate 

nucleotide binding, GTP hydrolysis and interaction with effectors. Specifically, the G-domain 

(residues 1 –166) is divided into two different lobes: an effector lobe (residues 1 – 86) 

essential for interaction with effectors, and an allosteric lobe (residues 87 – 166)  involved 

in intra-protein interactions (connecting the active site of the effector lobe to membrane-

interacting residues). The effector lobe harbors the Switch I (residues 30 – 40) and Switch II 

(residues 60 – 76) regions which undergo conformational changes when the GTPase is 

activated by GTP binding42–44. As mentioned above, these conformational changes increase 

the interaction36 with effectors and thus the subsequent signaling processes.   

Figure 2. Schematic diagram of small GTPases activation cycle with GEFs, GAPs and GDIs. 
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On the other hand, another common features of small GTPases are posttranslational 

modifications in the C-terminal region comprising the HVR1(residues 166-188/9). These 

modifications are essential to induce association with membranes and subcellular 

localization, critical processes for GTPases biological functions. The C-terminal cysteine 

residue of the CAAX box comprised in the HVR can be recognized and modified by 

farnesyltransferase (FTase) and geranylgeranyltransferase (GGTase) I or II, which catalyze 

the addition of a farnesyl or geranylgeranyl isoprenoid, respectively.  These modifications by 

FTase and GGTase I or II are commonly observed in the RAS and Rho/Rab families, 

respectively.  Conversely, the ARF family lack C-terminal lipid modification but shows 

modifications in its N-terminal region by a myristate fatty acid. Finally, lipid  posttranslational 

modifications and membrane binding processes are not observed in the Ran family1,42.  

The N-terminal regions of HRAS, NRAS,KRAS4A and KRAS4B, comprising the nucleotide 

binding catalytic globular domain, share 90-100% of homology; while the C-terminal ends, 

comprising the HVR , differ significantly in sequence between them (15% homology)30,45. The 

HVR can be divided into two domains: the membrane-targeting domain (anchor domain), 

which regulates association to membranes; and the linker domain which is the responsible 

for stabilizing localization to the plasma membrane. The CAAX box (C=cysteine, A=aliphatic 

aminoacid and X=variable amminoacid) present in the anchor domain of HVR, is common to 

all Ras proteins. The correct processing of the CAAX box is essential for RAS transport and 

association to membrane and is activated by two different targeting signals (see more details 

in the next chapter). Briefly, the C-terminal cysteine residue of all RAS isoforms is firstly 

modified by the FFtase. However, the second targeting signal differs between RAS isoforms. 

HRAS, NRAS and KRAS4A are palmitoylated on cysteine residues of HVR, while KRAS4B 

presents a polylysine sequence positively charged enough to reach KRAS to the cell 

membrane30,45–47.   

 

 



34 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Structure and functional domains of RAS isoforms including posttranslational modifications. Scheme 

comparing functional and structural domains of the RAS isoforms (top panel). Lipid modifications of the HVR 

targeting RAS isoforms to the plasma membrane (bottom panel from Simanshu DK et al, 2017).    

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Simanshu%20DK%5BAuthor%5D&cauthor=true&cauthor_uid=28666118
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1.2.3 RAS posttranslational modifications: regulation of RAS trafficking to plasma 

membrane 

As previously commented, different posttranslational modifications are necessary to traffic 

RAS proteins to cell membrane (figure 4)48. After RAS protein translation, all RAS isoforms 

are farnesylated in the cytosol by FTase, which adds a 15-carbon farnesyl lipid in the C-

terminal cysteine of CAAX box49,50.  The farnesylated CAAX sequence allows RAS proteins to 

reach to  the cytosolic surface of Endoplasmatic Reticulum (ER)51, where they are recognized 

by the Ras converting enzyme 1 (RCE1). Ras prenylation is a prerequisite for RCE1, an 

endoprotease, which removes the AAX aminoacids from farnesylated CAAX sequence52. 

After AAX cleavage, the α-Carboxyl group of farnesylated cysteine is methylated by the 

enzyme isoprenylcysteine carboxyl methyltransferase (ICMT) present in the cytosolic surface 

of ER53. Only the last step (methyl esterification of α-Carboxyl) of these three 

posttranslational modifications is reversible. Together, these three steps provide a 

hydrophobic region to RAS proteins that allow its insertion into cell membranes. However, 

plasma membrane RAS insertion requires a second signal: a palmytoilation on HRAS, NRAS 

and KRAS4A isoforms; and an hexalysine polybasic region in KRAS4B conferring additional 

hydrophobicity or electrostatic  attraction, respectively47,54. 

Palmitoylation on cysteine residues in the HVR of HRAS, NRAS and KRAS4A is required for 

them to traffic from endomembranes to plasma membrane by the classical exocytic 

pathway51,55.  Palmytoilation in RAS proteins was described  25 years ago56. Whereas HRAS 

is palmitoylated on two cysteine residues (Cys181 and Cys184), NRAS is palmitoylated only 

on Cys181. However, the spliced variant KRAS4A is unique among the four RAS proteins in 

possessing a dual second membrane targeting motif that consists of both a palmitoylated 

cysteine in the residue 180 and two short polybasic regions flanking this acylated 

cysteine31,47,54,57,58 (figure 3). Thus, while KRAS4A is palmitoylated on Cys180 by an unknown 

palmitoylacyltransferase, and  apparently traffics to the plasma membrane without 

transiting Golgi59, HRAS and NRAS isoforms palmitoylation is conducted by DHHC9–GPC16 

protein complex located in  Golgi apparatus60. Subsequently, they are directed to plasma 
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membrane by vesicular transport55. Unlike farnesylation, palmitoylation is a reversible 

process under physiologic conditions61. 

Regarding to KRAS4B isoform, the second signal corresponds to polybasic region of six 

consecutives lysines that facilitates RAS association to-membrane by interacting with the 

negatively charged headgroups of phospholipids at the inner leaflet of the plasma 

membrane47. Together, the farnesyl group and the hexalysine polybasic region provide to 

KRAS4B enough affinity for stable association to membrane.  The mechanism for trafficking 

KRAS to cell plasma membrane, by Golgi-independent pathway, has not been yet 

characterized.    

Whereas the retrograde traffic of NRAS and HRAS back to the Golgi from plasma membrane 

occurs after depalmitoylation process61, KRAS4B internalization from plasma membrane 

remains unclear (see next chapter).  However, it has been proposed that KRAS4B can be 

dissociated from plasma membrane and translocated to mitochondria in part by the 

phosphorylation at serine 181 (within HVR) catalyzed by Protein Kinase C (PKC)62. KRAS 

phosphorylation will be discussed in the chapter 2.1.3.1.  
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Figure 4. Ras trafficking. Ras proteins are synthesized in the cytosol. After synthesis, FTase recognizes and then 

farnesylates the C-terminal cysteine residue of all isoforms (1).  Farnesylated RAS proteins are directed to ER (2) 

where the AAX aminoacids are removed from farnesylated CAAX sequence by the RCE1 endoprotease (3) and 

subsequently the α-Carboxyl group of farnesylated cysteine is methylated by ICMT (4). Following that, KRAS4B is 

targeted to plasma membrane by uncharacterized pathway (5), while HRAS and NRAS are directed to Golgi where 

they are palmitoylated by DHHC9-GCP16 complex (6). After palmitoylation, HRAS and NRAS are targeted to 

plasma membrane by vesicular transport (7). Palmitoylation is a reversible process that allows a retrograde traffic 

of NRAS and HRAS back to the Golgi (8), while KRAS internalization has been proposed to be induced by KRAS4B 

phosphorylation at serine 181 by PKC (Adapted from Ahearn, I et al, 2012).     
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1.2.4 RAS localization: plasma membrane microdomains and endomembranes 

 RAS isoforms are in distinct membrane microdomains where they can interact with their 

specific effectors and regulatory proteins. The best characterized microdomain is the liquid-

ordered domain (cholesterol-dependent)  known as lipid raft, composed by sphingolipids, 

glycosphingolipids and cholesterol63. In general, palmitoylated proteins are often associated 

with lipid rafts due to the palmitate, allowing good association to the liquid-ordered raft 

structure. In contrast, plasma membrane anchored proteins only by farnesyl or 

geranylgeranyl groups are excluded from lipid rafts64. Therefore, HRAS and NRAS differ from 

KRAS4B in their localization and distribution through membrane microdomains (raft and 

non-raft compartments)45. Conversely, the nature of KRAS4A nanoclustering is not known, 

but its dual membrane targeting motif (polybasic domain and palmytoilation on Cys180) 

would cause that it segregates laterally from other RAS65.  

KRAS4B  is predominantly anchored (~85%) in non-raft regions66, where KRAS4B GTP- and 

GDP-bound populations are distanced spatially. However, KRAS4B presents relative 

unrestricted lateral movement in the membrane67. In contrast, HRAS is distributed between 

lipid rafts and non-ordered plasma membrane, being HRAS GDP-loaded localized in lipids 

rafts, while HRAS GTP-loaded is predominantly located in non-rafts domains46,66.  In the case 

of NRAS isoform, an intact mono-palmitoylated linker domain  is necessary for a correct 

localization in the cell membrane58. In fact, NRAS distribution in the plasma membrane is 

opposite to that of HRAS preventing overlapping isoforms. Thus, active NRAS is stablished in 

lipid rafts while GDP-loaded NRAS is localized in disordered plasma membrane68.  

The differential localization of HRAS and KRAS in distinct nanoclusters has important 

consequences for effector interactions and activation of downstream signaling45,69–71. In fact, 

deletions of the linker region confine HRAS in lipid rafts, preventing normal segregation 

when GTP-loaded and thus disrupting the activation of MAPK signaling.66,72. In addition, since 

KRAS4B nanonclustering is predominately promoted by phosphatidylinositol (PtdIns) and 

phosphatidylserine (PtdSer) acidic lipids (components of cytosolic plasma membrane leaflet 

displaying high negative charge), and RAF1 selectively binds PtdSer, activated KRAS 
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nanoclusters recruit RAF1 to the membrane more efficiently than those of HRAS68,73.  In fact, 

other studies have reported that depleting the PtdSer induces a loss of KRAS from plasma 

membrane and reduces the nanoclustering74,75. Finally, our research group has reported that 

KRAS phosphorylation at Ser181 regulates the localization of oncogenic KRAS in different 

nanocluster influencing the activation of RAS signaling transduction pathways76(see chapter 

2.1.3.1 for more details). Previously, in agreement with earlier studies, we had demonstrated 

that both phosphorylated and non-phosphorylated KRAS are located at plasma 

membrane73,77. Accordingly with this, a subsequent study described that KRAS 

phosphorylation can increase the phosphatidylinositol-4,5-bisphosphate (PIP2) (substrate 

for PI3K) changing the nanocluster lipid content78.  

Regarding to endomembrane RAS localization, it has been described that HRAS isoform can 

also be targeted to caveolae and non-caveolar lipid rafts due to its palmytoilation sequences 

and CAAX motif modification66. Additionally, HRAS and NRAS can be de-ubiquitylated and 

then targeted to endocytic vesicles79. Finally, HRAS and NRAS can be depalmitoylated 

allowing their release from plasma membrane for recycling back to endomembranes. The 

redistribution to ER and Golgi induces that they can be repalmitoylated61 (figure 5).   

In contrast to HRAS and NRAS, KRAS4B, after CAAX sequence processing in the ER, is directly 

trafficked to the non-ordered plasma membrane bypassing Golgi apparatus. KRASB 

internalization back to endomembranes has also been proposed (figure 5). Indeed, it has 

been shown that several KRAS-binding proteins can modulate the rate of KRAS dissociation 

from plasma membrane62,80–83. Furthermore, KRAS recruitment on endosomes membranes 

is also reported.  Early endosomes are enriched in PtdIns and PtdSer, thus it would be 

reasonable to expect that KRAS could interact with their membranes.  Some studies describe 

that KRAS4B is present in the endocytic pathway (clathrin-dependent) for lysosomal 

degradation84; and that it is mislocalized to endosomes and more efficiently degraded by 

lysosomes when PtdSer  recycling is inhibited85. Recently published data show that KRAS can 

be localized in endosomes independently of its activation state, and that PtdSer has an 

important role in this association. Therefore, this study proposed the major role of PtdSer in 
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the association of KRAS with endosomes and that theses organelles are appropriate cellular 

platforms for KRAS recruitment and where it can be funtional86.  Following studies support 

this role of PtdSer in KRAS mislocalization74. 

Finally, emerging reports have described that RAS proteins and its related proteins can be 

localized and induce its signaling in the exosomes, and that they have a role in exosomal 

secretion, selection of cargo and maintenance87.  

 

 

Figure 5. Recycling of Ras proteins. Farnesylated HRAS, NRAS and KRAS are directed to ER where CAAX box is 

correctly processed. Whereas KRAS4B is targeted immediately to plasma membrane (non-raft domains); HRAS, 

NRAS and KRAS4A are targeted to Golgi where they are palmitoylated and directed to plasma membrane by 

vesicular transport. HRAS, NRAS and KRAS4A can be distributed in lipid raft and non-raft as well as caveolae and 

non-caveolae lipid raft. Depalmitoylation induces an endocytic process allowing these isoforms to be directed 

from plasma membrane to Golgi where they are recycled. Moreover, HRAS and NRAS can be de-ubiquitylated 

and targeted to endocytic vesicles. The internalization of KRAS4B from plasma membrane back to 

endomembranes is not well known. (Adapted from Karnoub, AE and Weinberg, RA, 2008). 
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2. KRAS 

The cell homologous of Kirsten transforming RAS sequences was firstly identified in 19814 in 

rat genome and was subsequently identified in mouse88 and human genomes5.  KRAS4B 

(hereinafter referred as KRAS) is a major driver of human cancers and it has been under the 

spotlight for more than three decades.  

In recent years, emergence of new regulators either by direct interaction or by reversible 

posttranslational modifications have been reported to regulate KRAS functionality.  

 

2.1 Regulators of KRAS 

2.1.1 Activity cycle: GAPs and GEFs 

As mentioned above, RAS proteins function as a molecular switch cycling between inactive 

state (GDP-bound) and active state (GTP-bound).  

When RAS is found in an inactive GDP-bound state, GEFs are associated causing 104-fold 

enhancement in the GDP ejection rate6. Three distinctive classes of RAS-GEFS are expressed 

by mammals, Son of sevenless 1 (SOS1), RAS guanine nucleotide releasing factors (RASGRF) 

and RAS guanine nucleotide releasing proteins (RasGRP)8,22. RAS-GEFs families share a 

common domain known as REM-CDC25 (by the homology with yeast CDC25 gene), which is 

involved in the catalytic process22,89. The GEF that is usually associated with RAS and the 

most studied is SOS1.  The α-helix of CDC25 domain of SOS1 is inserted into Switch I domain 

of RAS and opens the nucleotide-binding pocket. In addition, the α-helix interacts with 

Switch II causing a series of side-chain rearrangements. The resulting conformational 

modification allows GDP to dissociate from RAS and RAS nucleotide-free state is obtained. 

The RAS nucleotide-free state is an exceptional unstable conformation, which is stabilized 

by the binding of SOS1. Due to the high intracellular levels of GTP, GDP is replaced by GTP 

when RAS is found in its nucleotide-free state6,41,48,90. After that, SOS1 is released from the 

complex. Active RAS has been reported to be in two dynamic conformations:  one of these 
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conformations is an “open and off”, referred as state 1, which consists of a more open active 

state of RAS with weak GTP-binding (allowing GAP interaction); the second conformation is 

the “closed and on”, known as state 2 of RAS, which regulates the signal propagation, due 

to that the effector proteins with RAS binding domains (RBD) are bound to Switch I and II of 

the effector lobe inducing downstream signaling91. 

However, this active conformation induced by GTP-binding is reversible. The intrinsic GTPase 

activity of RAS is slow, but can be accelerated more than ~1000-fold by GAP-binding6. The 

first RAS-GAP protein described was p120 RAS-GAP, which was characterized92,93 after 

Trahey and McCormick discovered that the hydrolysis of GTP bound to normal RAS was 

accelerated 300-fold by a cytosolic protein, but not that of the mutant RAS proteins94. Few 

years later, a second RAS-GAP was discovered, the neurofibromin (NF1)95–97. Subsequently, 

additional RAS GAPs have been described. Nowadays, there are 14 predicted RAS GAP genes 

in the human genome and all present RAS binding domains41,98. Specifically, GAPs contain a 

residue, known as the arginine finger, which is responsible for GTPase reaction by inserting 

into the RAS active site. This arginine finger, which is conserved between all the RAS GAPs, 

interacts particularly with Gly12 and Gln61 residues and participates and stabilizes the 

cleavage reaction of the phosphate. Once the phosphate is released, the GAP is dissociated 

from RAS, suggesting that GAP is necessary for both cleavage and release of phosphate 

processes90.   

KRAS is frequently mutated in G12 and Q61 codons, therefore these mutations prevent GAPS 

to insert the arginine finger into the active site of KRAS protein. In this scenario, the capacity 

of GAPs to induce GTPase activity of KRAS is reduced by 97-99%, remaining the GTP-bound 

KRAS state. The constitutively active state of KRAS increases downstream signaling, being 

the most common cause of induction of tumorigenesis90,99.   

On the other hand, mutations in p120 RAS-GAP and NF1 have been described. However, 

whereas p120 RAS-GAP mutations rarely occur in human cancer, inactivation of NF1 has 

been observed in some cancer types. Additionally, DAB2IP, another RAS-GAP, has been 

reported for its implication in cancer onset and progression89. Therefore, RAS GAPs have 
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emerged as an expanding new class of tumor suppressor genes100, and a tight regulation is 

necessary to maintain RAS nucleotide cycling. 

Conversely, mutational activation of RAS-GEF SOS1 is not common in human cancers, 

however gain-of-function of this RAS-GEF has been observed in developmental disorders as 

Noonan Syndrome. Mutations in other RASGEFs are also rare in cancer. Nevertheless, the 

role of RAS-GEFs as downstream effectors of RAS has been associated with cancer101. Thus, 

as GAPs, the activity of GEFs is strictly regulated.     

 

2.1.2 Main interactors 

2.1.2.1 PDEδ 

The prenyl-binding protein phosphodiesterase 6 delta subunit (PDEδ) solubilizes the 

cytosolic farnesylated proteins and it has been demonstrated to assist intracellular 

trafficking of HRAS, NRAS and KRAS, since the intramembrane exchange of farnesylated RAS 

to direct it to plasma membrane is a slow process. For palmitoylated RAS proteins, such as 

HRAS and NRAS, PDEδ has been described to facilitate the diffusion of depalmitoylated 

forms and to trap and concentrate them at the Golgi apparatus to be repalmitoylated. 

However, for KRAS isoform, the role of PDEδ is to solubilize it in order to enhance the kinetics 

of trapping at the plasma membrane82. Specifically, when KRAS is internalized by endocytic 

pathway, the negative charges of membranes are reduced, and it is rapidly dissociated from 

them creating a soluble fraction of KRAS, which can be recognized by PDEδ. The complex 

PDEδ-KRAS facilitates that PDEδ-solubilized KRAS can be released in the perinuclear 

membranes, such as those of the RE, and it can be directed to plasma membrane by vesicular 

transport from the RE102.  Once the PDEδ-solubilized KRAS is bound to cell membrane by 

electrostatic interactions of the polybasic region, the binding site of PDEδ is not exposed 

allowing the dissociation of the complex and the insertion of farnesyl residue into plasma 

membrane103, resulting in KRAS microdomain formation and signaling pathways activation70.   
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Conversely to the role of PDEδ in maintaining a retrograde trafficking to Golgi apparatus 

facilitating the acylation cycle of HRAS and NRAS, PDEδ helps KRAS to maintain an 

anterograde trafficking to plasma membrane. However, in both cases, the cytosolic diffusion 

is increased by PDEδ enhancing the trapping at the right membrane compartment82. 

Since PDEδ cannot accommodate palmitoylated proteins, PDEδ inhibition selectively affects 

KRAS trafficking. Interfering with the solubilizing PDEδ functionality can disrupt the 

trafficking cycle that maintains KRAS concentration on the plasma membrane, thereby 

impairing KRAS downstream signaling82,102,104. For that reason,  pharmacological targeting 

this interaction has been studied and different inhibitors of PDEδ have been developed in 

order to block KRAS signaling105–109.     

Nevertheless, some studies proposed that PDEδ can bound to palmitoylated HRAS and that 

overexpression of PDE6δ could regulate the rate of dissociation of both HRAS and KRAS from 

the plasma membrane81,110.  

 

2.1.2.2 Calmodulin  

Calmodulin (CaM) is the most ubiquitously abundant intracellular protein and well-known 

as a Ca2+ sensor and signaling molecule. It is involved in several cellular processes such as 

growth, differentiation, survival, proliferation or motility. CaM is composed of a central 

flexible linker region (the α-helix) that connects the N- and C-terminal domains, both 

containing two helix–loop–helix motifs (EF-hands) able to bind one molecule of calcium 

each. When Ca2+
 binds to EF hands, they change their orientation inducing the appearance 

of hydrophobic patches that interact with proteins known as CaM-binding proteins 

(CaMBPs). This binding modulates the function of these proteins and thus affects many 

aspects of cell regulation111.  

It has been established that Ca2+- CaM is able to regulate the RAS-MAPK pathway at different 

levels. Specifically, our group has demonstrated that KRAS, in its GTP-bound state, is the only 

RAS isoform able to bind to CaM, indicating that KRAS-GTP is a CaMBP; and that this 
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interaction inhibits KRAS activity at low growth factor concentrations112,113. Previously, we  

showed that CaM and Ca2+  are able to downregulate the RAS-MAPK pathway at low serum 

concentrations, impairing a too-sustained response of this pathway to growth factors114. 

Moreover, we have also described that the polybasic region and the farnesyl group within 

the HVR of KRAS are essential for CaM interaction and thus, the requirement of both regions 

would explain the isoform specificity of the interaction with KRAS. The switch II region and 

the helix α5 (residues 151-166), inside the globular domain, are also important to the 

interaction between KRAS and CaM. Our results also demonstrated that CaM colocalizes 

with KRAS mainly at plasma membrane, while the interaction is very low in intracellular 

compartments77.  Later, it was confirmed that the C-terminal domain and the linker region 

of CaM predominantly interact with the HVR of KRAS, whereas the weak association of N-

terminal region of CaM  to the globular domain of KRAS was necessary for higher affinity 

binding115. Moreover, a subsequent study confirmed these results, demonstrating the 

relevance of HVR (farnesylated residue) in the interaction with CaM and establishing that 

the hexalysine polybasic region plays an important role116, therefore confirming the 

requirement of these six consecutives lysines to allow CaM to distinguish between RAS 

isoforms (figure 6).  

Additionally, our group has demonstrated that KRAS-CaM interaction is inhibited by KRAS 

phosphorylation at Ser181 by PKC77 (detailed in the chapter 2.1.3.1) and that this 

modification modulates the functionality of oncogenic and non-oncogenic KRAS117,118. 

Previously, we had already demonstrated that CaM inhibition specifically enhances KRAS 

activation only when PKC is active113. Therefore, we proposed that, by preventing KRAS 

phosphorylation, CaM induces a diminished signaling output.  
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Figure 6. Regions of KRAS important for CaM binding and PKC phosphorylation. 

 

Finally, using both conventional molecular dynamics and scaled molecular dynamics our 

group has described how CaM and KRAS can interact at the plasma membrane without 

indispensable extracting KRAS from membrane. Specifically, we have confirmed and 

identified that arginine 161 and 164 residues of the α-helix of KRAS seem to be responsible 

for the interaction with the N-terminal region of CaM. Moreover, we have also confirmed 

that the addition of a phosphate group at Ser181 (highly negatively charged) of KRAS induces 

a negative impact on CaM-KRAS interaction, preventing it. Lastly, the model proposed also 

demonstrates that CaM-KRAS interaction would interfere with KRAS dimerization (see 

chapter 2.2.3 for more details), and consequently this would be another mechanism ( apart 

from inhibiting  KRAS phosphorylation) by which CaM can be negatively regulating RAS-

MAPK signaling119 (figure 7).    
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Figure 7. Proposed model of union of KRAS with CaM in the presence of plasma membrane. CaM is presented 

in light blue, while KRAS is shown in red and the phospholipids in dark blue. HVR, α4- and α5 helix are indicated. 

(Adapted from Garrido et al, 2018). 

However, despite these results, controversial studies about diverse functional roles of CaM-

KRAS interaction have been reported. It has been suggested that KRAS can be extracted from 

plasma membrane81,120,121 and redirected to intracellular compartments80 through Ca2+-CaM 

dependent pathway. Moreover, McCormick and colleagues have reported that CaM-KRAS 

interaction reduces the levels of available CaM for Calmodulin-dependent protein kinase II 

(CaMKII) and subsequently activates the non-canonical branch of Wnt-signaling. In fact, they 

have described that disrupting the interaction between KRAS and CaM by KRAS 

phosphorylation at Ser181 induces the activation of CaMKII suppressing the non-canonical 

Wnt signaling and thus, the oncogenic KRAS-driven malignancy in pancreatic cancers122. On 

the other side, Nussinov et al have proposed that CaM-KRAS interaction potentially stabilizes 

the interaction of KRAS with PI3K, through the formation of a ternary complex (KRAS-CaM-

PI3K). This complex would favor the activation of PI3K/AKT signaling rather than MAPK 

signaling, inducing proliferative signaling and cell migration123–125. Finally, it has been also 

described that blocking the interaction between CaM with KRAS using the CaM antagonist 

CBP501, a modified-peptide, inhibits human non-small cell lung cancer (NSCLC) cell 

migration, EGF(epidermal growth factor)-induced invasiveness, and epithelial-mesenchymal 

transition (EMT)126.  

Therefore, despite of the major efforts to understand the biological relevance of CaM-KRAS 

interaction, there are several aspects that remain still unknown.  

KRAS 
CaM 

α4 helix 

Farnesyl HVR 
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2.1.2.3 hnRNPA2/B1 

Heterogeneous nuclear ribonucleoproteins (hnRNP) are expressed in numerous human 

tissues and they have multiple functions such as mRNA processing and nucleic acids 

metabolism. These proteins participate and regulate every step of mRNA biogenesis and 

trafficking, including gene transcription, splicing, cytoplasm sorting, nuclear export, 

stabilization and translation. hnRNP family was originally proposed as a mean of transporting 

mRNA out of the nucleus, however it has been described that they are also essential for 

several cytoplasmatic functions. In fact, the interaction of some members of the hnRNPs 

family with plasma membrane proteins has been described127–132. hnRNPA2/B1 is a member 

of the hnRNP family identified by our group as a novel oncogenic KRAS binding protein in 

pancreatic ductal adenocarcinoma (PDAC) and HeLa cells.  Specifically, our research team 

demonstrated that knocking down hnRNPA2/B1 in PDAC cells significantly reduced viability, 

anchorage-independent proliferation, and formation of human xenograft tumors in mice 

from KRAS-dependent PDAC cells. hnRNPA2/B1 knock down also increased apoptosis of 

these cells, inactivated AKT signaling via mTOR, and reduced interaction between KRAS and 

PI3K. Therefore, our data indicate that the interaction between KRAS and hnRNPA2/B1 is 

important for PI3K/AKT activation in KRAS-dependent PDAC cells.  Furthermore, this 

interaction is dependent on KRAS Ser181-phosphorylation status (see chapter 2.1.3 for more 

details)133. 

 

2.1.2.4 Other interactors 

I. Galectin-3: Galectin-3 (Gal-3), a β-galactoside binding protein, is a cytosolic protein 

which can directly interact with KRAS when it is farnesylated and GTP-loaded134. It 

has been demonstrated that the exogenous expression of Gal-3 can stabilize KRAS 

GTP-loading in response to EGF stimulation thus inducing downstream cell signaling 

134,135. Moreover, Gal-3 can directly regulate the formation and function of KRAS-GTP 

nanoclusters but not those of KRAS-GDP.  In fact, when KRAS is GDP loaded, Gal-3 is 
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mostly localized in the cytoplasm, but when KRAS is active (GTP-bound), Gal-3 is 

recruited from the cytoplasm to the plasma membrane. The GTP-loading and the 

interaction with Gal-3 decrease KRAS dissociation from the plasma membrane. 

Therefore, ectopic Gal-3 expression can enhance nanoclustering formation which 

correlates with an increase in KRAS-GTP and signal output levels81,136,137. Collectively, 

these studies have shown the significance of the interaction between KRAS and Gal-

3 modulating both the spatial distribution of KRAS protein in nanoclusters and the 

use of its effectors thus being a hotpot for cancer therapy.  

Finally, a recent study has identified and characterized Galectin-8 as a new direct 

KRAS-binding protein, which can modulate RAS downstream signal transduction 

pathways and cell processes involved in tumorigenesis138.   

 

II. Nucleophosmin and Nucleolin: Nucleophosmin (NPM) and nucleolin are two 

nucleolar proteins that have been described as novel KRAS regulators.  Principally, 

NPM binds to KRAS when it is anchored in the plasma membrane rather than to 

cytosolic KRAS, since the farnesyl group that blocks NPM-binding to KRAS is hidden 

inside the lipid bilayer. Moreover, overexpression of NPM induces an increase in 

nanoclustering of both GTP and GDP bound KRAS. However, while NPM acts at the 

plasma membrane to drive KRAS clustering, nucleolin operates in the cytoplasm, 

maybe as a chaperone that enables the delivery of KRAS to the plasma membrane. 

Therefore, although through different molecular mechanisms, both proteins 

stabilize KRAS at the plasma membrane leading to an increase in KRAS 

nanoclustering that amplifies downstream signaling  like the one of the MAPK 

pathway139,140.      
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2.1.3 Posttranslational modifications  

2.1.3.1 Phosphorylation  

Phosphorylation, which  was described more than thirty years ago by Ballester’s research 

group141,  is the most studied KRAS conditional posttranslational modification.  Serine 181, 

encoded in exon 4, was the phosphorylation site suggested by Ballester et al, which was 

validated in the following years62,73,117.  

Although KRAS is thought to be phosphorylated by a conventional PKC, it has yet to be 

addressed which one of the PKC isoforms is the responsible, or even whether PKC is the only 

kinase able to phosphorylate KRAS at serine 181. In fact, it has recently been reported that 

isoform 2 of Protein Kinase G (PKG2) can also phosphorylate KRAS at serine 181 in response 

to activation of AMP-activated protein kinase (AMPK)142.   

The phosphorylation of KRAS has been studied intensively during the last years, and the role 

of this posttranslational modification in the rapid dissociation of active KRAS from the 

plasma membrane is still being discussed. Firstly, M. Phillip’s group described that KRAS 

phosphorylation at Ser181 induces the translocation of KRAS to endomembranes of the ER, 

Golgi apparatus and mitochondria. Moreover, they evidenced that  a pseudo-

phosphorylated KRAS mutant (S181D) was able to interact with Bcl-XL inducing apoptosis in 

established cell lines62. In agreement with this, it has also been reported that KRAS 

phosphorylation at Ser181 inhibited the formation of KRAS-GTP nanoclusters at plasma 

membrane. The insertion of negative charges in the HVR might reduce the stability of KRAS 

at plasma membrane decreasing nanocluster formation.  Specifically, data show that 

phosphomimetic KRAS (S181D) presented lower affinity to plasma membrane and reduced 

clustering than non-phosphorylatable KRAS mutant (S181A). However, although non-

phosphorylatable mutant showed increased nanoclustering capacity and recruited more 

RAF1 at the plasma membrane, inducing the signal output, phosphomimetic KRAS presented 

the highest signal output, demonstrating that RAF1 is recruited at plasma membrane, and 

thus the nanoclusters it formed were functional. Therefore, the study proposed that 
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phosphorylated KRAS achieves its maximal signal from plasma membrane nanoclusters and 

additional signal derived from endomembranes, such as mitochondria73. Therefore, both 

investigations coincide that KRAS phosphorylation can induce internalization of KRAS but 

being the phosphomimetic KRAS still mainly found at the plasma membrane.  Despite these 

findings, it has been demonstrated that translocation of KRAS to intracellular membranes, 

such as endosomes, can occur independently of KRAS phosphorylation, since non-

phosphorylatable KRAS can also be internalized to endosomes84.  

Regarding these results, our group has reported that KRAS phosphorylation at Ser181 

regulates the localization of oncogenic KRAS at the plasma membrane. Specifically, co-

clustering assay demonstrated that phosphomimetic and non-phosphorylatable KRAS 

mutants are segregated in different nanoclusters. This finding was validated with the 

phosphorylatable KRAS mutant after induction or inhibition of the phosphorylation. The 

differential segregation correlated with higher co-fractionation of the active form of RAF1 

and p110α (catalytic subunit of PI3K) with the phosphomimetic KRAS mutant. Moreover, 

strong co-clustering of PI3Kp110α and phosphomimetic KRAS mutant was also 

demonstrated and validated after the modulation of the phosphorylation of the 

phosphorylatable KRAS mutant. Therefore, our data suggest that phosphorylated KRAS 

constitutes a preferential functional signaling platform, explaining the distinct levels of 

activation of RAS signaling transduction pathways of phosphorylated versus  non-

phosphorylated oncogenic KRAS76 (figure 8).  In agreement with this, a recent study showed 

that a transient and acute KRAS phosphorylation at Ser181 induced by PKG2 did not dislodge 

KRAS from the plasma membrane and, phosphorylated KRAS segregated to form 

nanoclusters that enhanced the activation of PI3K-AKT and MAPK signaling pathways142. 

Additionally, another  paper supports that KRAS phosphorylation modified the nanocluster 

lipid content reducing  PtdSer and increasing PIP2, the lipid substrate of PI3K 78. 
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Figure 8. Diagram of the model proposed for the regulation of KRAS functionality and clustering by PKC 

phosphorylation. When PKC activity is low and the presence of Ca2+ ionophore is high, KRAS can be cycling 

between its GTP- and GDP-bound states depending on incoming extracellular signals. However, in this condition 

KRAS can interact either with GAPs leading to its inactive form (GDP-bound), or with CaM (when it is GTP-bound) 

preventing KRAS phosphorylation; and thus, in both cases KRAS signaling is low. Nevertheless, when calcium 

levels are low and PKC activity is high, CaM cannot interact with KRAS, and consequently KRAS can be 

phosphorylated by PKC. This modification allows KRAS to translocate to distinct nanoclusters enriched in KRAS 

effectors and scaffold proteins; and with different lipid content but limited GAPs. Therefore, KRAS will be 

sustained inducing a strong downstream signaling from the plasma membrane, and besides that it will be able 

to translocate to endomembranes. (Adapted from Alvarez-Moya et al, 2011).       

 

In contrast, a prolonged KRAS phosphorylation by AMPK-PKG2 pathway can displace KRAS 

from plasma membrane and decrease oncogenic KRAS signaling142. However, molecular 

dynamics validated that the addition of this phosphate conferring a negative charge to KRAS 

at Ser181 was not sufficient to disrupt the interaction with the plasma membrane, 

suggesting alternatives scenarios whereby phosphorylated KRAS is removed from the 

plasma membrane, such as endosomal recicling84,86,142. In fact, our last data using molecular 

dynamics showed the relevance of this phosphorylation to prevent CaM interaction119, 

which has been proposed to extract KRAS from plasma membrane80. Nevertheless, other 

study has suggested that KRAS phosphorylation could prevent the farnesyl insertion into the 

lipid bilayer143.   
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The effect of KRAS phosphorylation at Ser181 during tumorigenesis is also still to be 

understood and several controversial studies have been reported. As mentioned above, M. 

Phillip’s group demonstrated that phosphorylated KRAS in mitochondria can trigger 

apoptosis. Moreover, they reported that Briostatin-1, a PKC modulator, inhibits the growth 

of oncogenic KRAS-derived tumors in vivo by promoting programmed cell death62. In 

agreement with this, McCormick group, demonstrated that phosphorylated KRAS at Ser181 

induces suppression of malignancy driven by oncogenic KRAS in pancreatic cancer122.  

However, in contrast to these studies, our group has demonstrated the relevance of KRAS 

phosphorylation at Ser181 in promoting KRAS activity and function as well as in the 

development of oncogenic KRAS-driven cancers.  

Firstly, we demonstrated that the inhibition of CaM, under serum-limiting conditions, 

triggered KRAS signaling pathways only when PKC remains activated. We evidenced that an 

increased in active RAS induced by a CaM inhibitor was blocked by suppressing PKC activity, 

suggesting that RAS activation due to the inhibition of CaM is dependent on PKC at growth 

factor limiting conditions. Subsequently, by treating NIH3T3 cells with both a PKC activator 

and a CaM inhibitor we observed strong synergism in increasing KRAS activity, concluding 

that CaM was preventing  KRAS activation by PKC113. 

Next, by using RAS exogenously expressed in COS-1 and NIH3T3 cells, we confirmed that 

KRAS can be phosphorylated by PKC in vitro and demonstrated that this phosphorylation 

was inhibited when CaM was added. Afterwards, we  proved in NIH3T3 and HEK293 

transfected cells that both non-oncogenic and oncogenic KRAS can be phosphorylated at 

Ser181 in vivo, either in the presence of growth factors or upon PKC activation, and that this 

phosphorylation was inhibited by CaM interaction117.  

Additionally, we reported that KRAS phosphorylation allows to maintain a sustained KRAS 

activity and consequently an increase in PI3K/AKT signaling under low serum conditions. In 

fact, we revealed that KRAS phosphorylation at Ser181 was not relevant for cell growth at 

serum saturating conditions, whereas this was impaired when non-phosphorylatable KRAS 
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mutant was expressed under serum-limiting conditions. All these data suggest that KRAS 

phosphorylation at S181 is necessary to drive cell proliferation under unfavorable 

conditions117.  

Finally, we generated clones of NIH3T3 cells stably expressing phosphorylatable, non-

phosphorylatable or phosphomimetic oncogenic KRAS mutants  and showed that oncogenic 

KRAS phosphorylation under serum limiting conditions induced increased cell growth, 

mobility and survival as well as high downstream signaling activation117. 

In agreement with the last results, we have established that KRAS phosphorylation at Ser181 

is required for tumor growth. Specifically, we demonstrated that subcutaneous tumor 

growth in mice was nearly abolished when injecting cells expressing a non-phosphorylatable 

KRAS mutant. Additionally, the tumors presented an epithelioid appearance with significant 

lymphocytic infiltration. Moreover, non-phosphorylatable KRAS-derived tumors showed less 

activation of MAPK and PI3K/AKT signaling pathways, high levels of cleaved caspase-3 

correlating with high number of apoptotic cells, and low mitotic rate. In addition, 

phosphorylatable KRAS-derived tumors from animals treated with two different PKC 

inhibitors efficiently recapitulated the growth and signaling pattern of non-

phosphorylatable-derived tumors144. Accordingly, phosphorylation of KRAS was observed in 

phosphorylatable KRAS-derived tumors by Phos-Tag SDS-PAGE assay145, but it was absent in 

tumor samples from animals treated with PKC inhibitors. We also detected KRAS 

phosphorylation in a panel of human tumor cells lines. If PKC was inhibited in these cells, 

they showed reduced proliferation rates, which correlated with a diminished KRAS 

phosphorylation.  Finally, we analyzed orthotopic xenografts tumors derived from 

carcinomas of the exocrine pancreas and we demonstrated that KRAS is phosphorylated in 

human tumors. Therefore, these observations reinforce that Ser181 phosphorylation of 

oncogenic KRAS by PKC is required for tumorigenesis144. 

Some of these results were confirmed in subsequent analysis using a human colorectal 

cancer (CRC) cell line stably expressing the KRAS phosphomutants (See background section). 
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Besides that, our group evidenced that KRAS was phosphorylated in KRAS-dependent but 

not in KRAS-independent pancreatic cell lines; and identified hnRNPA2/B1 as a KRAS-binding 

protein. Interestingly, this association was dependent on KRAS phosphorylation since a 

phosphomimetic oncogenic KRAS mutant interacted with hnRNPA2/B1, but a  non-

phosphorylatable KRAS mutant did not 133. In agreement with this, hnRNPA2/B1 was only 

efficiently recruited to plasma membrane when phosphomimetic KRAS mutant was 

expressed. These results were also confirmed in human CRC cells stably expressing KRAS 

phosphomutant (unpublished data). Functionally, hnRNPA2/B1–KRAS interaction was 

important for PI3K/AKT activation in KRAS-dependent pancreatic cells lines and for xenograft 

tumor growth in mice. Concluding, oncogenic KRAS phosphorylation is a requirement for 

HNRNPA2B1 interaction in KRAS-driven malignancies133. 

Despite phosphorylation at Ser181 is the most studied, it has been described that KRAS can 

be phosphorylated by Src at tyrosine 32 and 64. These residues, localized inside switch I and 

II regions, are important for GTP cycle and for KRAS-effectors interactions. Briefly, the study 

demonstrates, by nuclear magnetic resonance and mass spectrometry, that tyrosyl 

phosphorylation of KRAS induces conformational changes, which decrease the sensitivity of 

KRAS for GAP and GEF activities, thus inducing deregulation of the GTP cycle. In this scenario, 

tyrosine-phosphorylated KRAS in its GTP-bound form is accumulated, presenting reduced 

affinity for its effector RAF.  However, the tyrosine phosphatase SHP2 can dephosphorylate 

KRAS inducing an increase in KRAS signaling.  SHP2 is well stablished as a major regulator of 

RAS-MAPK signaling pathway, and overexpression or somatic gain-of-function mutations 

have been identified in several solid tumors. Therefore,  the authors propose that the 

inhibition of SHP2 could induce accumulation of tyrosine-phosphorylated KRAS and thus, 

reduced RAF binding and KRAS signaling, which would suppress oncogenesis146.     
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2.1.3.2 Ubiquitination 

RAS proteins have been recently described to be substrates of mono- and diubiquitination. 

Although, at first, ubiquitination was considered as the beginning of an irreversible 

destruction process for ubiquitinated proteins, currently it has been recognized to serve as 

a reversible modification which can affect several  processes such as enzyme activity, 

subcellular localization, and protein–protein interaction147.  

Initially, it was established that the ubiquitination of HRAS and NRAS, but not of KRAS, 

induced RAS internalization in endosomes and consequently, reduced MAPK signaling 

output79,147.  Later, it was described that KRAS is mainly mono-ubiquitinated at lysine 147 

affecting protein-protein interactions (PPIs) and upregulating KRAS activity. Indeed, this 

KRAS ubiquitination enhances GDP/GTP exchange increasing the fraction of KRAS bound to 

GTP. In addition, oncogenic KRAS ubiquitinated at lys147 favors its affinity for RAF1 and PI3K, 

increasing KRAS downstream signaling. Accordingly, an oncogenic KRAS mutation that 

prevents ubiquitination at lys147, reduces KRAS-PI3K binding, thus decreasing its 

tumorigenic capacity148. Subsequent studies supported that mono-ubiquitination at lys147 

impairs GTP hydrolysis mediated by GAPs and favors the interaction of the effectors in vitro, 

as well as, in cell lysates149,150. Finally, another residue that is a minor site of KRAS 

ubiquitination is the lysine 104, but it does not seem to affect nucleotide exchange148. 

Anyway, KRAS polyubiquitination can modulate KRAS protein stability and thus, strategies 

to target oncogenic KRAS for ubiquitination and proteasome degradation are nowadays 

being studied as potential anti-cancer therapies147.           

 

2.1.3.3 Acetylation 

Despite lysine 104 of KRAS can be ubiquitinated, it can also be acetylated. KRAS acetylation 

is able to attenuate KRAS oncogenic capacity by interfering with nucleotide exchange 

mediated by GEFs151. A later study described that the deacetylases HDAC6 and SIRT2 are the 

responsible for regulating KRAS acetylation at lysine 104 in cancer cells.  Indeed, these 
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results suggest that inhibition of these deacetylases, which positively regulate KRAS activity, 

could be a new therapeutic strategy152. 

 

2.1.3.4 Nitrosylation 

KRAS, as well as whole RAS family and other RAS-related proteins, has been described to 

react to free radical nitric oxide (NO) which regulates its activity. Cysteine 118, a highly 

conserved residue between RAS isoforms,  can be nitrosylated when it is exposed to NO48. 

In fact, S-nitrosylation leads to increase RAS guanine nucleotide exchange, thus inducing an 

enhancement of RAS transduction pathways activation. However, this modification does not 

affect RAS structure153–155. A recent proteomic analysis has confirmed the endogenous KRAS 

nitrosylation at this site156. 

Moreover, another  study shows that the sustained activation of PI3K/AKT pathway by 

oncogenic KRAS in cancer cells is due, at least in part, to an increased nitrosylation and 

activation of wild type (WT) KRAS157. Finally, a putative model to explain the role of Cys118 

nitrosylation in modulating  KRAS  proteoforms signaling has been proposed  for both cell 

lines and primary tumors156.  

 

2.2 Cell signaling  

KRAS is activated in response to extracellular stimuli that induce its GTP-bound form. 

Consequently, KRAS can interact with different effectors, activating several signal 

transduction pathways. KRAS signaling activation can achieve by recruiting its effectors to 

the plasma membrane, by acting as an adaptor protein, or by direct stimulation of the 

intrinsic catalytic capacity of its effectors.  Although KRAS can modulate several signaling 

pathways, the best characterized are the mitogen-activated protein kinase (MAPK) and the 

phosphatidylinositol-3-kinase (PI3K)/AKT pathways. 
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2.2.1 MAPK signaling pathway: RAF-MEK-ERK 

The MAPK signaling pathway is engaged by protein tyrosine kinase receptors (RTKs) that 

have been stimulated by extracellular growth factors. For instance, MAPK pathway 

activation by KRAS can be triggered by EGF binding to the its receptor (EGFR).  This induces 

EGFR dimerization and autophosphorylation on tyrosine residues that function as docking 

sites for proteins containing SH2 domains. The adaptor protein growth-factor-receptor-

bound protein 2 (GRB2) can bind to EGFR through its SH2 domains, allowing the recruitment 

and binding of Sos1 to the plasma membrane, in this case through its SH3 domains. The 

EGFR-GRB2-Sos1 complex interacts then with membrane-associated KRAS, promoting KRAS 

activation2,22,158 (figure 9).  

 

 

 

 

 

 

Figure 9. Diagram of RAS activation by protein tyrosine kinase receptor and the recruitment of cytoplasmatic 

signaling molecules. (Modified and adapted from Basic Science of Oncology, 5th Ed). 

 

The first effector described to directly interact with RAS proteins was the RAF1 Ser/Thr 

kinase, also known as C-RAF159–162.  

There are three mammalian RAF family members encoded by three independent genes: 

RAF1/C-RAF, B-RAF and A-RAF. C-RAF was the first isoform to be discovered. Although all 

RAF isoforms are highly conserved, they differ in their activity, regulation and tissue 

distribution. B-RAF presents the highest activity among the isoforms due to its constitutively 
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phosphorylated acidic N-terminal motif. Moreover, it is considered the most oncogenic, 

since it has been identified to be mutated in several types of tumors, emphasizing an 

important role in aberrant RAF-MEK-ERK signaling in oncogenesis163–166. C-RAF, which plays 

an important role in several RASopathies, shows an intermediate kinase activity, whereas A-

RAF, which is rarely observed genetically altered, is the lowest active isoform165.     

All RAF proteins share MEK1/2 kinases as substrates, which in turn can activate ERK1/2 

proteins. Therefore, active GTP-loaded RAS proteins induce RAF recruitment (mainly C-RAF 

and B-RAF isoforms) to the plasma membrane initiating RAF activation. This process is 

divided at least into four steps: RAF recruitment by RAS, RAF dimerization, RAF 

phosphorylation and kinase activation. Once RAF is active it phosphorylates and activates 

MEK1/2, which in turn phosphorylates and activates ERK1/2. Finally, ERK is translocated to 

the nucleus where interacts with and phosphorylates nuclear transcription factors inducing 

several biological processes such as cell proliferation, differentiation, growth, migration and 

apoptosis158,164,167,168. To return to the basal state, several phosphorylations are necessary to 

attenuate RAS signaling. One of them is directed by ERK-mediated negative feedback 

phosphorylation  of several specific residues of RAF, preventing RAS binding to RAF and 

disrupting RAF dimerization 163,169. Moreover, ERK can also phosphorylates Sos1 inhibiting its 

interaction with GRB2 and terminating RAS activation165 (figure 10).   
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Figure 10. The MAPK signaling pathway activation by RAS proteins. (Adapted from Gibney et al, 2013). 

 

Recent data show that RAF dimerization is an essential RAS-regulated event in RAF 

activation.  It was initially observed by artificial oligomerization170,171 and it was later 

confirmed when RAS was found to induce active C-RAF/B-RAF dimers172,173. Moreover, 

respective homodimers of these two isoforms were also detected under physiological 

conditions but their kinase activity was lower than the previous ones. Subsequent studies 

described that if B-RAF was catalytically impaired, it was still able to promote ERK signaling 

by  interacting with endogenous C-RAF, suggesting that B-RAF could induce C-RAF activity 

independently of its intrinsic catalytic activity174–176.  Later, it was demonstrated that 

phosphorylation of the acidic N-terminal domain of B-RAF was necessary to transactivate C-

RAF177, which was subsequently phosphorylated (figure 11). Summarizing, RAFs proteins are 

presented as autoinhibited monomers in the cytosol of quiescent cells178 and the 

dimerization promoted by RAS triggers a conformational change essential to induce the 

activation loop in C-RAF.  That allows the allosteric transactivation of one monomer by the 

other. Finally, RAS-dependent activation of C-RAF requires additional phosphorylations at 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Gibney%20GT%5BAuthor%5D&cauthor=true&cauthor_uid=23712190
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specific sites (S338 and Y341) of its activation loop to induce the RAF-MEK-ERK cascade163 

(Figure 10 and 11).  Nevertheless, the oncogenic mutation V600E of B-RAF can mimic these 

activation loop, facilitating ERK signaling without RAF dimerization neither RAS activation166.  

According to these data, in a normal RAS-dependent signaling scenario, Morrison’s group 

reported that B-RAF/C-RAF heterodimerization predominated over B-RAF and C-RAF 

homodimerization, inducing MEK and ERK phosphorylation cascade and activation. 

Moreover, they reported that RAF dimerization can be blocked using a peptide mimetic of 

the RAF dimerization interface, which suppress MEK activation and induces cell death in 

KRAS and B-RAF-driven tumor cells179.   

 

 

Figure 11. Model of RAF Transactivation. RAS activation induces the recruitment of B-RAF and C-RAF at the 

plasma membrane, promoting C-RAF/B-RAF dimerization. Transactivation of C-RAF by B-RAF is induced by the 

phosphorylated acidic N-terminal domain of B-RAF (red dot) that leads to the activation loop in C-RAF, which in 

turn is phosphorylated (black star). The phosphorylation of the activation loop of C-RAF triggers downstream 

RAF-MEK-ERK signaling. (Modified and adapted from Hu et al, 2013). 

 

 Apart from all of this, C-RAF has the highest level and affinity binding for all RAS isoforms.  

In fact, C-RAF, but not B-RAF, is necessary for both initiation and maintenance of KRAS-driven 

lung tumorigenesis180–182. As mentioned, the role of C-RAF in the development of KRAS-

driven tumors might be kinase dependent, explaining the possible no dependence on B-RAF 

for tumor growth182. Surprisingly, recent data showed a strong selectively of B-RAF for KRAS, 

while low affinity for HRAS and NRAS isoforms was observed183. 
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Therefore, considering these findings, it could be possible that the differential binding 

affinities of B-RAF and C-RAF for specific RAS family members as well as that of B-RAF/C-RAF 

heterodimers or respective homodimers, could influence MAPK signaling in RAS mutant 

tumors. 

 

2.2.2 PI3K/AKT signaling pathway 

The second best-characterized KRAS effector family is phosphatidylinositol-3-kinase (PI3K). 

The first evidence of the interaction between RAS and PI3K was detected in RAS transformed 

cells by immunoprecipitation assay184.  

Three classes of PI3K (Class I, II and III) have been identified in mammals, being Class I 

present at the plasma membrane by interacting with cell surface receptors. Class I PI3Ks are 

constituted by heterodimeric enzymes with a catalytic subunit (p110) and a regulatory 

subunit (p85).  Physiologically, class I PI3Ks can promote the transduction of signals from 

RTKs, G protein-coupled receptors (GPCRs) and activated RAS185,186.   Upon activation, the 

catalytic subunit of PI3K phosphorylates PIP2 to generate phosphatidylinositol-3,4,5-

triphosphate (PIP3). This final product, PIP3, acts as a second messenger in the cell, being the 

main mediator of PI3K activity. Specifically, PIP3 constitutes a docking site for proteins 

containing the pleckstrin homology (PH) domain, such as phosphoinositide-dependent 

kinase 1 (PDK1) and protein kinase B (PKB/AKT). The translocation of these two kinases to 

the plasma membrane allows that PDK1 phosphorylates AKT at threonine 308, which is 

responsible for propagating the signal and partially activating AKT. This AKT phosphorylation 

is enough to activate mTORC1 that induces increased protein synthesis and cell survival. 

However, full activation of AKT requires a second phosphorylation at serine 473 by mTORC2. 

The complete activation of AKT controls several cell processes such as transcription, 

translation, cell cycle progression, apoptosis, autophagy, and metabolism (Figure 12). The 

activation loop of PI3K downstream signaling is finished when the phosphatase of PIP3 

(PTEN) dephosphorylate PIP3 into PIP2
186–189.  
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Figure 12. PI3K/AKT signaling pathway activated by RTKs, GPCRs and active RAS. Substrates and Functions of 

the AKT Signaling Network (Modified and adapted from Manning et al, 2017). 

 

After evidencing RAS and PI3K interaction, it was demonstrated that the catalytic subunit 

(p110) of PI3K, which has a RAS-binding domain, was responsible for the interaction 

between PI3K and RAS-GTP, which contributes to RAS-driven PI3K signaling. Therefore, PI3K 

was considered as an important effector of RAS, promoting survival and proliferative 

functions190,191.     

In recent years, the requirement of the RAS-PI3K interaction in KRAS-driven malignancies 

has been described.  Some reports showed that although several effectors of RAS were 
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necessary to induce  tumorigenesis, only the PI3K signaling pathway seemed to be able to 

maintain  tumor growth192. Subsequent studies, using a mice model expressing a mutant 

form of the catalytic subunit of PI3K that fails to bind RAS, exhibited that the interaction 

KRAS-PI3K was required to induce cell transformation in vitro and in lung tumor 

formation193,194. However, in contrast to the previous evidences192,   both PI3K and MAPK 

signaling contributions seemed to be necessary for tumor maintenance in oncogenic KRAS 

driven lung cancers194. Later, it was described that targeting PI3K pathway reduced 

carcinogenesis and tumor progression in oncogenic KRAS-driven PDAC. In fact, KRAS-PI3K 

signaling  was required to induce cell plasticity, acinar cell dedifferentiation as well as tumor 

formation and maintenance195.  Additionally, PI3K inhibition induced cell cycle arrest and 

diminished viability of CRC cells harboring mutated KRAS, suggesting that PI3K/AKT signaling 

was required for maintaining the growth of these cells 196.    

 

2.2.3 KRAS dimerization 

According to the current model, it is known that RAS activation allows the effector domain 

of RAS to interact with the RAS binding domain of RAF. The binding exposes the C-terminal 

catalytic domain of RAF, which is inhibited by the N-terminal regulatory domain when RAF 

is in the cytosol as a monomer178, allowing RAF to interact with the downstream kinase MEK 

and to activate the MAPK cascade.   As mentioned above, dimerization of RAF is an essential 

RAS-regulated process in RAF activation. In addition, RAS exists in different nanoclusters 

comprised of five to ten monomers, setting that aggregation of several proteins in the same 

nanocluster can be a key factor for signaling activation71. Moreover, it has been described 

that RAS functions as a dimer or as a higher order multimer to activate its effectors59,197,198 

(figure 13). 

The first evidence of RAS dimerization was demonstrated by Santos and colleagues by 

radiation target analysis199.  A subsequent study, using purified and iodinated RAS, described 

that monomeric RAS and a small amount of a polymeric specie can exist in equilibrium200. 
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Later, it was shown that artificial dimerization of RAS could induce RAF activation, whereas 

monomeric RAS did not, suggesting the involvement of RAS dimerization in the activation of 

RAS effectors201.  

According to these studies, it was reported that farnesylated KRAS can dimerize upon 

binding to a synthetic membrane202. But a more recent analysis described that farnesylated 

and methylated GTP-loaded-KRAS could be purified as a monomer and  remained 

monomeric in the lipid bilayer membranes203, suggesting that RAS does not possess an 

intrinsic dimerization capacity.  

 

 

 

 

 

 

 

Figure 13. Model of RAS signaling through RAF dimerization. (Modified from Chen et al, 2016). 

 

Nevertheless, during the last years, cell biology experiments have suggested that KRAS, as 

well as the other RAS isoforms, activate RAF through homodimerization.   Recent super-

resolution microscopy studies in cells expressing KRAS under control of a doxycycline-

inducible promoter, described the presence of KRAS dimers at the plasma membrane of 

living cells and the coincident activation of the MAPK signaling 204. In fact, the authors also 

demonstrated that forced KRAS dimerization turned out in a robust activation of ERK, 

concordant with the results of a previous study201.   Recently, Nussinov and co-workers 

proposed two different modes of dimerization, one involving the α-helix 3 and 4, and other 
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requiring the β-sheet interactions of the effector binding region. But importantly, they 

demonstrated that dimerization requires GTP-binding, since only an active globular domain 

of KRAS tended to dimerize with high affinity, while GDP-loaded globular domain showed 

decreased affinity205.  Other groups have studied the distinct possible surfaces of RAS that 

might be interacting during dimerization. Hancock and Gorfe proved that dimerization 

through the effector binding regions of two KRAS proteins would have low affinity206,  

whereas through the α-helix 3, 4 and 5  would be suitable  for dimerization207 (figure 14). 

Indeed, they demonstrated reduced clustering and dimer formation in cells expressing KRAS 

harboring point mutations at α-helix 3 and 4 surface. 

 

 

 

 

 

 

Figure 14. Potential mechanisms regulating RAS dimer formation and signaling. (Chen at al, 2016) 

 

Interestingly, recent data showed that dimerization of WT KRAS with oncogenic KRAS 

decreased cell proliferation. However, it diminished the sensibility to MEK inhibitors in cells 

and in xenograft models of lung cancer, maybe by reactivation of C-RAF. Moreover, the 

authors demonstrated that dimerization between two oncogenic KRAS proteins was 

essential for activation of RAS downstream signaling, cell growth and tumor growth in 

vivo208. Therefore, disrupting the dimers of WT and oncogenic KRAS (restoring the sensitivity 

to MEK inhibitors), and  impairing oncogenic KRAS dimerization could be therapeutically 

effective in these type of cancers harboring oncogenic KRAS208–210 (figure 13).  

KRAS-GTP dimer 
(predicted, α-dimer) 

KRAS-GTP dimer 
(predicted, β-dimer) 
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Figure 13. Disruption of KRAS dimerization improves sensitivity to MEK inhibitors and abrogates the oncogenic 

potential of mutant KRAS. (A) Despite the tumor-suppressive effects of WT KRAS (KRASWT), heterodimerization 

of KRASWT with KRASG12C, KRASG12V, or KRASG12D promotes insensitivity to MEK inhibitors (MEKi: trametinib and 

selumetinib). (B) Development of strategies to disrupt KRASWT heterodimerization with KRASG12C, KRASG12V, or 

KRASG12D may enhance sensitivity to MEK inhibition. (C) Homodimerization of KRASG12C, KRASG12V, or KRASG12D 

promotes aberrant signaling and oncogenic proliferation. (D) Development of strategies to disrupt KRASG12C, 

KRASG12V, or KRASG12D homodimerization may diminish the aberrant biological effects of oncogenic KRAS. 

(Ambrogio et al, 2018 and Nabet et el, 2018) 

 

According to these results, a recent report have described that loss of wild-type KRAS 

enhances tumor fitness in KRAS mutant acute myeloid leukemia (AML) and CRC cell lines 

while concomitantly resulting in increased sensitivity to MEK inhibition211. However, it 

should be considered  that WT RAS proteins can display either tumor promoting or tumor 

suppressing functions, depending on context212. 

In line with previous studies204,205,207, it  was demonstrated in living cells that dimerization of 

oncogenic KRAS constitutively active was through α-helix 3 and 4 and, as expected, this 

dimerization was enriched at the plasma membrane.  The authors also demonstrated that 

cells expressing either α-helixes or β-sheet KRAS mutants displayed decreased MAPK 

signaling. However, whereas the α-interface mutation impaired ERK signaling by disrupting 

KRAS dimerization, the β-interface mutation abrogated KRAS signaling may be due to 

interference with RAF binding213. 
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Although these studies suggested that RAS may indeed dimerize, the lack of an available 

experimental tool to block dimerization has limited the study of this mechanism. However, 

recent works described that a synthetic binding protein, a monobody called NS1, interacted 

with α-helixes 4 and 5 disrupting RAS dimerization and nanoclustering.  In fact, NS1 potently 

inhibited RAF dimerization mediated by oncogenic RAS in vitro, revealing for the first time 

the importance of RAS self-association  via α4–α5 interface as a requisite step in the 

activation of downstream effectors such as RAF214. Importantly, it was also demonstrated 

that NS1 interfered with RAS dimerization and nanoclustering, inhibiting specifically KRAS 

driven tumor development in vivo. The authors proved that selective expression of NS1, 

decreased proliferation of KRAS- but not NRAS- driven tumor cells. In fact, they reported 

that despite the variability observed under 2D cell culture conditions, NS1 was able to inhibit 

tumor growth and to reduce KRAS mutant tumors once were established. According to this, 

decreased RAS downstream signaling was observed215. However, these results were not 

reproducible in oncogenic NRAS-driven tumors. Finally, it  was described that the small 

molecule BI-2852, which bound to KRAS between Switch I and II inhibiting KRAS-effectors 

interaction, induced the formation of a nonfunctional KRAS dimer216,217.  

Therefore, KRAS dimerization is being revealed as a new therapeutic strategy for directly 

targeting KRAS. 
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2.3 KRAS in oncogenesis 

The first report that described the transformation of NIH-3T3 cells with genomic DNA from 

chemically transformed mouse cells was published in 1979 by Weinberg's and colleagues218. 

Later, the laboratories of Robert Weinberg, Michael Wigler and Mariano Barbacid reported 

the molecular cloning of human transforming genes from T24 and EJ bladder carcinoma cell 

lines, revealing the existence of transforming genes in human tumors cells219–221. Next year, 

Weinberg's group demonstrated that the transformation of NIH-3T3 cells reported by them 

four years ago was due to KRAS, being the first human oncogene to be described222.   

The first RAS mutation in human cancer tissue was identified one year later by Barbacid’s 

group in 1984 when a mutated KRAS form was found in a tumor biopsy from a lung cancer 

patient, but not in his blood cells or in the normal parenchyma223.  In the following years, 

mutational analyses exhibited the frequent mutation and activation of KRAS in several types 

of tumors such as colon224,225, lung226 and pancreatic227 carcinomas. Further studies were 

expanded to other isoforms, demonstrating that RAS is one of the most frequently mutated 

oncogenes in human cancers, present in approximately 30% of all  malignances.59,228,229.    

Oncogenic mutations of RAS proteins occur mainly at codons 12, 13 and 61. Replacement of 

glycine at codon 12 and 13 by any of the amino acids, excluding proline, prevents the 

interaction of arginine finger of GAPs with the active site of RAS proteins, leading to a 

constitutively active state. Glutamine 61 (Q61) also participates in the GTP hydrolysis 

mechanism, so mutations at this residue avoid both intrinsic and GAP-mediated GTP 

hydrolysis, by interfering with the coordination of a water molecule that is necessary for the 

nucleophilic attack on the γ-phosphate99,230,231.  In fact, nuclear magnetic resonance (NMR) 

assay showed that G12V mutation induces a slow rate of activation. However, the reduced 

intrinsic GTP hydrolysis capacity and the complete resistance to GAP inactivation of RAS 

G12V sustain its active state. Conversely, Q61L mutant shows a slightly sensitivity to GAP 

inactivation but maintains an increased nucleotide exchange, leading a mostly GTP-bound 

state. This is extended to G13D mutation, which leads to less severe GTP hydrolysis defect 

but induces  remarkably  high nucleotide exchange232.     
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Each RAS isoform shows different bias in codons mutations, being the mutations at codon 

12 most frequently found in KRAS (82%), whereas codon 61 is predominantly mutated in 

NRAS (62%). However, HRAS presents relatively similar mutation frequencies at codons 12, 

13 and 61 (27%, 25% and 40%, respectively)229,233. Moreover, the frequency of specific 

mutations also varies significantly between RAS genes, being G12D the most common 

mutation in KRAS, whereas Q61R and G13R are the most frequent in NRAS and HRAS 

isoforms, respectively. The distribution of RAS mutations is summarized in the next figure198. 

 

 

Figure 14. Distribution of RAS mutations in human tumors. (A) Frequency of mutations at codons 12,13, and 61 

for each RAS allele. (B) Distribution of specific codon mutations for each RAS isoform. Data were compiled from 

the Catalogue of Somatic Mutations (COSMIC). (O’Bryan, 2019) 

 

KRAS is found to be the most frequently mutated oncogene in human cancers. Overall, data 

from COSMIC data base show that the highest incidence of mutations has been detected in 

pancreatic cancer (57%). Relatively, high occurrence has also been discovered in 

malignancies of the large intestine (35%), biliary tract (28%), small intestine (17%), lung 

(16%), endometrium (15%) and ovary (14%)229.  
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Specifically, mutated KRAS is highly detected in three of the four most lethal cancers: PDAC 

(97%), CRC (45%) and lung adenocarcinoma (31%). Additionally, the spectrum of mutations 

in KRAS also differs between cancer types. G12D and G12V occur mainly in pancreatic and 

colorectal cancer, while G12C is common in lung cancer234 (figure 15).  

 

 

 

 

 

 

Figure 15. Frequency and distribution of RAS mutations in human cancers. (Adapted from Cox et al, 2014) 

 

 

2.3.1 KRAS in colorectal cancer 

CRC is an epithelial tumor originated in the large bowel, which evolves to adenocarcinoma, 

a neoplasia with glandular characteristics. From molecular and morphology studies, Fearon 

and Vogelstein (1990) postulated the “Adenoma- to-Adenocarcinoma” theoretical model. 

This model was characterized by sequential mutations in Adenomatous Polyposis Coli (APC), 

KRAS and p53235. The authors reported that during this cascade, the tumor is initiated by 

APC inactivation, which induces an evolution from normal mucosa to adenoma. Subsequent 

mutations in KRAS and p53 drive the adenoma to a more aggressive tumor (figure 16).    
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Figure 16. Conventional “Adenoma-to-Adenocarcinoma” model. The CIN pathway begins with mutations in the 

tumor suppressor gene APC within the normal colonic mucosa which becomes an adenoma. Subsequent 

additional mutations in the genes KRAS, SMAD4, and TP53, with consequent dysregulation of Wnt/β-catenin, 

MAPK, PI3K and TGF-β signaling pathways, promote progressivedifferentiation into adenocarcinoma. 

Alternatively, the MSI pathway involves an initial alteration of Wnt signaling that leads to the formation of an 

early adenoma. Then, BRAF mutation followed by alterations of the genes TGFBR2, IGF2R, and BAX, participate 

in the progression toward the intermediate and late stages. (Adpated from De Palma et al, 2019) 

 

Subsequent molecular studies have allowed to identify various types of CRC. The molecular 

organization of CRC subgroups are based on two different mechanisms of tumorigenesis: 

genetic instability, which include chromosomal instability (CIN) and microsatellite instability 

(MSI), and epigenetic instability (figure 16 and 17). CIN, which consists of the gain or loss of 

all or part of the chromosome, is associated with mutations in proto-oncogenes or in tumor 

suppressors genes such as KRAS and p53, respectively. Whereas MSI, which affects small 

repetitive sequences of DNA, is associated with BRAF mutations.  Depending on the 

frequency of mutations in these repetitive sequences, colorectal tumors can be stratified in 

MSI-high (MSI-H), MSI low (MSI-L) and MSI stable (MSS). CRC with CIN is classified as MSS. 

The second keystone, which CRC classification is based, is epigenetic instability. This is due 

to aberrant hypermethylation of CpG site within the promoter region of a gene. Thus,  

according to the frequency of CpG loci methylation, CRC can be classified  into negative, low 

or high CpG island methylator phenotype (CIMP-L and CIMP-H, respectively) groups236–239.  
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Combination of these characteristics allows to classify CRC in five molecular subgroups 

(figure 17). However, this categorization has presented limits due to the tumors classified in 

each subgroup have been considered as a homogenous entity from the therapeutic point of 

view. Therefore, since tumors show different drug response and distinct prognosis, four 

consensus molecular subtypes (CMSs) have been defined, based on a meta-analysis method 

of six different taxonomies followed by comprehensive multi-omic and clinical 

characterization240. These four CMSs can be separated into: CMS1 (MSI immune subtype, 

14%) with a hypermutated phenotype, microsatellite instability, and strong immune 

activation; CMS2 (canonical subtype, 37%) with epithelial morphology, marked WNT and 

MYC signaling activation, and CIN; CMS3 (metabolic subtype, 13%) also with epithelial 

morphology, but with evident metabolic dysregulation, CIMP-L, and KRAS mutations; and 

CMS4 (mesenchymal subtype, 23%) with prominent TGF-β activation, stromal invasion, and 

angiogenesis (figure 17). 

 

 

Figure 17 Diagram of CRC subgroups clasification. CRC molecular classifications recently shifted from the 

mutation-based toward the transcriptome-based approach because this can better describe the behavior of the 

tumors. CIN, chromosomal instability; CSS, chromosomal stability; CIMP-N/L/H, CpG island methylator 

phenotype-negative/low/high; MSS, microsatellite stability; MSI-L/H, microsatellite instability-low/high. (Maffeis 

et al, 2019) 
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A recent study based on a multi-omics approach examined 34 CRC cell lines frequently used, 

categorizing them into the four CMS subtypes241 depending on their molecular phenotype, 

analyzing MSI, MSS, CIMP and POLε mutations.  In general, the morphological appearance 

of most of the cell lines in CMS1 and all cell lines in CMS4 was mesenchymal, whereas CMS2 

and CMS3 cell lines were more epithelial-like. DLD-1 and SW480 cell lines, the two colorectal 

cell lines used in this thesis, have been classified as CMS1 and CMS4, respectively, but both 

show an epithelial cell morphology in culture.  

KRAS mutations have been considered to play a pivotal role both in early phases of malignant 

transformation of colorectal cells and in the advanced metastatic disease238,242,243. Although 

several studies about the involvement of KRAS and RAS downstream signaling pathways in 

CRC have been reported, how oncogenic KRAS contributes to CRC progression and tumor 

maintenance remains still unclear. Recent research has generated a genetically engineered 

mouse model of CRC harboring the most common mutations in human CRC (APC, KRAS and 

p53), spatially and temporally regulated. It exhibited genomic heterogeneity and disease 

progression from adenoma to adenocarcinoma as well as lung and liver metastases, thus 

reproducing human CRC244.  This model expressing mutationally activated KRASG12D in an 

independently controlled and reversible way, exhibited intratumoral heterogeneity 

comparable to human. These characteristics allowed the investigators to study the role of 

oncogenic KRAS signaling in noninvasive primary tumor growth, in tumor progression to 

metastasis, and in maintenance of the invasive and metastatic disease. 

 

2.3.2 KRAS in pancreatic cancer 

Pancreatic cancer can emerge from any cell type within the pancreas, but incidence and 

prognostic outcome of the disease depend on the origin of the cells. Most of pancreatic 

cancers are ductal adenocarcinomas, which progress in a histological defined, stepwise 

development. PDAC usually arises from intraepithelial neoplastic lesions (PanINs) that 

eventually develop into adenocarcinoma.  Oncogenic KRAS mutations are present in 40% of 
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low-grade PanINs1 lesions,  but the incidence of these mutations approximately is doubled 

in PanIN3 stage245.  Other precursor lesions such as acinar-ductal-metaplasia and intraductal 

papillary mucinous neoplasm (IPMNs) have been observed during pancreatic cancer 

development246.  

Oncogenic activation of KRAS has been validated as an initiating PDAC event by using 

genetically engineered mouse models of inducible oncogenic KRASG12D. PanINs lesions were 

observed in these mice, although less than 10% developed to adenocarcinomas.  Additional 

mutations such as loss of TP53, CDKN2A, SMAD4 or BRCA2 are required for human PDAC to 

progress. Thus, when an oncogenic KRAS mutation was combined with the conditional loss 

of one or more of these four genes, rapid development of pancreatic and metastatic cancers 

was observed, suggesting that additional mutations a part from that of KRAS are required to 

induce PDAC245.  

Numerous scientific reports have demonstrated the role of oncogenic KRAS mutations in 

many pancreatic cancer cell processes such as increased proliferation, survival, migration 

and invasion. Therefore, by using these mice models, it has been confirmed the initiating 

role of oncogenic KRAS in pancreatic carcinogenesis, but also the importance of multistep 

genetic mutations. Moreover, the roles of RAS downstream signaling, tumor 

microenvironment, several cofactors and inflammatory processes have been studied by 

using these models of pancreatic cancer245,247,248. 

Despite the efforts of scientific community to understand pancreatic cancer, this has 

remained a difficult cancer to treat due to the disease heterogeneity, its frequent diagnosis 

at advanced stages, and its metastatic nature. In addition, lack of approaches to inhibit KRAS 

appears to complicate targeted therapies.    
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2.3.3 KRAS dependency  

The concept of “oncogene addiction” to highlight the apparent dependency of some cancers 

on a single activated oncogenic protein or signaling pathway, which maintain the malignant 

phenotype, has been studied during the last years in order to develop new therapies. The 

inactivation of this critical oncogene in cancer cells would be enough to lead to cell death. 

Although human cancers are predominantly induced by  progressive accumulation of 

mutations in some genes with distinct functions, several studies performed in human cancer 

cell lines, in genetically engineered mouse models of human cancers, and in clinical trials 

involving specific molecular targeted agents, have evidenced the dependence on a single 

oncogene249,250. However, lack of a pharmacological devices to inhibit KRAS has prevented 

KRAS dependency to be explored in vivo. 

Several reports, by using RNAi-based methods, have defined the KRAS addiction status of 

various cancer cell lines harboring mutated KRAS251–257. Moreover, this differential sensitivity 

to KRAS silencing has also been described in 3D culture assays. Indeed, it has been shown 

that KRAS mutant cancers are more dependent on KRAS when grown in anchorage-

independent culture conditions or in vivo than in monolayer254,255,257–259.     

Nevertheless, correct functioning of non-mutated genes has been shown to enhance survival 

of many cancers, a phenomenon called non-oncogene addiction. Efforts to understand non-

oncogenic RAS addiction has led to discover that non-oncogenic proteins associate with 

oncogenic KRAS to maintain  KRAS-addicted tumorigenesis252,260.  

Therefore, research should not be only focused on directly targeting KRAS but also on 

targeting multiple unmutated or overexpressed proteins associated. This approach seems to 

be attractive for cancer therapy.  
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3. KRAS inhibition 

Given the essential role of RAS proteins in tumor development, there has been significant 

interest in pharmacologically inhibiting oncogenic RAS. However, over the decades, 

oncogenic RAS mutants have been considered “undruggable proteins” due to two main 

reasons: their high affinity for GTP, rendering GTP-competitive inhibitors ineffective; and the 

lack of proper binding pockets for small inhibitory molecules. For these reasons several 

strategies have been developed to inhibit KRAS, including indirect (figure 18) and direct 

approaches (figure 19).  

 

3.1 Indirect strategies 

3.1.1 Inhibition of plasma membrane KRAS localization  

Due to the initial perception that RAS would be complicated to inhibit, attention was first 

turned toward to prevent RAS association with the plasma membrane, which is critical for 

its biological function31,261. Therefore, the first drugs were directed to inhibit the enzyme 

FTase50. This is the protein responsible for farnesylating the terminal CAAX box of RAS which 

is essential to target RAS to the plasma membrane. Early studies demonstrated that FTase 

inhibitors (FTIs) could successfully prevent tumor cells growth both in vitro and in vivo, 

although these effects did not depend on RAS mutations262,263. Moreover, KRAS and NRAS 

association with plasma membrane was not avoided due to alternative lipidations by GGTase 

upon FTase inhibition264–266.  Because of this, combined FTIs and GGtase inhibitors (GGTIs) 

were tested. However, although co-treatment was successful to prevent prenylation in both 

KRAS and NRAS in 2D cell cultures and  xenograft models, the efficacy was restricted by dose 

limiting toxicity and thus, the clinical trials were concluded267,268. Additionally to the 

combination of FTIs and GGTIs, considerable failed efforts were focused on the development 

of dual prenyltransferase inhibitors (DPIs), as well as of ICMT and RCE1 inhibitors31,233,234. 
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After unsuccessful results another approach to prevent RAS membrane localization was 

studied. As mentioned in section 2.1, PDEδ binds to farnesylated RAS, in order to induce 

either membrane association or recycling of RAS. Accordingly, pharmacological disruption 

of the oncogenic KRAS-PDEδ complex was assessed. The first small molecule identified for 

its capacity to bind to the prenyl binding pocket of PDEδ was Deltarasin107. This inhibitor was 

able to disrupt the interaction between KRAS and PDEδ, leading to KRAS mislocalization and 

reduced KRAS signaling as well as tumorigenic potential of PDAC cells. However, non-specific 

toxicities were observed, limiting its effectiveness. Therefore, a second generation PDEδ 

inhibitor was generated, called Deltazinone 1106. But although this compound was highly 

selective it had low membrane permeability.  

Finally, Hancock and colleagues, using a chemical library, identified Fendiline, a L-type 

calcium channel blocker, which inhibited selectively  KRAS association to the membrane but 

not that of HRAS and NRAS269,270.  This compound significantly abrogated proliferation and 

RAS signaling in KRAS-transformed cells. Although at first it was thought Fendiline to interact 

with KRAS anchor region, it was later demonstrated that its effects were relatively non-

specific. Thus, by inhibiting acid sphingomyelinase, PTdSer plasma membrane levels were 

reduced 74 and since PtdSer is important for KRAS localization, cell treatment with Fendiline 

induced KRAS misocalization. 

 

3.1.2 Inhibition of KRAS effectors  

The RAF/MEK/ERK cascade is the best characterized RAS effector pathway, so its inhibition 

has long been an attractive therapeutic target234,261,271,272. Targeting RAF kinase appeared to 

be a reasonable strategy for the treatment of KRAS mutant cancers. The first generation of 

RAF inhibitors (Vemurafenib, Dabrafenib, and Encorafenib) were designed to inhibit  B-

RAFV600E for treating B-RAF-mutant melanomas273–275. Nevertheless, multiple mechanisms of 

resistance were observed, such as RTK amplification, B-RAFV600 amplification, KRAS or NRAS 

amplification or mutation, activating MEK mutations or reactivation of MAPK signaling 

https://www-sciencedirect-com.sire.ub.edu/topics/biochemistry-genetics-and-molecular-biology/cell-proliferation
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through alternative pathways as RAC1-dependent signaling272. In addition, treatment with 

B-RAF inhibitors in different RAS-mutant cancers cells produced a paradoxical activation of 

ERK signaling. In fact, the mechanism underlying this effect was the formation of active RAF 

dimers in cancers harboring RAS mutations176,276–279. To overcome the drug resistance of the 

first generation of RAF inhibitors, a second generation was developed165,234. These included 

pan-RAF inhibitors, and compounds designed to block or to prevent RAF dimerization. These 

drugs are now under consideration and may prove to be more efficacious in the long run.  

Regarding to block hyperactive MAPK signaling in RAS-driven cancers, MEK and ERK have 

also been used as targets for drug design. Indeed, MEK inhibitors have usually been favored 

over RAF inhibitors in both preclinical and clinical studies. Two of these inhibitors, Trametinib 

and Cobimetinib, were approved for treating cancers harboring B-RAFV600E. In general, their 

mechanism of action is by allosteric regulation as a non-ATP competitive inhibitor.  Although 

MEK inhibitors have been suitable against B-RAF-mutant melanoma, they have only been 

partially effective in RAS-mutant cancers models, in part because of ERK 

reactivation59,234,271,272. So, according to the appearance of innate or acquired mechanisms 

of resistance to RAF or MEK inhibitors, the obvious approach was to inhibit ERK. ERK 

inhibitors can suppress the growth of KRAS-mutant pancreatic cancer272 as reported in 

preclinical models. Although multiple drugs targeting ERK have  reached the clinical phase, 

intrinsic and acquired resistances also occur234,271,272.  

Therefore, it could be that a combined inhibition of the MAPK cascade at multiple nodes 

would be more effective and less toxic in the treatment of oncogenic RAS mutant cancers. 

The second-best validated class of RAS effectors is p110 catalytic subunit of class I PI3Ks. 

However, the PI3K pathway has not proved to be an efficient target for KRAS mutant cancers 

as monotherapy. Conversely, a potent synergism in the treatment with both PI3K and MAPK 

pathways inhibitors has been reported234,261,272. Accordingly, numerous clinical trials have 

evaluated the combined inhibition of RAF and PI3K effector signalling261,280–282, but toxicity 

remains to be evaluated. 
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3.1.3 Synthetic lethality  

As mentioned above, non-oncogenic addictions induced by RAS signaling have been 

achieved. For that reason, synthetic lethal strategies have been employed to screen for 

genes that are essential for the function of RAS in cancer cells carrying mutated RAS alleles 

but not in cells with WT RAS283.  

Several studies using RNAi screens in human cancer cell lines to identify synthetic lethal 

interactors  of oncogenic KRAS has been published 234,261,272. For example, some groups 

reported the STK33 and TBK1 protein kinases as synthetic lethal interactors of mutant 

KRAS284,285, however subsequent studies failed to validate the functional linkage of these hits 

with oncogenic KRAS286–288.  Therefore, the success of these approaches have been limited283 

until now. 

 

 

3.1.4 Other approaches for RAS inhibition  

In recent years, the significance of novel signaling pathways that interact with the KRAS 

classical ones are being evaluated to be considered for the development of new co-targeting 

therapies. These new approaches include targeting stem cell program, inflammation 

processes and immune response, metabolic pathways, oncogenic stress, or tumor 

microenvironment, among others261,272,289–292.      
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Figure 18. Indirect approaches intended to inhibit RAS function.  A general overview is provided including 

inhibition of RAS association with the plasma membrane, inhibition of effector signaling pathways, inhibition of 

synthetic lethal interactions, and other more recent such as targeting tumor metabolism or immune system 

(Modified from Ryan et al, 2018). 
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3.2 Direct strategies 

3.2.1 Preventing RAS activation: targeting GTP/GDP binding and exchange 

Since KRAS leads to tumorigenicity in its GTP-bound state, some researchers have focused 

their efforts in preventing this activation. The first approach was to inhibit nucleotide 

exchange by designing drugs capable of competing with GDP in the nucleotide-binding site 

of RAS. Some of these GDP analogues were able to inhibit RAS-dependent cell growth, but 

were toxic and unstable metabolically 234.  The second strategy was to prevent SOS1 (a RAS 

GEF) interaction with RAS. Bar-Sagi and colleagues designed a peptide, called HBS3, based 

on the α-helix of SOS1 (important region for RAS binding). This peptide was able to disrupt 

the interaction between RAS and SOS1 diminishing GTP loading and thus downstream 

signaling 293.  Later, other team isolated stapled peptides based on the same region obtaining 

similar results. However, higher concentrations were required to inhibit the viability of KRAS-

mutant cells and hence, the specify of these compounds was questioned233,294. In 2012, two 

different groups discovered small molecules that inhibited KRAS-SOS1 interaction295,296. One 

of them identified a compound, called DCAI, which bound to KRAS by the α-helix 2 and β-

sheets.  It was able to inhibit SOS1-mediated nucleotide exchange by disrupting KRAS-SOS1 

interaction and  so, preventing RAS activation in cells296. Independently, by using Nuclear 

Magnetic Resonance (NMR)-based screening the other scientists discovered small molecules 

that bound directly to KRAS between Switch I and II regions (same pocket as DCAI did), thus 

inhibiting SOS1-catalyzed KRAS activation295. However, in both studies the interaction 

between KRAS and the compounds was weak, and it was unclear whether they would have 

enough potency or selectivity to inhibit RAS in vivo.  

More recently, other groups have developed new  drugs that prevent nucleotide exchange 

by disrupting RAS-SOS1 interaction or by blocking  nucleotide association261,297. 

Nevertheless, this strategy to inhibit RAS remains in debate, since usually oncogenic KRAS is 

constitutively GTP-bound, and these kinds of inhibitors might only be effective with WT RAS.   
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3.2.2 Disruption protein-protein interaction: targeting RAS-effector complexes 

Despite of the mechanisms of action of the compounds described above could be 

advantageous to inhibit active RAS proteins, nowadays it remains controversial. For that 

reason, the scientific community has refocused on the search for direct RAS inhibitors. One 

of the strategies that is being followed is looking for drugs that can disrupt PPIs, specifically 

RAS binding with its effectors198,233,298.  Three different kind of inhibitors have been used to 

directly target RAS proteins: (1) small molecules, (2) antibodies, and (3) peptides and 

peptidomimetics.  

I. Small molecules: The first compound shown to inhibit RAS was a non-steroidal anti-

inflammatory drug (NSAID) called sulindac, which  was able to block RAS dependent 

RAF activation and reduced RAS-driven transformation in vitro299. Later, new sulindac-

derived molecules targeting RAS-RAF interaction and able to reverse RAS-driven 

transformation were designed300,301 . However, high concentrations for their biological 

effects were required, indicating a lack of potency of these compounds. Moreover, 

further studies suggested that the effects of NSAID on RAS signaling may arise through 

increased inhibitory phosphorylation of C-RAF and activation of ERK phosphatases302.  

Furthermore, another set of  compounds named MCP, were shown to inhibit RAS-RAF 

interaction, MAPK signaling and RAS-mediated transformation303,304. Other researches 

selected, by in silico screening, several small molecules for their ability to block RAS 

(GTP-form) interaction with  the RAS-binding domain of C-RAF305.  These compounds, 

called Kobe 0065 and Kobe 2606, by binding to Switch I, blocked RAS-RAF interaction 

and inhibited also the allosteric RAS-binding site of SOS1. In cells, they decreased 

downstream RAS signaling, thus MEK, ERK and AKT phosphorylation.  Besides, they 

inhibited colony formation in soft agar in several different human cancer cell lines, 

RAS-transformed cells proliferation and tumor growth in a xenograft mice model. 

Despite the promising results, these compounds were not enough potent.   

 Of great interest, a recent study reported several small molecules that covalently and 

selectively reacted and bound to the cysteine of G12C mutant form of KRAS (KRAS-
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G12C), which is the most frequent RAS mutation found in NSCLC. These compounds 

were found to react with the GDP-bound state of KRAS-G12C. As predicted, they 

blocked SOS1-mediated nucleotide exchange and decreased the binding of KRAS to 

both B-RAF and C-RAF. Moreover, they also seemed to selectively killed cancer cells 

harboring KRAS G12C mutation306. Later, further optimization resulted in an improved 

inhibitor, ARS-583, whose biological effects were observed at lower concentrations 

than initial compounds, increasing its efficacy in mutated KRAS-G12C cells259,307. 

Together, these reports provided evidence that KRAS-G12C could cycle between 

active and inactive state in cells, and thus targeting its inactive GDP-bound state could 

sequester KRAS and exhaust the active conformation. Based on these works, an 

optimized small molecule, known as ARS-1620257, was shown to bind KRAS-G12C in its 

GDP-bound form, trapping it in an inactive conformation.  The consequences were 

relevant since ARS-1620, in addition to inhibiting growth of KRAS-G12C expressing 

cells, it prevented the development of tumor xenografts derived from cells harboring 

this mutation but not from KRAS-G12V mutant cells. Furthermore, ARS-1620 activity 

was potent in tumor xenografts derived from patients with KRAS-G12C mutant cells.  

Regarding to these results, additional cysteine-reactive small molecules (as MRTX849) 

with high selectively for KRAS-G12C over WT KRAS and high anti-tumor potency, have 

been developed in pre-clinal models308.  

Other small molecules have been designed to inhibit KRAS, for instance BI-2852216,217, 

cmpd2 or the pan-RAS inhibitor termed 3144198,233. In addition, genetic depletion of 

RAS mutant gene would also enable the targeting of oncogenic RAS driven 

cancers261,272.  

Finally, different compounds so-called Abds were selected from a chemical fragment 

library by using an intracellular antibody capture technology. The use of an 

intracellular antibody fragment disrupting RAS-effector PPI309 is used in a competition 

assay to select RAS-binding compounds from a chemical fragment library that binds 

at a similar site.  These compounds were able to bind to RAS by the region adjacent 
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to the effector binding site. One of them,  by disrupting RAS-effector interactions of 

oncogenic RAS isoforms (KRASG12D, NRASQ61H and HRASG12V) decreased MAPK and 

PI3K/AKT signaling pathways  and cell viability in cancer cell lines harboring oncogenic 

KRAS310.    

 

 

II. Antibodies: As an alternative of the use of small molecules to modulate the PPIs is the 

use of macrobiomolecules such as antibodies. They have a large structure that allows 

them to recognize and interact with large protein surfaces. The monoclonal antibody 

Y13-259, which inhibited oncogenic HRAS-driven proliferation and cell signaling, was 

one of the first to be identified311–314. Posteriorly, the monoclonal antibody anti-

p21ser against KRAS-G12S successfully, prevented oncogenic RAS-mediated 

transformation315,316. However, these compounds were limited by their capacity to 

enter cells. As a variation, single domains of the variable fragment of antibodies, 

known as intrabodies, were designed to recognize RAS GTP-loaded317. One of them, 

iDab#6, were able to bind all oncogenic RAS isoforms and abrogated their 

transforming potential309. But again, the size and poor penetrance limited its 

therapeutic ability.  Other biological compounds such as RT11 and R11.1.6 were used 

to RAS targeting318,319. RT11 is a chimeric IgG1 antibody developed from replacing the 

heavy chain fragment of the cell penetrating antibody (TMab4) with the heavy chain 

fragment of a RAS specific antibody. It was able to inhibit growth and signaling in RAS 

tumor cells by preventing RAS effector association. On the other hand, R11.1.6 is a 

high affinity small scaffold based on the DNA binding protein sso7d, which blocked 

RAS-driven MAPK activation disrupting the association between GTP-bound active 

RAS with its effector. Nevertheless, these compounds were not able to discriminate 

between activated WT and mutant versions of all three RAS isoforms. A different 

option was to genetically engineer the antibody mimetic proteins K27 and K55 to 

target oncogenic KRAS. This type of molecules is known as Designed Ankyrin Repeat 

Proteins (DARPins). K27 and K55 inhibited KRAS nucleotide exchange and blocked 
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KRAS effector interactions, respectively320.  More recently, two new DARPins were 

described to block KRAS dimerization as well as SOS1-mediated nucleotide 

exchange321.  Unfortunately, the ability of all these antibodies to cross biological 

barriers was limited and thus, their therapeutic use was unsuccessful. 

In the search to identify novel strategies to inhibit RAS, monobody technology has 

been used. Monobodies are single-domain synthetic binding proteins of 

approximately 95 aminoacids showing high levels of affinity and selectivity for their 

targets. Unlike conventional antibodies, they are insensitive to the redox potential of 

their environment322. Recently, a monobody so-called NS1, which inhibited oncogenic 

HRAS and KRAS signaling and transformation both in vitro and in vivo, was isolated.  

NS1  was able to disrupt RAS dimerization through the α4-α5 helix214,215 (See more 

details in chapter 2.2.3).  

 

 

III. Peptidomimetics: Considering the low capacity of antibodies to cross cell membranes, 

the peptides have emerged as a promising tool to modulate the biological activity of 

PPIs. Since they are in the middle of the chemical space between traditional small 

molecules and antibodies,  peptides can also explore large surfaces323,324(e.g HSB3 in 

chapter 3.2.1). Overall, peptides can mimic aminoacid sequences and secondary 

structures of natural interaction domains. These characteristics allow them to adapt 

to large proteins surfaces. Other advantages of peptides are easy modularity, high 

selectively and potency, low toxicity in humans and low accumulation in tissue. 

However,  the poor capability to cross physiological barriers, the rapid degradation by 

proteolytic enzymes, rapid hepatic and renal clearance and potential immunogenicity  

are the major limitations for their therapeutic application323,325–327. For that reason, 

the peptidomimetics have been developed. They are peptides modified with non-

natural amino acids, cyclization or having unusual peptide bonds generated to 

improve the stability and the permeability of the peptides in cells, and also the binding 
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affinity for their targets. These synthetic molecules that mimic the secondary 

structure of peptides have been applied to modulate PPIs in living cells324,326,328–330.  

The relevance of cyclic peptides inhibiting PPIs was demonstrated when targeting the 

RAS-effector interactions331. Subsequent screening of a combinatorial library of 5.7 

million cell-permeable bicyclic peptides against oncogenic KRAS-G12V mutant 

discovered the cell penetrating Cyclorasin 9A5 cycloundecapeptide.  This molecule 

disrupted the RAS-RAF interaction, inhibited MEK and AKT phosphorylation, reduced 

cell proliferation and induced apoptosis of lung cancer cells332. However, Cyclorasin 

9A5 did not exhibit selectivity toward a specific RAS isoform, or WT vs mutant RAS. 

Later, the same group identified different bicyclic peptides that bound directly to 

KRAS-G12V mutant showing moderate potent cell permeability and RAS inhibitory 

capacity. Successive optimization allowed them to synthetize a novel potent direct 

RAS inhibitor, which was able to reduce RAS-RAF interaction, MAPK signaling and 

induced apoptotic cell death.  Nevertheless, these compounds were not able to 

distinguish between oncogenic and WT RAS isoforms and high working concentrations 

were required.  Despite this, the researchers developed a general strategy for 

synthesizing and screening combinatorial libraries of cell permeable bicyclic peptides 

against intracellular PPIs, such as KRAS interaction with its downstream effectors333. 

Other groups have demonstrated the importance of using peptidomimetics as a 

strategy to inhibit RAS proteins. Sacco et al developed peptides derived from a specific 

sequence of a RASGRF1 (a RAS GEF) dominant negative mutant fused to the Tat 

transduction domain from HIV virus that confers cell-penetrating properties. This 

synthetic peptide reduced nucleotide exchange and downregulated proliferation and 

cell signaling in KRAS transformed cells, aside from migration and invasion capacities  

of human urothelial cancer cells334. However, the potency was not determined, nor 

off-target effects studied. More recently, another laboratory designed a cyclic 

inhibitory peptide generated via disulfide bonding between two cysteine residues, the 

KRpep-2d. This peptidomimetic presented a remarkably selectivity for KRAS-G12D 
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mutant in cell-free enzyme assay as well as in cell-based assays. In fact, it inhibited cell 

proliferation and downregulated MAPK signaling of cancer cells expressing KRAS-

G12D mutant, but not KRAS-G12C. Nevertheless, the efficacy was not enough for in 

vivo experiments335. In their next work  the researchers revealed that this 

peptidomimetic bound KRAS near the Switch II region and allosterically blocked 

protein−protein interactions with GEFs336. Finally, a peptidomimetic that could inhibit 

KRAS prenylation and C-RAF interaction was reported.  It was designed by covalent 

linking of the CAAX box and a compound mimicking the hexalysine domain of KRAS. 

This molecule was able to bind to the active pockets of FTase and GGTase, acting as a 

dual inhibitor of KRAS farnesylation and geranylgeranylation. This attribute allowed 

the peptidomimetic to inhibit KRAS association with the plasma membrane thus 

disrupting KRAS-C-RAF interaction337. Nevertheless, it showed limited activity.  

According to these data, the use of peptidomimetics appears to be a good therapeutic 

tool, but further studies would be necessary to optimize their mechanisms of action.    
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Figure 19. Therapeutic strategies for direct inhibition of RAS function. Therapeutic strategy for the direct 

inhibition of RAS, including inhibitors of RAS activation, inhibitors of mutant RAS, pan-RAS inhibitors, inhibitors 

of RAS dimerization with antibodies and inhibitors of the RAS-effectors interaction (Modified from Ryan et al, 

2018). 
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As mentioned in the introduction, our group has demonstrated that KRAS phosphorylation 

at Ser181 by PKC enhanced different signaling pathways, being important for cellular 

transformation, survival, and cell proliferation. Furthermore, this phosphorylation was 

required for tumor growth in animal models76,117,133,144. Additionally, our laboratory was the 

first to show that KRAS can bind to CaM77,111,112,119 and also that KRAS phosphorylation at 

Ser181 is inhibited by CaM113,117.  

Most recent studies of our group have been focused on investigating the relevance of KRAS 

phosphorylation at Ser181 specifically in colorectal cancer. The experiments were 

performed by using DLD-1 KO (KRASWT/-) CRC cancer cell lines stably overexpressing the 

exogenous HA-KRAS-G12V phosphorylation mutants: S181 (phosphorylatable mutant), 

S181A (non-phosphorylatable mutant) and S181D (phosphomimetic mutant) (published 

data in Barceló et al, 2014 and unpublished data Paco, N et al).  

Firstly, we showed that KRAS phosphorylation enhanced cell proliferation under serum-

limiting conditions (figure 20A), whereas PKC inhibition decreased KRAS phosphorylation, 

and reduced cell proliferation in these cells (figure 20B).   
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Figure 20. KRAS phosphorylation at Ser181 increases cell proliferation. (A) 3 x 104 DLD-1KRASWT/- cells stably 

expressing either HA-KRAS-G12V-S181, -S181A or -S181D were cultured under serum-limiting conditions (0.1% 

FBS) for 4 days and counted to evaluate the proliferation rate. Oncogenic KRAS exogenous protein levels from 

the different clones were analyzed by WB (upper panel). (B) DLD1KRASWT/- cells expressing HA-KRAS-G12V-S181 

or -S181D were treated with the PKC inhibitors Gö6983 (Gö) and BIM for 48 hours. Columns represent the growth 

rate estimated by the measurement of the absorbance in an MTT assay as a function of the initial cell number. 

To detect KRAS phosphorylation, Phos-Tag SDS-PAGE followed by WB using anti-KRAS specific antibodies was 

performed with protein extracts from the S181 or -S181D mutant cells treated or not with PKC inhibitors (Gö6983 

or BIM). Phosphatase λ incubation of the samples was used as a control of protein phosphorylation (Adapted 

from Barceló et al, 2014). 

 

By co-immunoprecipitation (co-IP) techniques, we had previously evidenced in HeLa cells 

that phosphorylation at Ser181 was important for the interaction of KRAS with its main 

effectors. Thereby, phosphomimetic KRAS mutant (S181D) showed higher interaction with 

active C-RAF and with the catalytic subunit of PI3K than the non-phosphorylatable mutant 

(S181A). (Figure 21)76.  

 

 

 

 

 

 

 

 

Figure 21. Oncogenic KRAS-S181D mutant shows higher interaction with C-RAF and PI3K than the S181A 

mutant. HeLa cells were co-transfected with myc-C-RAF and HA-KRAS-G12V-S181A or -S181D mutants (upper 

panel) or transfected only with HA-KRAS-G12V-S181A or -S181D mutants (lower panel), and co-IP of KRAS with 

C-RAF or PI3K were analyzed. IP was performed with anti-HA antibodies immobilized on agarose beads and the 

bound and input fractions were electrophoresed and then immunoblotted with anti-p110α PI3K, anti-C-RAF and 

anti P-S338-C-RAF (activating RAF phosphorylation) antibodies. (Adapted from Barceló et al, 2013). 
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According to these results, both phosphorylatable (S181) and phosphomimetic (S181D) 

KRAS mutant cells presented higher expression levels of P-AKT and P-ERK than S181A 

mutant. This result indicated that KRAS phosphorylation was a requirement for PI3K/AKT 

and MAPK signaling pathways activation (figure 22A) (Paco N, et al; unpublished). Moreover, 

S181D and S181 KRAS mutant cells expressed lower levels of cleaved caspase compared to 

S181A clones under Adriamycin treatment, indicating that the phosphorylation at this 

residue confers resistance to apoptosis (figure 22B)144.  

 

 

 

 

 

 

 

 

Figure 22. KRAS phosphorylation enhances MAPK and PI3K signaling pathways and confers resistance to 

apoptosis. (A) DLD-1KRASWT/- cells expressing KRAS-G12V-S181, -S181A or -S181D were cultured under growth 

factors (10% FBS) conditions.  Total lysates from the different cell clones were analyzed by immunoblot to detect 

the indicated proteins (numbers correspond to different clones). (B) DLD-1KRASWT/- cells stably expressing KRAS-

G12V phosphomutants were incubated with 5µM of the Adriamycin for 48 hours. Cells extracts, including cells 

recovered from supernatant, were immunoblotted against cleaved caspase to analyze apoptosis (numbers 

correspond to different clones). Actin was used as a loading control. (Adapted from Barceló et al, 2014). 

 

 

When analyzing the phenotype of the different clones, we  detected that KRAS-S181A 

mutant cells expressed epithelial markers such as E-cadherin and Claudin, whereas both 

KRAS-S181D and -S181 mutants showed mesenchymal markers such as ZEB-1, Vimentin, 

Slug and Snail (Paco N, et al; unpublished) (figure 23A). These data correlated with the 
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images obtained by phase-contrast microscopy (figure 23B) in which all cell clones displayed 

mesenchymal-like morphology but being less visible in KRAS-S181A expressing cells. These 

results suggest a putative role of KRAS phosphorylation promoting the EMT in these cells.  

 

 

 

 

 

 

 

 

 

 

 

Figure 23. KRAS phosphorylation induces the expression of mesenchymal markers. (A) DLD-1KRASWT/- cells 

expressing KRAS-G12V-S181, -S181A or -S181D were cultured under growth factors (10% FBS) conditions.   Cell 

lysates from the different clones were analyzed by immunoblot to detect the indicated proteins (numbers 

correspond to different clones). (B) phase-contrast images of DLD-1KRASWT/- cells stably expressing either HA-

KRAS-G12V-S181, -S181A and -S181D are shown. All scale bars, 50μm. 

 

Furthermore, ELISA analysis of secreted proteins by the different KRAS phosphomutant cells, 

showed that KRAS phosphorylation induced TGF-β1 secretion (figure 24) (Paco N, et al; 

unpublished).  
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Figure 24. KRAs phosphorylation induces TGFβ1 secretion. DLD-1KRASWT/- cells expressing KRAS-G12V-S181, -

S181A or -S181D were cultured under serum limiting conditions for 48 hours. Cell supernatants were collected 

and assayed by ELISA to detect TGF-β1 secreted to the culture medium by the cells. Data are presented by pg/mL 

of TGFβ secreted per million of cells. Data shown represent the mean ± SEM of independent experiments. 

Significant differences were assessed using one-way ANOVA and Tukey Multiple Comparisons Tests (*p-

value<0.05, **p-value<0.01, ***p-value<0.001, ****p-value<0.0001). The day of sample collection for the ELISA 

experiment, the levels of exogenous KRAS in cells were examined by immunoblot (left panel).   

 

Finally, our group examined the tumorigenic potential and metastatic capacity of the 

different KRAS phosphomutant cell lines when subcutaneously injected in nude mice. As 

shown in the figure 25A, KRAS-S181 derived-tumors were significantly larger compared to 

the non-phosphorylatable (S181A) derived-tumors144. No clear results were obtained 

regarding to KRAS-S181D derived-tumors. Preliminary experiments of analysis of the 

metastatic capacity evidenced that phosphomimetic mutant (S181D) cells induced a 

significantly elevated percentage of mice with metastasis as well as higher number of 

metastatic tumors in the liver compared to non-phosphorylatable mutant (S181A) (figure 

25B) (Paco, N et al; unpublished). Metastatic capacity was not evaluated in cells expressing 

phosphorylatable mutant (S181) due to its expression was not comparable to that of non-

phosphorylatable (S181A) and phosphomimetic (S181D) mutants.  
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Figure 25. KRAS phosphorylation promotes tumor growth and metastasis. (A) 1 x 106 DLD-1KRASWT/- cells stably 

expressing either oncogenic KRAS-S181, or -S181A were injected into each flank of nude mice. At day 28 mice 

were euthanized and tumors were dissected, measured, weighed and processed for analysis. Oncogenic KRAS 

exogenous protein levels from the different cell clones were analyzed by immunoblot the day of injection into 

mice (left panel). Actin was used as loading control.  The weight of excised tumors is showed in the right graph 

(each dot corresponds to a tumor). Significant differences were assessed using U Mann Whitney test (*p-

value<0.05, **p-value<0.01, ***p-value<0.001, ****p-value<0.0001). (B) 2 x 106 DLD-1KRASWT/- cells stably 

expressing HA-KRAS-G12V-S181A or -S181D were injected into spleen of nude mice. Spleen was removed at the 

day 3 after injection, and liver was removed at day 38 after injection to evaluate the number of metastasis. 

Oncogenic KRAS exogenous protein levels from the different cell clones were analyzed by immunoblot the day 

of injection into mice (upper left panel). Data shows the number of metastasis in the liver of each mouse (left 

graph) and the number of mice with or without metastasis in percentage (right panel). Significant differences 

were assessed using U Mann Whitney test or Chi-square statistical analysis, respectively (*p-value<0.05, **p-

value<0.01, ***p-value<0.001, ****p-value<0.0001). (Adapted from Barceló et al, 2014). 
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Therefore, the main conclusion was that KRAS phosphorylation at S181 is   involved in tumor 

growth and metastasis in CRC. Nevertheless, further investigations need to be done since 

the levels of expression of the oncogenic KRAS phosphomutants were much higher than 

those of the endogenous protein, and such an overexpression of the oncogenic form is not 

common in CRC. 

 

 

 

 



 

 



 

 

 

 

HYPOTHESIS AND OBJECTIVES 
 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



103 
 

Our general hypothesis is that the activity of oncogenic KRAS can be modulated by 

phosphorylation at Ser181 and that understanding the exact role of this modification will help to 

develop new therapies against cancers in which KRAS mutations are associated with bad 

prognosis. In contrast to the previous work of the group, and with the aim to reproduce more 

faithfully the tumor development conditions, we propose to investigate this by using colorectal 

cancer cell lines stably expressing exogenous HA-KRAS-G12V phosphorylation mutants at levels 

similar to those of endogenous KRAS. 

 

The objectives of this project are the following:  

1. To study the role of the phosphorylation at Ser181 of oncogenic KRAS in modulating tumoral 

properties of CRC cells expressing exogenous levels of oncogenic KRAS phosphorylation 

mutants similar to that of endogenous KRAS. To perform this objective, we will first generate 

from the CRC cells DLD-1 KO (KRASWT/-), the following stable cell lines exogenously expressing 

HA-KRAS-G12V-S181 (phosphorylatable mutant), S181A (non-phosphorylatable mutant) or 

S181D (phosphomimetic mutant); and next analyze: 

I. Activation of KRAS downstream signaling pathways: c-RAF-MEK-ERK and PI3K/AKT.  

II. Morphologic features and cell proliferation rates in 2D culture conditions.  

III. Morphologic features and growth capacity in 3D cultures conditions. 

IV. Gene expression patterns.  

V. Effects of PKC modulation on the expression of genes regulated by KRAS 

phosphorylation.  

VI. Tumor growth capacity.  

 

2. To generate, by CRISPR technology, CRC cell lines endogenously expressing the oncogenic 

KRAS phosphomutants and corroborate the results obtained in objective 1.  

 

3. To determine the efficacy and effects of treating cells with different peptidomimetics against 

the RAS effector domain, designed in silico for RAS inhibition by Iproteos technology 

(IPROTech). 
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1. Antibodies 

Table 1. Primary antibodies, commercial provider, reference and dilution used for WB. 

Primary antibodies Reference Source Dilution 

AKT Cell Signaling 9272 Rabbit 1:1000 

CDK4 Santa Cruz sc-749 Rabbit 1:500 

c-RAF BD Transduction 610151 Mouse 1:500 

E-Cadherin Cell Signaling 3195 Rabbit 1:1000 

α-E-Catenin Biolegends 844801 Mouse 1:100 

HNF4G Proteintech 25801 Rabbit 1:500 

KRAS AbCam 196630 Rabbit 1:1000 

Lamin B Santa Cruz sc-6217 Goat 1:200 

MEK Cell Signaling 9122 Rabbit 1:1000 

Neogenin 1 Proteintech 20246 Rabbit 1:500 

p44/42 MAPK (ERK1,2) Cell Signaling 9102 Rabbit 1:2000 

Phospho-AKT S473 Cell Signaling 4060 Rabbit 1:1000 

Phospho-AKT Thr308 Cell Signaling 4056 Rabbit 1:1000 

Phospho-c-RAF S338 Cell Signaling 9427 Rabbit 1:500 

Phospho-p44/42 MAPK T202/Y204 Cell Signaling 4370 Rabbit 1:2000 

Phospho-MEK S221 Cell Signaling 9121 Rabbit 1:1000 

Phospho-S6 ribosomal S235/236 Cell Signaling 2211 Rabbit 1:1000 

PI3K p110α Cell Signaling 4249 Rabbit 1:1000 

Ras Gap120 Santa Cruz sc-63 Mouse 1:200 

SERPINE1 R&D systems AF1786 Goat 1:100 

S6 Ribosomal Cell Signaling Mouse 1:500 

Trypsin AbCam ab211491 Rabbit 1:500 

α-Tubulin Sigma-Aldrich T9026 Mouse 1:2000 
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Table 2. Secondary antibodies, commercial provider, reference and dilution used for WB. 

Secondary antibodies Reference Dilution 

Anti-Goat IgG (whole molecule)-Peroxidase Sigma-Aldrich A5420 1/5000 

Anti-Mouse IgG (H+L) HRP Conjugate BioRad 170-6516 1/3000 

Anti-Rabbit IgG (H+L) HRP Conjugate BioRad 170-6515 1/3000 

 

 

Table 3. Primary antibodies, commercial provider, reference and dilution used for IF or IHQ. 

Primary antibodies Reference Source Dilution 

BrdU AbCam ab6326 Rat 1:250 

E-Cadherin Cell Signaling 3195 Rabbit 1:200 

E-Catenin Biolegends 844801 Mouse 1:100 

Integrin α6 R&D systems AF1350 Goat 1:200 

Ki-67 AbCam Rabbit 1:100 

MPM2 Millipore 05-368 Mouse 1:250 

Phospho-histone 3 Ser10 Millipore 06-570 Rabbit 1:100 

Phalloidin Alexa Fluor 594 Invitrogen A12381 - 1:500 

 

 

Table 4. Secondary antibodies, commercial provider, reference and dilution used for IF or 

IHQ. 

Secondary antibodies Reference Dilution 

Alexa 488 anti-mouse green Invitrogen A21202 1:500 

Alexa 647 anti-mouse red Invitrogen A31571 1:500 

Alexa 488 anti-rabbit green Invitrogen A21206 1:500 

Alexa488 anti-rat green Invitrogen A21208 1:400 

Ultra-Sensitive ABC Peroxidase Rabbit IgG staining 
kit 

Thermo Fischer Scientific 
32054 

1:200 
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2. Reagents and Kits  

Table 5. Reagents used, manufacturer and reference number.  

Reagent Reference 

Acrylamide/Bis-Acrylamide (37.5: 1) 30% (w/v) Bio Basic A0011 

Aprotinin Sigma-Aldrich A1153 

APC Annexin V BD Pharmingen 550474 

Bisindolylmaleimide I (BIM) Millipore 176504-36 

Bovine Serum Albumin (BSA) Sigma-Aldrich A7906 

Bromodeoxyuridine Sigma-Aldrich B5002 

DAPI Sigma-Aldrich D9564 

DH5α cells Life technology 18265-017 

3,3'-Diaminobenzidine (DAB)  

DMEM High Glucose Biological Industries 01-055-1A 

DMSO Sigma-Aldrich D2650 

Dithiothreitol (DTT) Sigma-Aldrich D0632 

Epidermal Growth Factor (EGF) Sigma-Aldrich E4127 

Eosin Yellowish  Panreac AppliChem 251299.1606  

Fetal Bovine Serum (FBS) Biological Industries 04-007-1A 

Folin-Ciocalteau Merck 109001 

F12 (HAM’s) Nutrient Mixture Biological Industries 01-0951A 

GeneJet in vitro DNA Transfection Reagent Signagen laboratorios SL100499 

Gö6983  Sigma Aldrich G1918 

HA-tag antibody crosslinked to agarose beads clone HA-7 Sigma-Aldrich A20956 

Hematoxylin de Harris Panreac AppliChem 256991.1610 

Igepal CA-630 (Nonidet-P40)  Sigma-Aldrich I3021 

Insulin-Transferrin-Sodium Selenite (ITS) liquid media 
supplement 

Sigma-Aldrich I3146 

Immobilon®-P transfer membranes Merck Millipore IPVH00010 

Leupeptine Sigma-Aldrich CL-2884 

L-Glutamine Sigma-Aldrich G8540 

Lipofectamine® 2000 reagent Invitrogen 11668-019 

Matrigel  Corning 356237 

MEM Non-Essential Amino Acids Solution Biological Industries 01-340-1 

Mowiol Sigma-Aldrich 81381 
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Paraformaldehyde (PFA) 
Electron Microscopy Sciences 

15710 

Penicillin-Streptomycin Biological Industries AAL-107 

Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich S6508 

Phos-tag™ Wako Chemicals GmbH AAL-107 

Ponceau Sigma-Aldrich P7170 

Precision Plus ProteinTM Unstained Standards BioRad 161-0363 

pSpCas9(BB)-2A-Puro plasmid  Addgene 62988 

Pyruvic Acid Sigma-Aldrich P5280 

RNase Sigma-Aldrich R4875 

SCR7 (inhibitor of NHEJ) Sigma-Aldrich SML1546 

Sodium Fluoride Sigma-Aldrich S7920 

Sodium Orthovanadate Sigma-Aldrich S6508 

TEMED Sigma-Aldrich T9281 

TPA (12-O-tetradecanoilforbol-13-acetate)  Calbiochem 524400 

Trypsin Gibco 15400-054 

W13  Calbiochem 681636 

Xylol  Panreac AppliChem 251769.2711 

 

 

Table 6. Kits used, manufacturer and reference number.  

Kits Reference 

cDNA reverse transcription kit  Thermo Fisher Scientific 4368814 

CellTiter 96® Aqueous One Solution Cell Proliferation Assay Promega G3580 

DeadEnd Colorimetric TUNEL System Promega G7360 

EZ-ECL kit (Enhanced Chemiluminescence  
Detection Kit for HRP) 

Biological Industries, 20-500-120 

GoTaq® qPCR master mix Promega A6001 

MTT Cell Growth Assay Kit Merck Millipore CT02 

Nucleo Bond® Xtra Midi Macherey-Nagel 740410 

RNeasy Mini Kit  Qiagen 74104 

Ultra-Sensitive ABC peroxidase staining kit  Thermo Fischer Scientific 32054 
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3. Solutions and buffers 

Table 7. Solutions and buffers used in the experimental approaches and composition.   

Solution Composition 

Annexin V 10X Binding Buffer 0.1 M Hepes pH 7.4, 1.4 M NaCl and 25 mM CaCl2 

Borate Buffer pH 8.5 100 mM Na2B4O7 · 10H2O pH 8.5 and 100 mM H2BO3 

Diaminobenzidine (DAB) buffer 1 mg/ml DAB, 0.03% H2O2 in PBS 1X 

Electrolyte buffer 25 mM Tris-HCl pH 8.3, 192 mM glycine and 0.2% SDS.  

Eosin solution 1 g Eosin, 20 ml deionized H2O and 80 ml Ethanol 96% 

HCl 0.1% 2M Triton denaturing 
solution 

2 M HCL-PBS and 0.1% Triton X-100 

Hydrogen peroxide 3% 3% H2O2 and 30% Methanol in PBS 1X 

Iodide Solution for FACS 1% Propidium Iodide and 0.1 µg/µl RNAse solution 

Laemmli sample buffer 4X 
30 mM phosphate buffer, 30% glycerol, 7% SDS, 0.15% 

DTT and 0.05% Bromophenol blue. 

Phosphate-Buffered Saline (PBS)  145 mM NaCl, 6 mM Na2HPO4, 2.5 mM NaH2PO4 

PBS-T 0.05% Tween in PBS 1X 

PBS cell culture  131 mM NaCl, 1.54 mM KH2PO4, 5.06 mM Na2HPO4 

Phos-tag lysis buffer 
50 mM Tris-HCl pH 8, 150 mM NaCl, 2 mM EDTA pH 8, 

10% glycerol and 1% Igepal 

Ponceau Protein Stain Solution 0.1% Ponceau reagent and 5% Acetic acid. 

 (Ras Extraction Buffer) 
20 mM Tris-HCl pH 7.5, 2 mM EDTA, 100 mM NaCl, 5 

mM MgCl2, 1%Triton X-100, 10%glycerol 

Sodium dodecyl sulfate (SDS) lysis 
buffer 

2% SDS and 67 mM Tris-HCl (pH 6.8) 

Sodium citrate 1X buffer 2 mM C6H8O7 and 8.2 mM Na3C6H5O7 · 2H2O pH 6 

Solution 1 for gel preparation 0.75 M Tris-HCl pH 8.8 and 0.2% SDS. 

Solution 2 for gel preparation 30% acrylamide and 0.8% bis-acrylamide 

Solution 3 for gel preparation 0.25% HCl pH 6.8 and 0.2% SDS 

Solution 1 for Lowry assay 2% Na2CO3 and 0.1 N NaOH 

Solution 2 for Lowry assay 0.5% CuSO4 

Solution 3 for Lowry assay 1% Sodium potassium tartrate 

Tris Buffer Saline (TBS)  50 mM Tris-HCl pH 7.5 and 150 mM NaCl. 

TBS-T 0.05% Tween in TBS 1X 

Transfer buffer 
25 mM Tris-HCl pH 8.8, 192 mM glycine, 0.2% SDS and 

20% ethanol or methanol. 



112 
 

4. Cell Culture 

4.1 Cell lines and maintenance  

− DLD-1 (KRASWT/KRASG13D): human colorectal adenocarcinoma cell line isolated by D. 

L. Dexter et al. in 1977338. DLD-1 cells have one WT allele of KRAS and one allele of KRAS 

carrying a G13D mutation. This cell line is dependent on KRAS under serum-limiting 

conditions. Besides KRAS-G13D mutation, DLD-1 cells present mutations in CRC critical 

genes as TP53 (S241F) and PIK3CA (E545K; D549N). Moreover, it is classified in CMS1 

and has microsatellite instability (MSI) among other characteristics241. DLD-1 cell line 

was obtained from Horizon Discovery Ltd. 

− DLD-1 KO (KRASWT/-): DLD-1 cell line with a heterozygous knockout of mutant KRAS 

allele. It was obtained from Horizon Discovery Ltd. (clone D-WT7, #HD105-002; 

http://www.horizondiscovery.com). DLD-1 KO cells were generated using the 

proprietary adeno-associated virus (AAV) gene targeting technology GENESIS.  

− SW480: human colorectal adenocarcinoma cell line with a G12V mutation in both KRAS 

alleles. It was obtained from the American Type Culture Collection (ATCC).  

− MPANC-96:  human pancreatic tumor cell line established from a metastatic site of 

PDAC. This cell line has a heterozygous KRAS G12D mutation, and it is dependent on 

KRAS under serum-limiting conditions.  

− HPAF-II: human pancreatic tumor cell line established from a metastatic site of PDAC. 

This cell line has a heterozygous KRAS G12D mutation, and it is dependent on KRAS 

under serum-limiting conditions.  

− PA-TU 8902: human pancreatic tumor cell line established from a PDAC. This cell line 

has a heterozygous KRAS G12V mutation, and it is dependent on KRAS under serum-

limiting conditions. 
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− SW1990: human pancreatic tumor cell line established from a metastatic PDAC in the 

spleen. This cell line has a heterozygous KRAS G12V mutation, and it is independent of 

KRAS at low serum conditions. 

− PA-TU 8988-T: human pancreatic tumor cell line established from a metastatic PDAC in 

the liver. This cell line has a heterozygous KRAS G12V mutation, and it is independent of 

KRAS at low serum conditions. 

− PANC-1: human pancreatic tumor cell line established from a PDAC. This cell line has a 

heterozygous KRAS G12D mutation, and it is independent of KRAS at low serum 

conditions. 

− HeLa: human cervix adenocarcinoma cell line with no KRAS mutations. It was obtained 

from ATCC.  

− hTERT-RPE: human retinal pigmented epithelial normal cell line immortalized with 

hTERT. It was obtained from ATCC.  

 

PDAC cell lines were kindly provided by Prof. Dr. A. Kimmelman (Harvard Medical School, 

Boston USA). 

DLD-1, DLD-1 KO and hTERT-RPE cell lines were maintained in DMEM-HAM’s F12 (1:1) while 

PDAC, HeLa and SW480 cell lines were maintained in DMEM medium. All mediums were 

supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 50 U/ml penicillin, 50 

µg/ml streptomycin, 1 mM acid pyruvic and 1% nonessential aminoacids. The supplements 

were filtered before being added to the medium in order to maintain sterility. All cell lines 

were maintained at 37ºC and 5% partial pressure of CO2. The manipulation of cells was 

performed in a laminar flow hood (Mars Safety Class 2), in sterile conditions. 
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4.2 Cryopreservation  

In order to maintain cells during long periods, cell lines were cryopreserved in liquid nitrogen 

in complete medium containing 10% dimethyl sulfoxide (DMSO) as following. DMSO is a 

cryoprotective agent that reduces the formation of ice crystals.  

Cells from 75 or 150 cm2 cell culture flask were washed three times with Phosphate-Buffered 

Saline (PBS) from cell culture and 2 or 4 ml of trypsin, respectively, were added. After trypsin 

inactivation with complete medium, cells were detached from cell culture flask, collected in 

sterile canonical tubes and centrifuged at 650 g for 5 minutes at 4ºC. Then, supernatants 

were removed, and pellets were resuspended in 3 ml of complete medium. Three cryotubes 

were labeled and 0.9 ml of cell suspension was transferred to each of the three cryotubes. 

Following, 100 µl of DMSO was added to 1 ml final volume.  Next, cryotubes were 

immediately shaken and transferred to dry ice. Finally, vials were stored in a liquid nitrogen 

container.  

When required, frozen cells in cryotubes were slowly thawed by adding small volumes of 

fresh complete medium, and then collected in a tube containing 10 ml of fresh 

supplemented medium to dilute DMSO. After spinning at 650 g for 5 minutes at 4ºC, 

supernatants were removed, and cell pellets were resuspended in 10 ml of complete 

medium. Finally, cell suspensions were transferred to a 25 or 75 cm2 cell culture flask.  

 

 

4.3 Generation of stable cell lines 

4.3.1 DLD-1KRASWT/- cells stable expressing oncogenic KRAS phosphomutants 

DLD-1 KO (KRASWT/-)  stable cell lines expressing either HA-KRAS-G12V-S181, HA-KRAS-

G12V-S181A, or HA-KRAS-G12V-S181D were obtained from DLD-1 KO  cells after being 

transfected with the specific HA-KRAS-G12V plasmids117 (1 µg) and a puromycin resistance 

plasmid (pSG5A) (25 ng) in a proportion 40:1 for 24 hours, using lipofectamine 2000. The day 
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of transfection cells were at 80% confluence. Following, cells were seeded in p100 dishes (87 

mm) and next day selected with 4 µg/ml puromycin. After selection, clones or pools were 

obtained and the expression levels of exogenous oncogenic KRAS phosphomutants were 

analyzed.  

 

4.3.2 SW480 cells stable expressing oncogenic KRAS-S181A 

SW480 cells with one oncogenic KRAS allele containing the S181A mutation was 

generated by single guide Cas9-based CRISPR technology.  The PAM, guide and ssODN were 

chosen as previously indicated 339. Guide was cloned in pSpCas9(BB)-2A-Puro plasmid in BbsI 

site. Cells (35 mm plate (p35), 80% confluence) were transfected with HA-KRAS-G12V-S181A 

plasmid (1 µg) plus the ssODN (1.25 µg) using GeneJet in vitro DNA Transfection Reagent. 

After 4 hours, SCR7 (inhibitor of NHEJ) at 1 µM final concentration was added and 20 hours 

later cells were seeded in a p100 plate. 24 hours later (48 hours after transfection) 

puromycin was added for further 24 hours at 4.25 µg/ml final concentration. Clones resistant 

to puromycin were collected 2 weeks later.  Specific PCR primers for the modified sequence 

of the DNA and DNA Sanger sequencing were used to identify knock-in clones. mRNA and 

cDNA from the clones used in this work were obtained, and the full sequence of KRAS cDNA 

was checked. 

Guide: TTAAGGCATACTAGTACAAG       

PAM: TGG (SpCas9 3’side): On target score 56.3340 Off target score 79.8341  

ssODN KRAS 181A: 

CTTCTATACATTAGTTCGAGAAATTCGAAAACATAAAGAAAAGATGAGCAAAGATGGTAAAAAGA

AGAAAAAGAAGGCCAAAACTAAGTGTGTAATTATGTAAATACAATTTGTACTTTTTTCTTAAGGCAT

ACTAGTACAAGTGATAATTTTTGTACATTACACTAAATTATTAGCATTTGTTTTAGCATTACCTAATT 
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5. Bacterial transformation  

Transformation is the genetic alteration of bacterial cells resulting from the direct uptake 

and incorporation of exogenous DNA through the cell membrane. It is a technique employed 

to amplify DNA. A tube containing frozen Dh5α competent E. Coli cells was thawed for 30 

minutes on ice. Next, 50 µl of cells were incubated with 0.5 µg of DNA plasmid for 30 minutes 

on ice; and then heat-shocked at 42ºC for 45 seconds by placing the tube in a dry bath. 

Immediately, cells were transferred to ice for 2 minutes. Hereinafter all steps were 

performed on sterile conditions (near flame). Consecutively, 0.8 ml of sterile L-Broth (LB) 

without antibiotics were added to the cells and incubated for 1 hour at 37ºC. After that, 100 

µl of cells were plated on a LB/Agar plate containing the antibiotic for selection (plasmids 

used for bacterial transformation have a specific antibiotic resistance); and the rest of the 

cells were centrifuged at 2400 g for 30 seconds. Most of LB was removed, leaving 100 µl to 

resuspend the cells which were seed on a new LB/Agar plate containing antibiotic. Finally, 

plates were incubated upside down overnight (O.N) at 37ºC. 

Next day, surviving bacterial colonies were those that had incorporated the plasmid since 

they were resistant to the antibiotic. Three colonies were selected and introduced in three 

different tubes containing 6 ml of LB with the antibiotic of selection. Then, transformed 

bacteria were incubated shaking at 37ºC O.N to let them grow. Finally, to maintain the cells 

for a longer period, 1.5 ml of bacteria were collected in a cryotube. Subsequently, 0.5 ml of 

glycerol (60%) were added, mixed and the cryotubes rapidly stored at -80ºC.  The remaining 

bacterial culture (4.5 ml) was used to plasmid purification.  

 

5.1 Plasmid purification  

PureYieldTM Plasmid Miniprep System (to obtain 15 µg of DNA) or NucleoBond®Xtra Midi 

system (to obtain until 750 µg of DNA) were used to purify the amplified plasmids from 

transformed bacteria.  In both cases manufacturer’s instructions were followed. 
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DNA concentration was quantified using a nanodrop (ThermoFisher Scientific), and DNA 

sequencing was outsourced to the Sequencing Service of CSIC-IRTA, UAB campus, CRAIG 

building, Bellaterra. 

 

5.2 Cell transfection  

Cells were transiently transfected following the commercial protocol of LipofectamineTM. 

Lipofectamine creates liposomes around the vectors which are introduced into the cells 

through the plasma membrane, allowing the expression of proteins of interest.  Briefly, cells 

were cultured in p60 plates (53 mm) to be 70% confluent the day of the transfection. 15 µg 

of DNA and 30 µl of Lipofectamine were added into two different tubes containing 0.5 ml of 

non-supplemented DMEM. Then, both solutions were mixed and incubated for 20 minutes 

at room temperature (RT). Meanwhile, cells were washed with PBS from cell culture and 9.5 

ml of DMEM (supplemented, except with antibiotics to avoid lipofectamine inhibition) was 

added. After that, the mixture containing DNA and Lipofectamine was poured in the cells 

and incubated for 6 hours. Finally, the medium was replaced by complete fresh medium, 

and cells were collected after 48 hours.   

 

 

6. Electrophoresis and Western Blot (WB) 

6.1 Sample preparation  

6.1.1 Cell lysates 

Cultured cells were washed three times with cold PBS and lysed in a buffer containing 67 

mM Tris-HCl pH 6.8, and 2% Sodium dodecyl sulfate (SDS). Cells were collected directly by 

scraping. Then, samples were heated at 97ºC in a dry bath for 15 minutes and centrifuged 

at 10000 g for 1 minute at RT.  After that, the supernatant was saved for further protein 

quantification.   
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6.1.2 Tumors 

Tumors were lysed in Ras extraction buffer (REB) supplemented with a cocktail of proteases 

and phosphatase inhibitors (150 nM Aprotinin; 20 µM Leupeptin; 1 mM PMSF; 5 mM NaF 

and 0.2 mM Na2VO4) and with 1 mM Dithiothreitol (DTT). Initially, the tumors were placed 

in a tube and maintained on ice. Depending on tumors size, a range between 500 – 900 µl 

of REB was used. For DLD-1 KO derived tumors (very small), this volume was 200 – 250 µl. 

Then, tumors were disrupted and homogenized (maintained on ice) using a TissueRuptor 

(Qiagen).  As many disruption cycles as required were applied for 30 seconds at medium 

speed. Some disruption cycles at full speed were necessary to complete homogenization of 

the samples. In order to increase the efficiency of the process the tip of the TissueRuptor 

was continuously stirred within the sample. Once tumor samples were complete 

homogenized, they were maintained for 10 minutes on ice and centrifuged at 21900 g for 

10 minutes at 4ºC. Finally, the supernatant was saved for further protein quantification.  

 

6.2 Protein quantification  

In this thesis the Lowry assay for quantification of protein concentration was used. It is based 

on the Biuret method and consists of two reactions. In the first, peptides react with copper 

to form a cuprous complex under alkaline conditions. In the second one, the Folin–Ciocalteu 

reagent (phosphomolybdic/phosphotungstic acid) is added. This interacts with the cuprous 

ions and oxidizes tyrosine, tryptophan, and cysteine to produce the blue-green color 

heteropolymolybdenum, which absorbs light at 750 nm.  The Lowry assay was performed in 

96-well plates and different concentrations of Bovine Serum Albumin (BSA) (from a 1 μg/μl 

stock solution) as standards for calibration were used.   

First, samples and standards were prepared twice as indicated in table 8. Then, the Lowry 

solution A was prepared following the 48:1:1 ratio of solutions 1 (2% Na2CO3 and 0.1 M 

NaOH), 2 (0.5% CuSO4) and 3 (1% sodium potassium tartrate).   
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Table 8. Volumes required for standard curve and samples.  

 BSA (µL) Sample (µL) Lysis buffer (µL) H2O (µL) 

Standard curve 

0 - 2 43 

1 - 2 42 

2 - 2 41 

4 - 2 39 

8 - 2 35 

16 - 2 27 

32 - 2 11 

 40 - 2 3 

Sample - 2 - 43 

 

Next, 225 µl of Lowry solution A were added to each well, mixed well by pipetting and 

incubated for 10 minutes at RT.  

Meanwhile, the Lowry solution B was prepared following the 1:1 ratio of Folin- Ciocalteu 

reagent and deionized water. Next, 22.5 µl of Lowry solution B were added to each well and 

mixed well by pipetting. After an incubation for 30 minutes at RT, absorbance at 750 nm was 

measured in a multimode plate reader (Spark®, TECAN). The simple linear regression was 

assessed with the standards absorbance values. Finally, the average of absorbance values of 

each sample was interpolated, and protein concentration was calculated.  

Once protein concentrations were calculated, 15 or 20 µg of protein per sample and buffer 

4X were prepared for SDS-PAGE following the 3:1 ratio.    

 

6.3 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Electrophoresis is a method of separation and analysis of macromolecules and their 

fragments based on their size and charge. The SDS-polyacrylamide gels can be prepared at 

different concentrations of acrylamide, which provides different pores sizes  as needed to 

separate proteins depending on their molecular weight (high polymer concentration for 

small molecules and vice versa).The SDS  added to the samples, to the running buffer and to 
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the gels is used to negatively charge and denature proteins that are thus directed to anode 

when an electric field is applied. Proteins advance towards the positive pole at different 

speed according to their size and in this way, they physically separate one of the others.   

Gels are made up of two sections, the stacking that due to its large pores allows the 

alignment of proteins of the loaded samples; and the resolving with the adequate size pores 

to let the proteins to separate according to their molecular weight.  Depending on the size 

of the protein to be identified, gels were prepared at different acrylamide concentrations as 

indicate in the table 9. 

 

Table 9. Volumes of solutions required for resolving and stacking gel preparation.  

 
Resolving gel Stacking gel 

6% 8% 10% 12%  

Solution 1 (ml) 

0.75M Tris-HCl pH 8.8, 

0.2% SDS 

5 5 5 5 - 

Solution 2 (ml) 

30% Acrylamide, 

0.8% Bis-acrylamide 

2 2.8 3.4 4 0.36 

Solution 3 (ml) 

0.25M Tris-HCl pH 6.8, 

0.2% SDS 

- - - - 1.5 

H2O (ml) 3 2.2 1.6 1 1.2 

Temed (µl) 14 14 14 14 7.5 

Ammonium persulfate 

(APS) 13% (µl) 
50 50 50 50 30 

 

Once the resolving gel was prepared by adding the polymerizing agents (Temed and APS) 

the last, the mix was poured between the two glasses of the gel building structure. Then, 1 

ml of deionized water was carefully added on top to allow acrylamide polymerization, which 

requires oxygen-free conditions. Next, after removing the water, the freshly prepared 

stacking mix was poured on top of resolving gel and the comb was inserted quickly to set up 

the loading wells.  
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Finally, the polymerized gel together with the glasses were assembled on the 

electrophoresis system (Mini-PROTEAN, BioRad) filled with running buffer, and the comb 

was removed. Samples and molecular weight marker (Precision All Blue or Low or High 

Range Unstained Protein Standards) were loaded into the wells using a Hamilton syringe. A 

constant current of 35 mA per gel was applied until the colored front of the samples reached 

the end of the gel. Next, the electro-transference of the proteins from the gel to a blotting 

membrane was performed.  

 

6.4 Protein transfer to a blotting membrane 

Once proteins were separated by their molecular weight in an SDS-gel, they were transferred 

to polyvinylidene fluoride (PVDF) membrane in order to perform WB. 

First, since PVDF membranes are hydrophobic they were hydrated with an alcohol solution 

above 50% (methanol in this case) for 30 seconds, and then soaked in water and in transfer 

buffer for 2 minutes each. After that, gel and membrane sandwich were assembled within a 

gel holder cassette, stacked and placed into the transfer tank, and transferred to transfer 

bucket filled with buffer, as visualize in figure 26. Sponges and filter paper sheets 

(Whatman), used to build up pressure inside the cassette, were previously soaked in transfer 

buffer.  

 

 

 

   

 

Figure 26. Diagram of protein transfer from gel to PVDF membrane. (Adapted from https://www.creative-

diagnostics.com/The-Basis-of-Western-Blot.htm). 
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Electro-transfer was performed at 70 V for 2 hours or at 20 V O.N in the refrigerator (4ºC). 

Finally, when transfer was finalized, membranes were dried for further analysis.  

 

6. 5 Total protein detection: Ponceau S staining  

The ponceau S staining is a sodium salt of diazo dye used to do a rapid and reversible stain 

to visualize proteins bands on nitrocellulose or PVDF membranes. When the membranes are 

washed with water the dye is removed. During this thesis, the Ponceau staining has been 

used to check the efficacy of the electrophoresis and protein transfer as well as if the 

samples were correctly loaded. Additionally, it allowed us to visualize the protein standards. 

Therefore, once the membranes were dried, they were incubated with Ponceau for 1 minute 

at RT. Then, protein standards were marked with a pencil and the excess of staining was 

eliminated after several washes with distilled water.   

 

6.6 Blocking  

Since PDVF membranes has a high capacity to bind proteins, in order to avoid non-specific 

bindings during incubation with the antibodies, membranes must be blocked. In this thesis, 

membranes were saturated with a solution of BSA in Tris Buffer Saline (TBS).  

After Ponceau staining, membranes were completely dried again. Next, they were 

rehydrated with methanol for 30 seconds, and then soaked in water and in TBS for 2 minutes 

each. Finally, blocking was performed by incubating the membranes in a 5% BSA solution in 

TBS for 1 hour at RT by shaking. 
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6.7 Western blot: Immunological detection 

6.7.1 Hybridization with primary and secondary antibodies 

In order to detect specific proteins among those transferred, the blotting membrane is 

incubated with primary antibodies that specifically recognize the protein of interest. 

Another incubation with secondary antibodies, directed to the constant domain of the 

primary antibodies and usually linked to a reporter enzyme, allows visualization. 

So, once blocked, membranes were incubated with the primary antibodies diluted in TBS-

Tween 20 (TBS-T) containing 5% of BSA O.N at 4ºC by shaking.  

Next day, the excess of primary antibody was removed by washing the membrane three 

times for 10 minutes with TBS-T at RT by shaking. Then, membranes were incubated with 

secondary antibodies diluted in a solution of 2.5% of milk powder in TBS for 1 hour at RT by 

shaking. Finally, the excess of secondary antibody was removed by washing the membrane 

three times for 10 minutes with TBS-T at RT by shaking and maintained in TBS until protein 

visualization.  

 

6.7.2 Chemiluminescence detection and imaging 

The last step of WB is to detect the proteins of interest that have been labeled with specific 

antibodies.  In this thesis, the reporter enzyme horseradish peroxidase coupled to the 

secondary antibodies was used.  This catalyst oxidizes luminol when peroxide hydrogen is 

added, a reaction that radiates light (chemiluminescence).  Protein detection was assessed 

by the enhanced chemiluminescence system using the ECL-EZ detection kit and light emitted 

was captioned and quantified with the ChemiDoc imaging system (BioRad).  
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7. Cell proliferation and survival assays 

In order to study cell proliferation and survival different experimental approaches were 

followed during this thesis.  

 

7.1 Cell proliferation assay based on crystal violet staining 

Crystal violet dye interacts with DNA and proteins; thus, it allows to detect and quantify 

adhered cells, which corresponds to living cells at the time of staining. Since dead cells miss 

their adherent properties, they are lost during the staining protocol.   

3x104 cells were seeded in triplicates in 12-well plates in DMEM-HAM’s F12 10% FBS. Cells 

were washed twice with cold PBS and fixed with 0.4 ml paraformaldehyde (PFA) 4% in PBS 

for 15 minutes after 24, 48, 72 and 96 hours. After washing twice with PBS, cells were stained 

with 0.25% crystal violet in deionized water for 5 minutes. Then, cells were washed several 

times with distillated water to remove the excess of dye. After drying, absorbance was 

measured with a multimode plate reader (Spark, Tecan, Männerdorf, Switzerland) at 595 

nm. The absorbance measured of wells without cells was used as a reference. Finally, 

proliferation ratio was calculated for each clone at 96 hours with respect to 24 hours.   

 

7.2 Cell cycle analysis by flow cytometry  

Flow cytometry allows to examine the cell cycle from different perspectives.  In this thesis, 

the DNA content, the percentage of cells in S phase and the percentage of mitotic cells have 

been studied by combining propidium iodide (PI) DNA staining, bromodeoxyuridine (BrdU, 

thymidine analog) incorporation into DNA, and mitosis specific antibodies (MPM-2), 

respectively. Accordingly, cells were cultured in 35 mm plates under serum-limiting 

conditions for 48 hours and then, incubated with 10 µM of BrdU for 30 minutes. After that, 

the cell culture medium containing detached cells was transferred to a canonical tube. The 

attached cells remaining in the plate were washed three times with 1 ml cold PBS and then 



125 
 

incubated with 0.4 ml trypsin for 5 minutes. After trypsin inactivation with 1 ml DMEM-

HAM’s F12 10%FBS, cells were collected to the same previous tube, and centrifuged at 650 

g for 5 minutes at 4ºC.  Pellets were washed with 3 ml cold PBS and centrifuged at 650 g for 

5 minutes at 4ºC. Finally, they were resuspended with 5 ml of cold PBS diluted 1:10 in cold 

ethanol 70% and kept at -20ºC for 2 hours to fix the cells. Samples can be stored at -20ºC for 

several months.   

Fixed cells were centrifuged at 650 g for 5 minutes at 4ºC, washed with 3 ml PBS-Tween 20 

(PBS-T) to remove the ethanol and centrifuged again. For DNA denaturalization, cells were 

incubated in 2 ml 2M HCL diluted in PBS containing 0.1% Triton X-100 for 15 minutes at RT. 

Then, HCL was neutralized with 4 ml borate buffer pH 8.5 and cells were centrifuged at 650 

g for 5 minutes at 4ºC. The last step was repeated twice. After that, cells were washed with 

3 ml PBS-T, centrifuged and incubated in 1 ml blocking solution (PBS-T containing 3% of BSA) 

for 1 hour at RT, in Eppendorf tubes.  Next, cells were centrifuged as above and then 

incubated with both primary antibodies anti-BrdU (1:250) and anti-MPM2 (1:250) diluted in 

blocking solution for 1 hour at RT in rotation (50 µl/sample). Later, cells were centrifuged at 

650 g for 5 min at RT and washed with 1 ml PBS-T. Then, they were incubated with both 

secondary antibodies Alexa488-conjugated anti-rat (1:400) and Alexa647-conjugated anti-

mouse (1:500) protected from light for 45 minutes at RT (50 µl/sample). Finally, cells were 

again centrifuged and washed with 1 ml PBS-T, and then resuspended and incubated in 0.5 

ml PBS containing 1% PI and 0.1 µg/µl RNAse for 30 minutes at 37ºC. Flow cytometry analysis 

was performed with the BD FACSCalibur™ Cell Analyzer and the data was analyzed with 

FlowJo software.  

 

7.3 Cell viability assay (MTT) 

MTT is a colorimetric assay that is performed to assess metabolic cell activity and therefore, 

cell viability. The reduction of tetrazolium dye MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] to formazan, which depends on mitochondrial activity, allows 
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to reflect the percentage of viable cells. Specifically, the cell viability is observed when the 

MTT, a yellow compound, is reduced to formazan, a dark purple no soluble molecule, which 

is solubilized by adding an acidified 2-propanol solution. The absorbance of this dark 

compound can be detected at specific wavelength (maximum peak around 630nm). MTT 

assays are usually performed to test the biological effects of a drug or compound on cell 

viability, but in our case, it was used to analyze and compare survival between different cell 

lines under serum starved conditions for 48 hours.   

5x103 cells were resuspended in 100 µl DMEM-HAM’s F12 0.1% FBS and seeded in 

sextuplicate in two 96-well plates. In order to define the initial conditions, the day after 

seeding, cell viability was quantified in one of the plates using MTT Cell Growth Assay Kit 

following the manufacturer’s instructions. Briefly, cells were treated with 10 µl of AB 

solution and incubated at 37ºC for 4 hours. Then, 100 µl isopropanol with 0,04 N HCl was 

added and mixed thoroughly by pipetting. Absorbance was measured at 570 nm and at 630 

nm, as a reference, using a multimode plate reader (Spark, Tecan). The second plate was 

incubated under 0.1% FBS conditions since then for 48 hours more, and then quantified with 

MTT Cell Growth Assay Kit as mentioned above. The defined final conditions were relativized 

to the initial ones, and a cell viability ratio was obtained for each cell clone.  

 

8. Annexin V assay 

Annexin V apoptosis assay is used to determine the number of apoptotic cells within a cell 

population.  Annexin V is a Ca2+ dependent phospholipid-binding protein, which binds to 

cells with exposed PtdSer.  In the apoptotic cells PtdSer residues, which are localized in the 

inner layer of the plasma membrane in healthy cells, translocate to the outer layer, 

consequently being exposed to the external cell environment. This method takes advantage 

of this event and consist of incubating the cells with Annexin V conjugated with a 
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fluorophore (APC). The fluorescent protein will only be able to bind to apoptotic cells since 

are the only ones with exposed PS, thus allowing their detection. 

In this thesis, cells were seeded in 35 mm plates and cultured in DMEM-HAM’s F12 0.1% FBS 

for 48 hours. After that, the cell culture medium containing detached cells was transferred 

to a canonical tube. The attached cells remaining in the plate were washed three times with 

1 ml cold PBS and then incubated with 0.4 ml trypsin for 5 minutes. After trypsin inactivation 

with 1 ml DMEM-HAM’s F12 10%FBS, cells were transferred to the same previous tube, and 

centrifuged at 650 g for 5 minutes at 4ºC. Following, cells were resuspended (without 

previous permeabilization) with 0.5 ml Annexin V binding Buffer 1X (Annexin V binding 

buffer 10X diluted 1:10 in PBS) containing 2 µl APC Annexin V and 0.1 µg/ml PI.  Cells were 

incubated for 15 minutes with this solution and immediately examined by flow cytometry 

with BD FACSCaliburTM Cell Analyzer. The data generated were analyzed with the FlowJo 

software.  

 

 

9. Cell migration assay 

The Boyden chamber assay (or transwell cell migration assay) is a method to measure the 

capacity of cells to move towards a chemo-attractant gradient. It is based on a chamber of 

two medium-filled compartments separated by a microporous membrane (8 µm pore size 

in this case). The cells are placed in the upper compartment and are allowed to migrate 

through the microporous into the lower compartment, filled with chemotactic agents. 

In this thesis, previously seeding, the upper compartment was covered over night with 

DMEM-HAM’s F12 0.1% FBS. The lower compartment was filled with 0.6 ml of DMEM-HAM’s 

F12 10% FBS as an attractor. Next day, the medium of the upper compartment was removed 

and 5x104 cells resuspended in 100 µl DMEM-HAM’s F12 0.1% FBS were seeded. After 72 

hours, nuclei of cells were stained with 5 µg/ml Hoechst for 1 hour. Hoechst was directly 
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added to the upper and lower compartments. Finally, cells that had moved through the 

membrane were visualized by SP5 confocal microscopy (Leica). Migrating cells in 4 

consecutive high-power fields (objective 63X) were obtained. Cells were counted using 

Image J software and the mean was calculated.  

 

 

10. 3D cell culture assays 

10.1 Soft Agar colony formation assay  

The soft agar colony formation assay is an in vitro method to study the capability of cells to 

grow independently of a solid surface (anchorage-independent growth), which is one of the 

main characteristics of transformed cells.  

First, 1 ml 0.5% agar solution (DMEM-HAM’s F12 10% FBS, agar solution 2% (previously 

autoclaved) in a 3:1 proportion) was evenly added in 6-wells plates.  It must be taken into 

consideration that soft agar solution must be maintained at 45ºC before the experiment and 

during the preparation to avoid its solidification. In order to solidify the agar layer, the 6-

wells plates were kept for 15 minutes at 4ºC and then for 10 minutes at RT. Before seeding, 

the plates were maintained at 37ºC in the incubators.  Then, 3x103 cells diluted in 1 ml of 

0.3% agar solution (DMEM-HAM’s F12 10% FBS, agar solution 0.6% (previously autoclaved) 

in a 1:1 proportion) were seeded in triplicates in the 6-well plates containing the 0.5% agar 

layer. Finally, the plates were placed at 37ºC in the incubator for 20 minutes and then, 1 ml 

DMEM-HAM’s F12 10% FBS was added to each well. After 10 days, images of the colonies 

grown in soft agar were obtained by the MZSLIII stereomicroscope (Leica). Colonies were 

counted using the Image J Software.   
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10.2 Matrigel-based 3D cell culture in vitro  

Matrigel is a basement membrane mixture extracted from the Engelbreth-Holm-Swarm 

(EHS) mouse carcinoma. This hydrogel contains the following extracellular matrix (ECM) 

components: laminin, collagen IV, heparan sulfate proteoglycans, entactin/nidogen, and 

several growth factors. It is used as in vitro model of 3D cell culture that better mimics the 

cell growth conditions in vivo. 

3D on-top Matrigel assay was performed following the Materials and Methods protocol from 

Nat. Methods (figure 27)342. It must be taken into consideration that Matrigel and material 

required must be maintained at 4ºC before the experiment and during the preparation to 

avoid its solidification.  

Before seeding, 24-wells plates were evenly covered with 120 µl of Matrigel (8.1 mg/ml and 

<1.5 mg/ml endotoxin) and placed at 37ºC for 30 minutes to let it to solidify.  Then, plates 

were washed with 0.5 ml of non-supplemented medium to remove the excess of Matrigel.  

After that, 2.5x104 cells suspended in 0.4 ml DMEM-HAM’s F12 supplemented with 1% of 

ITS (Insulin, Transferrin and Sodium Selenite) were seeded in triplicates in the Matrigel-

containing 24-well plates. Subsequently, the plates were moved at 37ºC for 30 minutes and 

gently waved every 5 minutes. Finally, cells were overlaid with 250 µl of a 10% solution of 

the same matrix diluted in DMEM-HAM’s F12 supplemented with 1% of ITS.  Images of the 

cells growing in 3D (structures defined by us as organoid-like by their similarity to the 

morphology of organoids) were taken with the phase-contrast microscope at day 3 and 7.  

 

 

 

 

Figure 27. Scheme of cells growing on cell culture plastic (2D) (left), in the 3D embedded assay 

(middle), and in the 3D on-top assay (right). Adapted from Nat. Methods protocol342. 

2D 3D embedded 3D on-top 
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10.3 Immunofluorescence of cells growing in Matrigel-based 3D cell culture 

Organoid-like structures of growing cells were fixed and directly immunostained following 

option C of the protocol for whole-culture fixation342. This method was used to avoid 

disruption of the 3D organization of the cells during the process of extraction from Matrigel.  

After seven days of being the cells growing in Matrigel, the medium was removed, and the 

organoid-like structures were washed twice with 0.5 ml cold PBS and fixed with 0.4 ml PFA 

4% for 10 minutes at RT. Then, they were rinsed twice with 0.3 ml PBS containing 100 mM 

glycine for 10 minutes at RT to stop the fixation. After washing once with 1 ml PBS, they 

were stored in PBS O.N at 4ºC. Fixed 3D cultures may be stored at 4 °C for up to 4 days. Next 

day, PBS was removed, and cells were permeabilized with 0.5 ml PBS containing 0.1% of 

saponin for 5 minutes at RT and blocked with 0.5 ml 1% BSA-PBS for 1 hour at 37ºC. After 

blocking, the cells were incubated with the primary antibodies diluted in 0.4 ml PBS 

containing 0.1% BSA-0.02% saponin for 1 hour and 30 minutes at 37ºC.  Then, the organoid-

like structures were washed three times with 1 ml PBS and were incubated with the 

secondary antibodies diluted in 0.4 ml PBS containing 0.1% BSA-0.02% saponin for 1 hour at 

37ºC. Finally, they were washed three times with 1 ml PBS and nuclei were counterstained 

with DAPI (1 mg/ml, 1:10000) for 5 minutes. After washing, they were covered with Mowiol 

mounting medium. Confocal sections of the cells were obtained with the LSM880 confocal 

microscope (ZEISS). 

 

10.4 Cell invasion assay  

The Boyden chamber assay is also used to analyze the invasive capacity of cells.  The 

difference is that in this type of experiment, the upper compartment of the chamber is 

previously covered with Matrigel, thus cell invasiveness instead of migration capability can 

be tested. As mentioned above, Matrigel and material required must be maintained at 4ºC 

before the experiment and during the preparation of the transwells.  
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In this thesis, previously seeding, the upper compartment of Boyden chamber was covered 

with 100 µl of 1 mg/ml of Matrigel diluted in DMEM supplemented with penicillin and 

streptomycin and left O.N at 37ºC to let the matrix to solidify.  The lower compartment was 

filled with 0.6 ml DMEM-HAM’s F12 10% FBS (for DLD-1 cells) or DMEM 10% FBS (for SW480 

cells) as an attractor.  

Next day, once Matrigel was solidified the medium of upper compartment was removed. 

Then, 5x104 (DLD-1) or 6x104 (SW480) cells resuspended in 100 µl of culture medium 

supplemented with 0.1% FBS were seeded in the upper compartment for 72 or 48 hours, 

respectively.  Finally, nuclei were stained with 5 µg/ml Hoechst for 1 hour. Cells that had 

moved through the membrane were visualized by SP5 confocal microscopy (Leica). Invading 

cells in 4 consecutive high-power fields (objective 63X) were obtained. Cells were counted 

using Image J software and the mean was calculated.   

 

 

11. RNA extraction  

Cells were cultured under growth factors conditions and total RNA was isolated using the 

RNeasy Mini Kit following manufacturer’s instructions. Briefly, RNA extraction is based on 

disruption and homogenization of the cells with a specific buffer followed by ethanol 

addition to create conditions that promote selective binding of RNA to the RNeasy 

membrane. Then, the samples are applied to the RNeasy Mini spin column and total RNA 

binds to the membrane. At the end, contaminants are efficiently washed away, and RNA is 

eluted in RNAse-free water. All binding, wash and elution steps are performed by 

centrifugation. The obtained RNA was quantified using a nanodrop (Thermo Fisher 

Scientific). 
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12. Microarray analysis 

Microarray analysis was performed in order to analyse gene expression of cells in 2D cell 

culture under growth factor conditions. To test this, cells were cultured in DMEM-HAM’s F12 

supplemented with 10% FBS and total RNA was isolated using the RNeasy Mini Kit following 

manufacturer’s instructions. RNA integrity was confirmed in a Bioanalyzer 2100 (Agilent). 

Transcriptomes were determined on a genome wide GeneChip PrimeView Human Gene 

Array (Affimetrix).  

 

12.1 Gene expression analysis 

Transcriptome Analysis Console (TAC) Software (Thermo Fisher Scientific) was used to 

normalize raw CEL files using Robust Multichip Average (RMA) algorithm. Normalized 

expression values were used to determine the fold change (FC) expression between clones 

and its statistical significance using ebayes Anova Method (p-value). To generate lists of 

differentially expressed genes between clones a cut-off of FDR<0.05 or 0.01 (false discovery 

rate) was used as indicated in the results. Hierarchical clustering (linkage WPGMA) of proves 

and cell clones using expression data (Log2) was performed using Genesis programme 

Release 1.8.1343. Gene set enrichment analyzes (GSEA) were performed with the GSEA 

platform of the Broad Institute (http://www.broadinstitute.org/gsea)344. Publicly available 

gene sets database MSigDB version v7.0 sub collection C6 oncogenic gene sets were used. 

The CANCERTOOL (http://web.bioinformatics.cicbiogune.es/CANCERTOOL/)345 web-based 

interface was used to analyze in the public clinical cohort GSE39582346: (a) correlation 

(Pearson’s Coefficient) between the expression of different transcripts in CRC 

primary tumors, (b) differential expression of specific transcripts between control and CRC 

primary tumors and, (c) Disease Free Survival (DFS) curves.  

 

 

 

http://www.broadinstitute.org/gsea
http://web.bioinformatics.cicbiogune.es/CANCERTOOL/
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13. Quantitative Real-Time PCR (RT-qPCR) 

1 µg RNA was reversed transcribed to complementary DNA (cDNA) using the high capacity 

cDNA reverse transcription kit. The reversed transcription was performed following the 

manufacturer’s instructions. Briefly, the reverse transcription master mix was prepared. 

Then, 1 µg RNA diluted in a final volume of 10 µl RNAse-free water was mixed with 10 µl of 

this master mix. Finally, the thermal cycler was applied as indicate in the table 10.  

Table 10. Thermal cycler of reverse transcription followed. 

Settings Step 1 Step 2 Step 3 Step 4 

Temperature 25ºC 37ºC 85ºC 4ºC 

Time 10 min. 2 hours 5 min. Forever 

 

After reverse transcription, RT-qPCR was performed with GoTaq® qPCR master mix using the 

real time LightCycler® 96 (LifeScience Roche) and following the manufacturer’s 

specifications.  The GoTaq® qPCR master mix system contains a fluorescent DNA-binding 

dye, the BRYT Green® Dye, that exhibits greater fluorescence enhancement upon binding to 

double stranded DNA (dsDNA) than SYBR® Green I. Concisely,  the GoTaq® qPCR reaction 

mix was prepared by combining primers, water and GoTaq® qPCR master mix. The primers 

set sequences of target genes used are indicated in the table 11. After that, 2 µl of cDNA 

were added to PCR real time tubes in strip with 10.5 µl of the reaction mix. Finally, the 

thermal cycler was applied as indicate in the table 12. 
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Table 11. Primer sets of target genes 

Target gene Forward sequence 5’ → 3’ Reverse sequence 5’ → 3’ 

HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 

CTNNA1 CAGGACTCTGGCAGTTGAGA GAGCAGGGATCATCTGCGAA 

SERPINE1 CGCAACGTGGTTTTCTC CATGCCCTTGTCATCAATC 

PRSS2 CTCTGAGTTCTGGTGCCGAC CTCCAGGCCTGTTCTTCTGG 

HNF4G ACAGAATAAGCACCAGAAG TCACAGACATCACCAATAC 

TRIB2 ATGAACATACACAGGTCTACCCC GGGCTGAAACTCTGGCTGG 

LGR5 GACTATGCCTTTGGAAACC GGAGCCCATCAAAGCATT 

(a) HPRT1, CTNNA1 and PRSS2 designed with Primer-Blast tool. 
(b) SERPINE1 obtained from Mol Cancer. 2019 May;17(5):1142-1154347. 
(c) HNF4G obtained from Oncotarget. 2017 Dec 4;9(26):18018-18028348. 
(d) TRIB2 obtained from Mol Cancer. 2018 Dec 12;17(1):172349. 
(e) LGR5 obtained from Eugenia Cuesta Borràs doctoral thesis. 

 

Table 12. Thermal cycler of RT-qPCR followed. 

Settings 
Step 1: Pre-
incubation 

Step 2: Cycles (40X) Step 3: Melting 

Temperature 95ºC 95ºC 60ºC 72ºC 95ºC 65ºC 97ºC 

Time 10 min. 30 sec. 15 sec. 30 sec. 10 sec. 60 sec. 1 sec 

 

 

RT-qPCR was performed in triplicates or quadruplicates and mean cycle threshold (Ct) values 

were calculated for the expression analysis. HPRT1 mRNA expression was used as an internal 

control to normalize mRNA expression of target genes. The mRNA expression levels were 

calculated using 2-DDCt method350.  

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Expression+of+HNF4G+and+its+potential+functions+in+lung+cancer
https://www.ncbi.nlm.nih.gov/pubmed/?term=TRIB2+functions+as+novel+oncogene+in+colorectal+cancer+by+blocking+cellular+senescence+through+AP4%2Fp21+signaling
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14. Tumor generation in mice  

The day of the injection, 2x106 DLD-1KRASWT/- cells stably expressing KRAS-G12V-S181, -S181A 

or S181D (one clone of each phosphomutant was selected) resuspended in 50 µl PBS from 

cell culture were subcutaneously injected into both flank of Swiss nude mice (Foxn1-/-, 

defective development of the thymic epithelium). Mice were maintained in germ free 

environment at 25ºC, five mice per box, and kept at 12 hours light/dark cycle. They received 

autoclaved food pellets and water ad libitum.  

Generated tumors were measured on days 12, 15, 19, 23 after injection and on the day of 

euthanasia, using a caliper. Mice were euthanized by cervical dislocation at day 28 after 

injection and tumors were harvested, weighed, measured and processed for analysis (each 

group = 4 tumors). The volume of the tumors was calculated using the ellipsoid volume 

formulas 1/2 x (L x W2) and 1/2 x (L x W x H)351–353.  

For histology and immunohistology, tumors were immediately fixed in 4% buffered formalin 

solution. For WB analysis, tumors were immediately frozen with dry ice and transferred to -

80ºC for long-period storage. Tumor sample preparation for WB and tumor processing for 

histology are detailed in the section 6.1.2 and section 14.1, respectively.  

All mouse experiments were performed in accordance with protocols approved by the 

Animal Care and Use Committee of ICO-IDIBELL Hospitalet de Llobregat (Barcelona, Spain). 

 

14.1 Histology of the tumors 

For histological analysis, tumors were processed routinely:  fixed, dehydrated and 

embedded in paraffin. Serial longitudinal sections of 5-6 µm-thickness were obtained.  

Slide-mounted tumor sections were stained following hematoxylin and eosin routine 

procedure (section 14.1.1) to study the histological appearance.  Immunohistochemistry 

standard protocols (section 14.1.2) and TUNEL assay (section 14.1.3) were also applied. 
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14.1.1 Hematoxylin and Eosin staining (H&E) 

H&E staining is one of the principal techniques used in the histological analysis. This method 

is a combination of hematoxylin stain, which dyes cell nuclei blue , and of eosin stain which 

dyes the extracellular matrix and cytoplasm pink.  

Once tumor sections were slide-mounted, they were incubated for 30 minutes at 60ºC; and 

then, were deparaffined by immersion in xylol three times for 10 minutes each.  Next, the 

slides were rehydrated by immersion in decreasing concentrations of ethanol:   100%, 96% 

and 70% and distilled water for 7 minutes each. 

Following, the slides were stained with hematoxylin for 5 minutes and rinsed in running 

water for 5 minutes to remove the excess dye. After staining, they were immersed in 1% HCL 

diluted in ethanol 96% for 4 seconds (to change the color tone of hematoxylin) and 

immediately, were rinsed in running water for 5 minutes. Then, the slides were submerged 

in ethanol 96% for 1 minute and stained with eosin solution (table 7), diluted in ethanol 70% 

in a 1:3 proportion, for 5 minutes. Next, they were immersed 4 o 5 times in distilled water 

and dehydrated by means of quick 4 o 5 times immersions in each increasing concentrations 

of ethanol: 70%, 96% and 100%. Eosin can be completely removed by ethanol; thus, a rapid 

dehydration of the tumor sections was performed to prevent it.  Afterwards, they were 

immersed in xylol three times for 10 minutes each. Finally, in order to fix the stained tumor 

sections, a drop of DPX (resin-based slide mounting medium soluble in xylol) was added on 

top and immediately the coverslip was placed, taking care to leave no bubbles. The slides 

were dried O.N in the extractor hood.  

 

14.1.2 Immunohistochemistry (IHC) 

With the aim of analyzing cell proliferation in tumors, IHC using specific antibodies against 

Ki-67 and phospho-histone H3 as markers of proliferating and mitotic cells, respectively, 

were performed. 

https://en.wikipedia.org/wiki/Cell_nucleus
https://en.wikipedia.org/wiki/Extracellular_matrix
https://en.wikipedia.org/wiki/Cytoplasm


137 
 

Once tumor sections were slide-mounted, they were incubated for 30 minutes at 60ºC; and 

then, were deparaffined by immersion in xylol three times of 5 minutes each.  Next, the 

slides were rehydrated by immersion in decreasing concentrations of ethanol:  three times 

in ethanol 100% and 96% for 5 minutes each, and once in ethanol 70% and distilled water 

for 5 minutes each. 

After that, antigen retrieval to unmask the antigenic epitopes was performed. The most 

commonly antigen retrieval used is the citrate buffer method. Therefore, the slides were 

arranged in a pressure cooker filled with 1 l of citrate buffer pH 6.0 and incubated for 5 

minutes at 95-100ºC (buffer must be boiled). Next, the pressure cooker was removed from 

heater, and the slides were cooled for 20 minutes at RT within the citrate buffer.  Then, they 

were washed with distilled water for 5 minutes. In order to block the endogenous peroxidase 

activity, the slides were incubated in PBS containing 3% H2O2 solution and 30% methanol for 

10 minutes at RT. Following, they were washed with distilled water for 5 minutes and with 

PBS-T for 10 minutes. After that, the slides were blocked with PBS-T containing 2% BSA and 

20% FBS (200 µl/slide) for 2 hours in a humidified chamber at RT. Finally, blocking solution 

was removed and tumor sections were incubated with anti-Ki-67 (1:100) or anti-P-H3 (1:100) 

primary antibodies diluted in PBS (100µl/slide), O.N in a humidified chamber at 4ºC.  

Next day, the slides were washed twice with PBS-T and once with PBS. Incubation with the 

secondary antibody was carried out using the Ultra-Sensitive ABC peroxidase staining kit 

following the manufacturer’s instructions.  The advantage of the avidin-biotin complex (ABC) 

system is the formation of large complexes that enhance the signal. Briefly, the tumors 

sections were incubated with the biotinylated secondary antibody diluted 1:200 in PBS 

containing a goat blocking serum (100 µl/slide) for 30 minutes in a humidified chamber at 

RT. After been washed twice with PBS-T and once with PBS, samples were incubated with 

the ABC system. The ABC system was performed by incubating the slides with the reagents 

A (Avidin) and B (biotinylated horseradish peroxidase (HRP)) in a 1:1 proportion diluted in 

PBS (100 µl/slide) for 30 minutes in a humidified chamber protected from light at RT. Then, 

the slides were washed twice with PBS-T and once with PBS.  The signal was developed by 
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incubating the slides with 200 µl PBS containing 1 mg/ml DAB (Diaminobenzidine) and 0.03% 

H2O2 for 5-10 minutes. The reaction between hydrogen peroxide and DAB catalyzed by 

the peroxidase activity of biotin gives a brown insoluble product. DAB is a suspected 

carcinogen, so it must be handled with care and residues must be inactivated with bleach.  

After developing, the slides were washed with running water to stop the reaction and were 

counterstained by been submerged 4 o 5 times in hematoxylin diluted 1:10 in deionized 

water. Next, tumor sections were rinsed in running water and dehydrated by immersion in 

increasing concentrations of ethanol: once in ethanol 70%, and three times in ethanol 96% 

and 100% for 5 minutes each. Afterwards, they were immersed in xylol three times for 5 

minutes each. Finally, a drop of DPX was added on top and immediately the coverslip was 

placed, taking care to leave no bubbles. The slides were dried O.N in the extractor hood.  

 

14.1.3 TUNEL assay for apoptotic cells detection 

In order to study the apoptotic cells in the tumor sections the The DeadEnd™, Colorimetric 

TUNEL System was performed following the manufacturer’s instructions. This assay is used 

to detect apoptotic cells in situ at single-cell level in tissue sections or cultured cells by 

visualizing DNA fragmentation. The TUNEL system is based on the incorporation of 

biotinylated nucleotides at the 3’-OH DNA ends using the Terminal Deoxynucleotidyl 

Transferase recombinant enzyme (rTdT). The biotinylated nucleotides are able to bind to 

horseradish peroxidase-labeled streptavidin (streptavidin-HRP), which allows the 

nucleotides to be detected by adding the HRP substrate DAB.   Using this method, apoptotic 

nuclei are stained dark brown and visualized with a light microscope.  

Briefly, tumor slices were deparaffined and rehydrated as indicated in the section 14.1.2. 

Then, they were washed once with 0.85% NaCl and PBS. Next, they were fixed using PFA 4%, 

washed with PBS and permeabilized with 20 µg/ml of Proteinase K solution. After washing 

with PBS, they were fixed again with PFA 4%, washed with PBS and equilibrated with 

Equilibration buffer at RT.  For the DNA labeling, the tumor sections were incubated with the 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/peroxidase
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TdT reaction mix. The reaction was stopped by immersion of the slides in 2X SCC buffer. After 

washing with PBS, endogenous peroxidase activity was blocked with 0.3% H2O2 and the 

slides were washed again. Finally, samples were incubated with streptavidin-HRP, washed 

and developed with DAB solution. Once the DAB reaction was stopped by immersion of the 

slides in deionized water, a drop of DPX was added on top and immediately the coverslip 

was placed, taking care to leave no bubbles. Finally, they were dried O.N in the extractor 

hood.  

 

14.2 Generation of metastasis in mice  

The day of the injection, 2x106 DLD-1KRASWT/- cells stably expressing KRAS-G12V-S181, -S181A 

or S181D (one clone of each phosphomutant was selected) resuspended in 50 µl PBS were 

injected into the spleen of Swiss nude mice (Foxn1-/-). After three days, the spleen was 

removed to avoid the dissemination by hepatic portal system. Mice were regularly 

monitored to check the generation of metastasis in the liver. 

The euthanasia of the mice by cervical dislocation was performed three months after 

injection.  The livers were harvested, and the number of metastasis were counted. Then, the 

livers were processed for the histological analysis (section 14.1) and hematoxylin and eosin 

routine procedure was applied (section 14.1.1).  

 

 

 

 

 

 



140 
 

15. Analysis of peptidomimetics  

The effect of treating cells with peptidomimetics against the effector domain of RAS 

designed by Iproteos technology to inhibit RAS, was analyzed by different biological 

approaches.  The WB analysis was performed as indicated in the section 6.  

 

15.1 Co-immunoprecipitation  

Immunoprecipitation (IP) is a technique based on the precipitation of a protein of interest 

from a cell lysate by using an immune complex. This includes an antibody, which specifically 

recognizes and binds to that protein, coupled to agarose beads. The agarose beads are the 

solid substrate that allows the isolation of the system by centrifugation.  

Co-IP is an IP of intact protein complexes based on using a specific antibody that targets a 

known protein of a complex to pull the entire protein complex and thereby identify other 

components of the complex. Thus, the capacity of peptidomimetics to disrupt the 

interaction between oncogenic KRAS and its effectors was evaluated by co-IP.  

For this analysis, HeLa cells were transfected with pEF-HA-KRAS-G12V plasmid (see section 

5.2 for more details) for 24 hours and were starved for a further 24 hours. Then, cells were 

incubated with the different peptidomimetics for 2 hours and EGF (50 ng/ml) for the next 10 

minutes. Then, a co-IP with a monoclonal specific anti-HA antibody crosslinked to agarose 

beads was performed.  

First, cells were washed three times with cold PBS, collected in 1 ml cold PBS by scrapping 

and centrifuged at 650 g for 5 minutes at 4ºC.  The pellets of cells were lysed with REB buffer 

freshly supplemented with a cocktail of proteases and phosphatase inhibitors (150 nM 

aprotinin; 20 µM leupeptin; 1 mM PMSF; 5 mM NaF and 0.2 mM Na3VO4) and with 1 mM 

DTT. The volume of REB buffer added depended on the pellet size (between 500 – 800 µl). 

Then, the samples were maintained 10 minutes on ice and centrifuged at 21900 g for 10 

minutes at 4ºC. The supernatant (soluble fraction) was kept, and protein quantification was 
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performed (See section 6.2 for more details). After quantification, 40 µg of protein per 

sample were separated as “input” and stored at -20ºC. Meanwhile, 50 μl per sample of 

monoclonal anti-HA antibody-agarose beads were washed five times with PBS by 

centrifugation at 600 g for 30 seconds at RT. After washing, the beads were resuspended 

with a volume of REB buffer equal to the initial volume taken. Next, 1000 – 2000 µg of 

protein (soluble fraction) per sample were collected and the volumes between them 

adjusted by adding REB buffer. After that, samples were incubated with the anti-HA 

antibody-agarose beads (50 μl per sample) for 3 hours in rotation at 4ºC; and then 

centrifuged at 21900 g for 2 minutes at 4ºC. The pellets containing the immunocomplexes 

were named as the “bound fractions”, while the supernatants were kept as the “not bound” 

fractions. The bound fractions were washed five times with 1 ml REB buffer by centrifugation 

at 600 g for 30 seconds at RT. Finally, SDS-PAGE loading buffer 2X was added to the bound 

fraction in a 1:1 proportion and the input and not bound fractions were prepared as usual. 

All samples were subjected to immunoblotting with the required specific antibodies. 

 

15.2 Cell viability assay (MTS) 

The effect of the peptidomimetics in the cell viability of six pancreatic adenocarcinoma 

human cell lines harboring different mutations in oncogenic KRAS and one non-transformed 

cell line (hTERT-RPE cells) was evaluated using the CellTiter 96® Aqueous One Solution Cell 

Proliferation Assay. It is a colorimetric method for determining the number of viable cells in 

proliferation or cytotoxicity assays. The CellTiter 96® AQueous One Solution Reagent 

contains a novel tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron 

coupling reagent (phenazine ethosulfate; PES). PES has enhanced chemical stability, which 

allows it to be combined with MTS to form a stable solution. This advantageous “One 

Solution” format is an improvement and requires no volatile organic solvent to solubilize the 

formazan product (unlike MTT). 
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For this analysis, 1x104 cells were resuspended in 50 µl 10% FBS-containing medium and 

seeded in sextuplicate in 96-well plates for 24 hours. Then, different concentrations of 

peptidomimetics diluted in 50 µl of 10 % FBS-containing medium were added for a further 

24 hours, following the pattern shown in the figure 28. Controls were treated with DMSO 

diluted in the same volume. Final volume of wells was 100 µl. 

 

 

 

 

 

 

 

 

 

 

                                   Figure 28. 96-wells plate pattern followed by the treatment.  

 

After treatment, MTS viability assay was performed following the manufacturer’s 

instructions. First, 20 μl CellTiter 96® AQueous One Solution Reagent were added into each 

well containing the 100 μl of culture medium, and then mixed by pipetting.  Next, cells were 

incubated for 2 hours at 37ºC and the absorbance of each well was measured with a 

multimode plate reader (Spark, Tecan) at 490 nm. Finally, the percentage of cell viability was 

calculated by dividing the absorbance of each well by the average absorbance of the control 

wells (which had no significant deviation when Students’ T-Test was applied). 

 

 

 

Increasing concentrations 
of peptidomimetic 

Controls (DMSO) 

PBS 
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16. Statistical Analysis.  

Statistical analyses were performed with GraphPad Prism 8.1. Data shown represent the 

mean ± SEM or SD (as indicated in figure legends) of three or four independent experiments. 

Significant differences were assessed using one-way ANOVA with Tukey’s or Dunnett’s 

Multiple Comparisons Tests, or two-way ANOVA with Dunnett’s or Sidak’s multiple 

comparison tests; and considered when P<0.05. 
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1.1 Colorectal cancer cells stably expressing KRAS-G12V phosphomutants at 

endogenous levels exhibit differential epithelial morphology 

In order to study the role of oncogenic KRAS phosphorylation at Ser181 in CRC, DLD-

1KRASWT/KRASG13D cell line (named hereinafter DLD-1), which depends on the expression of the 

oncogenic allele of KRAS (G13D) to keep its tumorigenic properties254,354 , was selected. The 

main characteristics and mutations of these cells are indicated in the materials and methods 

section. DLD-1 KO cell line (DLD-1KRASwt/-) obtained from Horizon Discovery Ltd was also used. 

DLD-1 KO cells do not grow correctly under growth factor-limiting conditions and do not 

generate tumors when subcutaneously injected in mice254,354. Thereby, DLD-1 KO cells were 

stably transfected with different oncogenic KRAS phosphomutants (HA-KRAS-G12V-S181, 

HA-KRAS-G12V-S181A and HA-KRAS-G12V-S181D) to obtain and select clones of cells, which 

expressed these mutations at position 181 of oncogenic KRAS. Several clones of cells 

expressing different levels of exogenous oncogenic KRAS mutants, non-phosphorylatable 

(S181A), phosphomimetic (S181D) and the control phosphorylatable (S181) were obtained. 

First, the exogenous expression levels of every oncogenic KRAS phosphomutant were 

determined in each cell clone by WB. 

With the aim of analyzing the behavior of CRC cells expressing the oncogenic KRAS 

phosphomutants, cell clones with an exogenous KRAS expression comparable to 

endogenous levels of KRAS were selected (Figure 29A). Interestingly, all KRAS 

phosphomutant clones presented an epithelial-like morphology, but some differences 

between them were observed by phase-contrast microscopy. Similarly to the original DLD-1 

cell line, DLD-1 KO cells expressing oncogenic KRAS-S181 mutant were able to form compact 

clusters, in which the boundaries between the cells could barely be detected. In contrast, 

this cell organization did not occur in the oncogenic KRAS-S181A and KRAS-S181D cell clones 

(Figure 29B).  Regarding to the size and shape of the cells, the non-phosphorylatable mutants 

were the largest while the phosphomimetic mutants were smaller and rounded.   
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Figure 29. Stable expression of oncogenic KRAS phosphomutants in DLD-1KRASwt/- induces differential cell 

morphology. (A) WB analysis showing the clones with an exogenous expression of HA-KRAS-G12V-S181 (S181), 

HA-KRAS-G12V-S181A (S181A) and HA-KRAS-G12V-S181D (S181D) similar to the endogenous level of KRAS 

(numbers indicate different clones). (B) Phase-contrast images of oncogenic KRAS phosphomutants cells and 

DLD-1 and DLD-1 KO cell lines. All scale bars, 50μm. 

 

Finally, it should be noted that independently of the oncogenic KRAS phosphomutant, all 

DLD-1 KO cells expressing high exogenous levels of oncogenic KRAS showed a mesenchymal 

morphology (figure 30).   
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Figure 30. Stable overexpression of oncogenic KRAS phosphomutants in DLD-1KRASwt/- induces a mesenchymal 

cell phenotype. WB analysis and phase-contrast images of DLD1KRASwt/- cells stably expressing either HA-KRAS-

G12V-S181, -S181A and -S181D are shown. Phosphomutants with an exogenous expression of oncogenic KRAS 

similar to the endogenous levels of KRAS were used as a control (left panel). KRAS phosphomutants 

overexpressing exogenous oncogenic KRAS compared to the endogenous levels of KRAS presented a 

mesenchymal cell morphology (right panel).  

 

Therefore, KRAS phosphorylation at Ser181 was relevant to establish a specific morphology 

in this CRC cancer cell line.  

 

1.2 Oncogenic KRAS expression induces cell proliferation independently of 

KRAS phosphorylation status at Ser181. 

As specified in materials and methods section, DLD-1 cells are dependent on oncogenic KRAS 

for cell proliferation under growth factor-limiting conditions. In order to study if KRAS 

phosphorylation at Ser181 is involved in this function, we analyzed cell growth under serum-

limiting conditions in the different oncogenic KRAS phosphomutants, DLD-1 and DLD-1 KO 

cells. As expected, DLD-1 KO cells grew less than DLD-1254,354. Furthermore, DLD-1 KO cells 

expressing oncogenic KRAS-S181 were able to recover the ability to grow without serum. 

Surprisingly, both oncogenic KRAS-S181A and KRAS-S181D cell clones grew significantly 

more than DLD-1 KO cells and comparable to oncogenic KRAS-S181 and DLD-1 cells (Figure 

31A).  
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Figure 31. Oncogenic KRAS induces cell cycle entry and survival independently of KRAS phosphorylation at 

Ser181. (A) 5 x 103 DLD1KRASwt/- cells stably expressing either HA-KRAS-G12V-S181, -S181A or -S181D were 

cultured under serum-limiting (0.1% FBS) conditions for 48 hours to evaluate cell survival by MTT. A cell viability 

ratio was obtained for each clone at final conditions regarding to the initial ones. (B-C) Flow cytometry analysis 

of approximately 15000 cells was performed to analyze the S-phase population (pulse-labelled with BrdU for 30 

min) and measure mitotic cells (MPM2-647 positive) from BrdU positive population.  Graphs show relative ratio 

of each phosphomutant cells that are in S phase (B) and mitosis (C) after being 48 hours at serum-limiting 

conditions (0.1%FBS). Data shown represent the mean ± SEM of four independent experiments. Significant 

differences were assessed using one-way ANOVA and Dunnett’s Multiple Comparisons Tests compared to DLD-

1 KO cells (*p-value<0.05, **p-value<0.01, ***p-value<0.001, ****p-value<0.0001). 

 

Regarding the cell cycle analysis by FACS, no significant differences in the percentage of cells 

that were in S phase (BrdU positive) or in mitosis (MPM2 positive) (Figure 31B and C) were 

observed between cells expressing the different oncogenic KRAS mutants.  Also, as 

expected, DLD-1 KO showed less cells in S phase and a significantly diminished number of 

mitotic cells compared to oncogenic KRAS phosphomutants and DLD-1 cells. 
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These results indicated that cell cycle entry and survival under growth factor-limiting 

conditions was independent of oncogenic KRAS phosphorylation. Moreover, this data 

revealed that KRAS proteins with S181A or S181D mutations were functional, since they 

were able to play the same role as oncogenic KRAS-S181.   

Surprisingly, we observed a complete tetraploid population (4n-8n peaks) in one non-

phosphorylatable (S181A) clone and partial tetraploidies in the phosphorylatable mutant 

clones (S181). However, S181D clones, DLD-1 and DLD-1 KO cells presented normal diploid 

populations (figure 32).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. Non-phosphorylatable (S181A) and phosphorylatable (S181) mutant cells display higher proportion 

of tetraploid cells. Cell clones cultured under serum-limiting conditions (0.1%FBS) for 48 hours were incubated 

with propidium iodide (PI) for 30 minutes. Cell cycle profiles obtained by flow cytometry are shown.  
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Finally, cell proliferation at serum-saturating conditions was analyzed. Proliferation ratio 

related to 24 hours was calculated and no differences were observed between oncogenic 

KRAS mutants. Moreover, DLD-1 KO cells showed a proliferation capacity comparable to the 

other cell lines (figure 33), confirming that DLD-1 KO can grow under this condition 

independently of oncogenic KRAS254.    

 

 

 

 

 

 

 

 

 

Figure 33. Cell proliferation at serum-saturating conditions is independent of oncogenic KRAS. 3 x 104 

DLD1KRASwt/- cells stably expressing either HA-KRAS-G12V-S181, -S181A or -S181D were cultured under serum-

saturating (10% FBS) conditions for 24, 48, 72 and 96 hours to evaluate cell proliferation. Cells were stained with 

crystal violet 0.25% and absorbance was measured. The absorbance measured in wells without cells was used as 

a reference. The representative graph shows the proliferation ratio calculated for each clone at 96 hours 

compared to 24 hours. One representative experiment is exposed. Data shown represent the mean ± SEM of 

three wells of each cell clone (3 cell clones of each KRAS phosphomutant). Significant differences were assessed 

using one-way ANOVA and Tukey’s Multiple Comparisons Tests (*p-value<0.05, **p-value<0.01, ***p-

value<0.001, ****p-value<0.0001). No significant differences are observed.  
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1.3 Oncogenic KRAS-S181D mutants exhibit reduced rates of apoptosis at 

growth factor-limiting conditions     

Since oncogenic KRAS phosphomutants did not show differences between them regarding 

cell proliferation, we analyzed whether KRAS phosphorylation is involved in apoptosis at 

serum-limiting conditions. In order to study the apoptosis rates, Annexin V apoptosis assay 

was performed. Interestingly, all cell clones expressing KRAS-S181D mutant showed 

significantly less apoptotic cells than oncogenic KRAS-S181 cell clones and DLD-1 and DLD-1 

KO cells, while variability was observed in oncogenic KRAS-S181A cells (figure 34).  

 

 

 

 

 

 

 

 

 

 

 

Figure 34. DLD-1KRASwr/- cells expressing oncogenic KRAS-S181D mutant shows less rate of apoptotic cells at 

serum-limiting conditions. DLD1KRASwt/- cells stably expressing either HA-KRAS-G12V-S181 -S181A, or -S181D 

were cultured under serum-limiting (0.1% FBS) conditions for 48 hours. Annexin V apoptosis assay was 

performed as described in materials and methods. Flow cytometry analysis of approximately 30000 cells was 

performed. Total apoptotic cells were calculated by adding the number of cells Annexin +/PI+ and the cells 

Annexin +/PI- determined by FACS. Data shown represent the mean ± SEM of three independent experiments. 

Significant differences were assessed using one-way ANOVA and Dunnett’s Multiple Comparisons Tests 

compared to each clone of S181D (*p-value<0.05, **p-value<0.01, ***p-value<0.001, ****p-value<0.0001). 
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1.4 KRAS-G12V phosphomutants modulate c-RAF-MEK-ERK and PI3K/AKT 

cell signaling independently of KRAS phosphorylation status at Ser181  

 

The best studied signal transduction pathways regulated by KRAS are c-RAF-MEK-ERK1,2 and 

PI3K/AKT. As it is known, oncogenic KRAS can activate them independently of external 

growth factors, inducing a continuous ERK1,2 and AKT signaling. However, due to the 

existence of diverse positive and negative feedback loops, overexpression of phosphatases, 

or the rewiring of some other routes, contradictory results have been described in tumor 

cells355. Therefore, we wanted to analyze if phosphorylation at Ser181 of KRAS was involved 

in the activation of these transduction pathways regulated by the oncogene.   

Regarding the oncogenic KRAS expressing cell lines cultured under growth factors 

conditions, signaling did not dramatically differ between them (figure 35A). Surprisingly, 

under serum-starved conditions, DLD-1 KO cells exhibited higher levels of P-AKT and P-ERK 

than oncogenic KRAS phosphomutants or DLD-1 cells (figure 35B). This result was also 

observed, albeit to a lower extent, in cells cultured at serum-saturating conditions (figure 

35A). Intriguingly, although DLD-1 KO cells exhibited high levels of AKT activation, the degree 

of S6 phosphorylation (downstream PI3K/AKT effector), was reduced under growth factors-

limiting conditions (figure 35B), while this did not occur at serum saturating conditions 

(figure 35A). Conversely, no clear differences were observed in c-RAF and MEK activation in 

DLD-1 KO cells under both conditions (figure 35A and B). However, cells expressing 

oncogenic KRAS-S181 and -S181D showed slightly higher levels of P-RAF and P-MEK under 

serum starvation (figure 35B).  

Therefore, according to these results, the main conclusion was that the levels of activation 

of ERK and AKT in cells expressing the different oncogenic KRAS phosphomutants were 

similar to the ones of DLD-1 cells under both conditions, independently of the status of KRAS 

phosphorylation. Thus, KRAS phosphorylation is not involved in the activation of ERK and 

AKT under restrictive or saturated serum conditions. Denote that P21 was expressed in DLD-

KO cells growing in serum-saturating and serum-limiting conditions (figure 35A and B). 
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Figure 35. Activation of c-RAF-MEK-ERK1,2 and PI3K/AKT transduction pathways are independent of KRAS 

phosphorylation at Ser181. DLD-1KRASwt/- cells expressing HA-KRAS-G12V phosphomutants were cultured under 

growth factors (10% FBS) conditions (A), and under starved conditions (0%FBS) (B). Total lysates from the 

different cell clones were analyzed by WB to detect the indicated proteins (numbers indicate different clones). 

Lamin B and Gap120 were used as loading controls of phosphoproteins and p21. *CDK4 and *Gap120 was used 

as loading controls of total proteins. 

 

 

As previously described, EGF is one of the main activators of KRAS signaling in epidermal 

cells.  In order to investigate how the oncogenic KRAS phosphomutants might respond to 
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determine the required time of EGF exposure to stimulate c-RAF/MEK/ERK and PI3K/AKT 

signaling pathways, DLD-1 cells were treated with EGF for 5, 10, 20 and 60 minutes. As shown 

in figure 36A, the highest levels of P-AKT and P-ERK were detected between the first 5-10 

minutes. For that reason, the following experiments were performed by incubating the cells 

with EGF for 10 minutes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 36. Oncogenic KRAS phosphomutants respond to EGF stimulation. (A) DLD-1 cells were cultured under 

starved conditions for 24 hours followed by EGF stimulation (50ng/ml) for 5, 10, 20 minutes and 1 hour. Total 

lysates were analyzed by WB to detect the indicated proteins. CDK4 was used as a loading control. (B) DLD-

1KRASwt/- cells expressing HA-KRAS-G12V phosphomutants were cultured under starved conditions for 24 hours 

followed by EGF stimulation (50ng/ml) for 10 minutes. Total lysates from the different cell clones were analyzed 

by WB to detect the indicated proteins (numbers indicate different clones). Lamin B, CDK4 and GAP-120 were 

used as loading controls of phosphoproteins. CDK4* and Gap120* were used as loading control of total proteins. 
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Unexpectedly, all cell clones showed similar or reduced levels of P-ERK and P-AKT when 

compared to DLD-1 cells after EGF addition. However, in the same condition, DLD-1 KO cells 

exhibited the highest levels of ERK1,2 and AKT activation and the lowest of P-S6 (figure 36B), 

in agreement with what was observed in the previous serum stimulation experiments.  

Accordingly, the effect of oncogenic KRAS on the activation of c-RAF-MEK-ERK1,2 and 

PI3K/AKT signaling pathways was independent of KRAS Ser181 phosphorylation in these CRC 

cell lines. In addition, these data confirm that our oncogenic KRAS phosphorylation mutants 

were functional proteins.   

 

 

1.5 Oncogenic KRAS phosphomutants show a reduced cell migration 

capacity independently of KRAS phosphorylation status at Ser181 

In order to determine if KRAS phosphorylation at Ser181 could be involved in cell migration 

and invasive capacity, the phosphomutant clones of KRAS as well as DLD-1 and DLD-1 KO 

cells were cultured in Boyden chambers covered without or with Matrigel. Cells were seeded 

in the upper compartment of Boyden chambers under growth factors-limiting conditions 

and attracted to the lower compartment using culture medium supplemented with 10%FBS. 

After 72 hours, the number of migrating and invading cells, which were able to move through 

the membrane, were counted. The migration capacity of all cell lines was very low, but 

surprisingly, all oncogenic KRAS phosphomutants presented even significant less migration 

capacity compared to DLD-1 and DLD-1 KO cells (figure 37A). Regarding to cell invasive 

capacity, although variability was observed in all oncogenic KRAS phosphomutants, KRAS-

S181D cells showed higher number of invading cells compared to KRAS-S181 and KRAS-

S181A cell clones. However, the differences were not significant (figure 37B).  
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Figure 37. Oncogenic KRAS phosphomutant cells show reduced migratory capacity independent of KRAS 

phosphorylation at Ser181; and invasiveness of all DLD-1 derived cells is low. 5 x 104 DLD-1KRASwt/- cells stably 

expressing oncogenic KRAS phosphomutants were seeded in the upper compartment of Boyden chambers, 

covered without (A) or with Matrigel (B), under serum-limiting conditions (0.1%FBS). In the lower compartment, 

medium supplemented with 10%FBS as an attractor was added. After 72 hours, cells were stained with Hoechst 

and images were obtained by confocal microscopy.  The number of migrating cells (A) and invading cells (B) were 

calculated as the number of cells counted in the lower compartment divided by the number of areas counted. 

Data shown represent the mean ± SEM of three independent experiments. Significant differences in migration 

assay were assessed using one-way ANOVA and Dunnett’s Multiple Comparisons Tests compared to DLD-1, and 

DLD-1 KO cells (the last indicated by asterisks in each phosphomutant) (A). Significant differences in invasion 

assay were assessed using one-way ANOVA and Tukey’s Multiple Comparisons (B) (*p-value<0.05, **p-

value<0.01, ***p-value<0.001, ****p-value<0.0001).  

 

According to these results, we concluded that cell migration capability is independent of 

KRAS phosphorylation status at Ser181 in these CRC cells.  

Finally, since the invading capacity of the original DLD-1 cell line is very low, this function 

was subsequently studied in another CRC cell line with high capacity to induce the epithelial-

mesenchymal transition and, consequently, to promote invasive cells (See chapter 5). 

 

A B 

N
º 

o
f 

in
va

d
in

g 
ce

lls
 

0 

200 

400 

600 

A2 A3 D2 D1 D3 A1 S3 S2 S1 

S181 S181A S181D 

N
º 

o
f 

m
ig

ra
ti

n
g 

ce
lls

 

0 

200 

400 

600 

A2 A3 D2 D1 D3 A1 S3 S2 S1 

S181 S181A S181D 

**** 

**** 
**** 

** 
*** 

*** 
**** 

** ** 
* 



 

 

 

 

 

CHAPTER 2 
Oncogenic KRAS phosphomutants behavior in 

3D extracellular matrix cultures 
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2.1 Colorectal cancer cells expressing KRAS-G12V phosphomutants present 

differential organoid morphology 

Considering that one of the roles of oncogenic KRAS is to allow cell growth under non-

adherent conditions, and the distinct epithelial morphology observed in CRC cells expressing 

different oncogenic KRAS phosphomutants, we proceeded to study how these cells lines 

proliferate and organize in 3D cell culture conditions. 

First, the number and morphology of colonies formed in soft agar were analyzed. As 

expected, DLD-1 KO cells established low number of colonies. Again, in spite of the variability 

observed between clones, all oncogenic KRAS phosphomutants cells showed significantly 

higher capacity to grow in non-adherent conditions when compared to DLD-1 KO cells (figure 

38A). However, the morphology of the colonies was different between the cells expressing 

the distinct oncogenic KRAS phosphomutants. While phosphorylatable mutant (S181) 

formed compact spheres with undistinguished boundaries between the cells, the 

phosphomimetic (S181D) and non-phosphorylatable (S181A) mutants presented 

disaggregated spheres (figure 38B).  

 

 

 

 

 

 

Figure 38. Oncogenic KRAS phosphomutant clones show high growth capacity under non-adherent conditions 

and different colony morphology.  (A) 3x103 DLD-1KRASwt/- cells stably expressing either KRAS-G12V-S181, -S181A, 

or -S181D were seeded in p35 wells covered with an Agar solution as described in materials and methods section. 

The colonies with an area or surface greater than 1000 µm were counted. The mean of the number of colonies 

is shown in the graph. One representative experiment is exposed.  Data shown represent the mean ± SEM of 

three wells of each cell clone. Significant differences were assessed using one-way ANOVA and Dunnett’s 
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Multiple Comparisons Tests compared to DLD-1 KO cells (*p-value<0.05, **p-value<0.01, ***p-value<0.001, 

****p-value<0.0001). (B) After 10 days, images of colonies grown in soft agar were obtained by phase contrast 

stereomicroscopy (Leica MZSLIII). Scale bars, 50µm. 

 

Since colonies from different oncogenic KRAS phosphomutants showed morphological 

differences in soft agar, phosphomutants growth in Matrigel-based 3D cultures was 

analyzed. Again, DLD-1 KO cells formed the smallest cellular aggregates. Interestingly, all cell 

clones of oncogenic KRAS-S181 mutant generated organized and structured glandular 

aggregates with a central hollow; while phosphomimetic (S181D) and non-phosphorylatable 

(S181A) mutants showed disorganized and branched aggregates, being the structures of 

KRAS-S181D the least aggregated (figure 39).  

 

 

 

 

 

 

 

 

 

 

Figure 39. Oncogenic KRAS phosphorylation/dephosphorylation cycle at Ser181 is necessary to induce an 

epithelial organized structure. 2.5 x 104 DLD1KRASwt/- cells stably expressing either HA-KRAS-G12V-S181, -S181A, 

or -S181D were cultured on top of a thin basement membrane extract (Matrigel) overlaid on a dilute solution of 

the same matrix (3D on-top Matrigel assay) under ITS conditions. Phase-contrast images of phosphomutants cells 

grown for seven days were obtained and compared. All scale bars, 50μm. 
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2.2 Oncogenic KRAS-S181 mutants show epithelial polarized glandular 

morphology  

Since we observed differential proliferation and organization of the cells expressing distinct 

oncogenic KRAS phosphomutants in Matrigel-based 3D cultures, we proceeded to 

determine the degree of polarization of these structures analyzing specific markers of cell 

polarity. Therefore, adherent junctions and basal cell membranes were detected by 

immunostaining with antibodies against E-Cadherin and alpha-6-Integrin, respectively. 

Polarized actin was evidenced with fluorescent Phalloidin to point apical cell membranes, 

and nuclei were counterstained with DAPI. As it can be observed in the confocal images, 

KRAS-S181 expressing cells displayed epithelial glandular morphology of polarized cells with 

a central hollow lumen.  Thus, alpha-6-integrin was observed in the basal membrane of the 

cells, while polymerized actin was localized in the apical membrane, near the lumen, 

reminding a microvilli containing structure.  Finally, E-cadherin was detected in the contacts 

established between cells.  Conversely, these markers indicated that cells expressing 

oncogenic KRAS-S181A and -S181D formed disorganized and depolarized aggregates (figure 

40).  

Therefore, the evidences obtained in the soft agar and Matrigel-based 3D cultures 

experiments suggest that the lack of a correct phosphorylation/dephosphorylation cycle at 

Ser181 of oncogenic KRAS impairs proper polarization of cells and consequently, the growth 

of an epithelial organized structure. 
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Figure 40. Oncogenic KRAS phosphorylation/dephosphorylation cycle at Ser181 induces an epithelial glandular 

structure of polarized cells. After seven days growing in Matrigel-based 3D cultures, the organoid like structures 

of oncogenic KRAS phosphomutants were fixed and immunostained against E-Cadherin (adherent junctions, 

green) andα-6 integrin (basal cell membrane marker, green). Polymerized actin was detected with Phalloidin 

(apical cell marker, red) and nuclei were counterstained with DAPI (blue). Images were obtained by confocal 

microscopy.  All scale bars, 10μm. 
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CHAPTER 3 
Role of oncogenic KRAS phosphomutants in 

tumor growth  
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3.1 Oncogenic KRAS-S181 mutant expression in colorectal cancer cells 

induces increased tumor growth capacity    

In order to evaluate the tumor growth capacity of the different oncogenic KRAS 

phosphomutant cells, DLD-1 KO cells expressing the phosphorylatable (S181), non-

phosphorylatable (S181A) and phosphomimetic (S181D) mutants were subcutaneously 

injected into both flanks of nude mice. The day of injection, the expression levels of KRAS 

phosphomutants were corroborated (figure 41A). Tumor growth was monitored over time 

and tumor weight was measured the day of euthanasia (28 days after injection).  

As expected, DLD-1 KO cells formed few tumors and minor tumors (almost imperceptible 

macroscopically). Accordingly, our results validated that DLD-1 CRC cells depend on 

oncogenic KRAS to generate tumors354. Interestingly, KRAS-S181 derived-tumors had a 

significantly higher weight compared to the non-phosphorylatable (S181A) and 

phosphomimetic (S181D) mutants (figure 41B), and they also presented significantly higher 

tumor volume (figure 41C). 

Therefore, our data suggest that tumor growth capacity of these CRC cells was dependent 

on a correct phosphorylation/dephosphorylation cycle of oncogenic KRAS at Ser181.  
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Figure 41. Oncogenic KRAS phosphorylation at Ser181 is necessary for tumor growth. DLD-1KRASwt/- cells stably 

expressing either oncogenic KRAS-S181, -S181A or -S181D were injected into each flank of nude mice (each group 

n=4 tumors). At day 28 mice were euthanized and tumors were dissected, measured, weighed and processed for 

analysis. (A) Exogenous KRAS protein levels from the different phosphomutants cell clones were analyzed by WB 

the day of injection into mice. Lamin B was used as loading control.  (B) The weight of excised tumors is showed 

in the graph (each dot corresponds to a tumor). (C) The four tumors of each phosphomutant were measured, 

and tumor volumes calculated at days 12, 15, 19, 23 and the day of euthanasia. Data shown represent the mean 

± SD (B) or ± SEM (A) of four tumors of each phosphomutant. Significant differences were assessed using one-

way ANOVA and Dunnett’s Multiple Comparisons Tests regarding to S181-derived tumor (*p-value<0.05, **p-

value<0.01, ***p-value<0.001, ****p-value<0.0001). (D) Histology of tumors was analyzed by H&E staining. Slide 

scan and morphometric analysis were performed. The panels show the lowest magnification images. Scale bars 

of S181, S181A and S181D-derived tumors, 2000µm. Scale bar of DLD-1 KO derived tumor, 1000µm. 
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3.2 c-RAF-MEK-ERK and PI3K/AKT signaling pathways activation in oncogenic 

KRAS derived tumors is independent of KRAS phosphorylation at Ser181 

In order to determine the activation status of c-RAF-MEK-ERK1,2 and PI3K/AKT signal 

transduction pathways, tumors derived from DLD-1 KO cells expressing different oncogenic 

KRAS phosphomutants were processed for WB analysis. Interestingly, all oncogenic KRAS 

derived-tumors showed lower expression levels of P-ERK and P-AKT than DLD-1 KO derived-

tumors. No differences were observed in c-RAF and S6 phosphorylation (figure 42).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42. Oncogenic KRAS expression reduces ERK and AKT phosphorylation regardless of Serine 181 

mutation. Total cell lysates of representative excised tumors were immunoblotted to detect the indicated 

proteins (numbers indicate different tumors). GAP120 was used as loading control of phosphoproteins and c-

RAF. *Gap120 was used as loading control of total proteins and P-RAF.  
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Therefore, in tumors, as previously observed in 2D cell cultures, oncogenic KRAS expression 

reduced c-RAF-MEK-ERK and PI3K/AKT signaling pathways independently of 

phosphorylation status of KRAS at Ser181.  

 

3.3 Oncogenic KRAS phosphomutants derived tumors show differential 

glandular morphology 

The histology of the tumors was determined by H&E staining. Strikingly, the morphological 

differences observed between the histological sections of oncogenic KRAS phosphomutants 

derived tumors were similar to the differences observed in 3D cell culture assays. While 

oncogenic KRAS phosphorylatable derived-tumors exhibited epithelial and glandular 

morphology organized around blood vessels, the oncogenic KRAS-S181A and -S181D 

derived-tumors showed a disorganized glandular structure with smaller and collapsed blood 

vessels (figure 43A). 

After studying the morphological features of the tumors, TUNEL assays and IHC to detect Ki-

67 and P-H3 were performed to determine apoptosis, cell proliferation and mitotic index, 

respectively. As it can be observed in figure 43B, all tumors, regardless of the type of 

mutation at Ser181 of KRAS, presented an area of proliferating cells (Ki-67 positive) as well 

as an area of apoptotic and necrotic cells (TUNEL positive) comparable between them. 

Regarding the mitotic index, the cells positive for P-H3 were counted in the proliferating 

areas of the tumors but no differences were observed (figure 43C).   

Thus, all the data suggest that the lack of a correct phosphorylation/dephosphorylation cycle 

of oncogenic KRAS at Ser181 interferes with the proper organization of cells around the 

blood vessels and consequently, with the growth of the tumor.  
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Figure 43. KRAS-G12V-S181- derived tumors show different glandular morphology and similar apoptotic and 

proliferating areas to KRAS-G12V-S181A and S181D-derived tumors. (A) Histology of tumors was analyzed by 

Hematoxylin-Eosin staining. The panels show from left to right the lowest to highest magnification images. Scale 

bars of lowest magnification, 200μm. Scale bars of highest magnifications, 50μm. (B). TUNEL assay and 

immunohistochemistry of Ki-67 and P-H3 were performed in the tumor sections. Scale bars of tumor sections 

stained for TUNEL, 100µm. Scale bars of tumors sections stained for Ki-67 or P-H3, 50µm. (A and B) Slide scan 

and morphometric analysis were performed. (C). The number of mitosis in the proliferating areas of the tumors 

A 

B C 

P
-H

3
 p

o
si

ti
ve

 c
e

lls
 

0 

10 

20 

30 

40 

S181 

S181A 

S181D 

S181 

S181A 

S181D 

TUNEL Ki-67 P-H3 



176 
 

was counted in minimum 8 consecutive fields (x400) and the average was calculated. The mitotic index for each 

phosphomutant is shown in the graph (each dot corresponds to a tumor). Data shown represent the mean ± SEM 

of three or four tumors of each phosphomutant. Significant differences were assessed using one-way ANOVA 

and Tukey’s Multiple Comparisons Tests (*p-value<0.05, **p-value<0.01, ***p-value<0.001, ****p-

value<0.0001). 

 

 

3.4 Colorectal cancer cells expressing oncogenic KRAS phosphomutants do 

not induce metastatic tumors 

Once the effect of oncogenic KRAS phosphomutants in tumor growth was evaluated, we set 

out to determine the metastatic capacity of the phosphorylatable (S181), non-

phosphorylatable (S181A) and phosphomimetic (S181D) mutant cells.   

DLD-1 KO cells expressing different KRAS-G12V phosphomutants were injected into spleen 

of nude mice. Spleen was removed at day 3. After 3 months of injection, the liver was 

extracted in order to evaluate the number of metastases.  

Unexpectedly, none of the oncogenic KRAS phosphomutants were able to induce liver 

tumors under the conditions evaluated.  Considering that DLD-1 CRC cell line shows low 

metastatic capacity356,357, we are planning  to either analyze liver metastasis for a longer 

period of time, or to use other CRC cell line with higher invasive capacity.  
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4.1 KRAS phosphorylation at Ser181 regulates gene expression profile of 

colorectal cancer cells  

Gene expression profile of CRC cells expressing the different oncogenic KRAS 

phosphomutants was performed in order to understand the differences observed in the 

morphology and behavior of cells growing in 2D cell culture.  

As shown in the clustering analysis, cells expressing different oncogenic KRAS 

phosphomutants presented differential gene expression patterns between them, while 

differences between clones expressing the same phosphomutant were minimal. However, 

phosphomimetic mutant (S181D) exhibited the highest differences when compared to 

phosphorylatable (S181) and non-phosphorylatable (S181A) mutants (figure 44A).  When 

oncogenic KRAS phosphomimetic (S181D) and phosphorylatable (S181) mutants were 

compared, 40 genes were found to be differentially expressed, while only 9 genes were 

differentially expressed otherwise between non-phosphorylatable (S181A) and 

phosphorylatable mutants (S181) (figure 44B and table 13). Surprisingly, although we could 

not observe strong differences between phosphomimetic (S181D) and non-

phosphorylatable (S181A) mutants regarding 3D cell cultures and tumor growth capacity, 

the comparison of gene expression between oncogenic KRAS-S181D and -S181A mutants 

showed the maximum differences (figure 44B and C and table 13).  

Although phosphorylatable (S181) mutant showed more genes differentially expressed with 

phosphomimetic (S181D) than non-phosphorylatable (S181A) mutant, the few differences 

existing in gene expression pattern between oncogenic KRAS-S181 and KRAS-S181A mutants 

support the hypothesis that KRAS should be phosphorylated in a fraction of cell population 

being relevant to regulate the gene expression.    
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Figure 44. Status of oncogenic KRAS phosphorylation at Ser181 has an impact in gene expression profile. (A) 

Average linkage WPGMA Clustering of genes and clones that had a significantly different expression (FDR<0.01) 

in at least one of the conditions (S181; S181A or S181D). Intensities were normalized for each gene and the scale 

corresponds to log2.  (B) Differentially expressed probes were pooled in genes to determine the number of genes 

differentially expressed. Number of genes (upper graph) and Venn diagram (lower graph) differentially expressed 

(FDR<0.05 and a FC>2) between the phosphomutant groups. (C) Volcano plot showing genes differentially 

expressed when comparing S181A with S181D expressing cells.  Gens with FDR<0.05 are colored: red upregulated 

and green down regulated. The name of genes interest is indicated 
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Table 13. Differential expressed genes (FDR<0.05; FC>2) 

S181D vs S181 S181A vs S181 S181A vs S181D 

Upregulated Downregulated Upregulated Downregulated Upregulated Downregulated 

 
APCDD1 
C6orf15 
C6orf52 
CHRNA1 
CYP26B1 
GPR161 

HBB 
ID4 

OXGR1 
PCSK5 
RCAN2 
SORBS1 
SUGCT 
TRIB2 

 
ALCAM 
ANGPT1 
C1orf21 

CAT 
CFTR 

CLDN2 
CTNNA1 

CXCL3 
DAPK1 

FAM46A 
HEPH 

HNF4G 
MUC13 

NFIX 
NPNT 

OLFML3 
PIP5K1B 

PKIB 
PLBD1 
REG4 

RNASE4 
SAMD9 

SEMA5A 
SLC9A2 

TCF4 

UGT1Aa 

 
NEO1 

 
CTNNA1 

MX2 
PLK4 

PRSS1b 

PRSS2c 

SERPINE1 
SLC46A1 

TFPI 

 
ALCAM 
ANKH 

ATP10D 
C1orf21 
C4BPB 
CFTR 

CLCN5 
CLIC5 
CXCL3 
DAPK1 
DPP4 

FAM46A 
HEPH 

HNF4G 
HS3ST3B1 

IFI30 
MUC13 

NFIX 
NPNT 

OLFML3 
PI3 

PIP5K1B 
PKDCC 
PKIB 

PLBD1 
PLCL2 
PTPRR 
REG4 
RGS2 

SAMD9 
SBSPON 

SCEL 
SDHAF3 
SEMA5A 
SLC6A20 
SLC9A2 

TCF4 
TRNP1 

UGT1Aa 

ZIC2 
ZIC5 

 

 
APCDD1 
C6orf15 
CHRNA1 
COL4A1 
CYFIP2 

GPR161 
HAS2 
ID4 
KIT 

MKX 
MX2 

OXGR1 
PLA2G7 
PMEPA1 
PPP2R2C 

PRSS1b 

PRSS2c 

PTK7 
RCAN2 
S100A4 
SNCAIP 
SORBS1 

SOX4 
SUGCT 

TFPI 
TGFB2 

TNFRSF19 

(a) UGT1A1; UGT1A10; UGT1A3; UGT1A4; UGT1A5; UGT1A6; UGT1A7; UGT1A8; UGT1A9 

(b) PRSS1; PRSS2; PRSS3P1; PRSS3P2 

(c) PRSS2; PRSS3; PRSS3P2 
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When we studied the differentially expressed genes in oncogenic KRAS-S181D versus KRAS-

S181 mutants, we observed that genes related to enterocyte differentiation as HNF4G, 

HEPH, MUC13 and UGT1A were downregulated in the phosphomimetic mutant (S181D) 

(figure 45A). Therefore, these results suggest that oncogenic KRAS phosphorylation at 

Ser181 could be promoting a de-differentiation program. Moreover, GSEA analysis 

demonstrated that oncogenic KRAS-S181D compared to KRAS-S181 and KRAS-S181A 

mutants showed an expression signature similar to the one of the DLD-1 cell line which up-

regulates LEF1, a gene related to WNT signaling pathway and pluripotency358 (figure 45B). 

Finally, phosphomimetic mutant (S181D) also presented an increased expression of TRIB2, 

which has recently been proposed as oncogene in CRC due to its expression could inhibit cell 

senescence349.  

Regarding the comparative analysis between oncogenic KRAS-S181A and KRAS-S181 

mutants, NEO1, which codifies for neogenin1, was the only gene upregulated more than 2-

fold in cells expressing the non-phosphorylatable KRAS (S181A) (figure 45A). Neogenin1, a 

cell surface receptor involved in cell locomotion and EMT, has recently been described as 

tumor suppressor in CRC359. Interestingly, the expression levels of PRSS1,2,3 (codifying for 

different isoforms of trypsin) and SERPINE1 (codifying for PAI-I) genes, which are involved in 

cell invasion, ECM remodeling and vascular co-option360–364, were reduced more than 2-fold 

in cells expressing oncogenic KRAS-S181A mutant (figure 45A).  

Last, CTNNA1, codifying for α-E-Catenin, was the only gene whose expression was reduced 

in both oncogenic KRAS-S181A and KRAS-S181D mutants compared to KRAS-S181 

expressing cells (figure 45A). α-E-Catenin is involved in cell-to cell adhesion and polarization 

of cells365–367. Hence, the lack of α-E-Catenin could be accounting for the impaired 

organization and polarization of phosphomimetic (S181D) and non-phosphorylatable 

(S181A) mutant cells in 3D cultures as well as in tumor growth.   
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Figure 45. KRAS phosphorylation status at Ser181 induces differential gene expression. (A) Volcano plot 

showing genes differentially expressed when comparing S181D (left graph) or S181A (right graph) with S181 

mutants.  Gens with FDR<0.05 are colored: red upregulated and green down regulated. The name of genes 

interest is indicated. (B) GSEA plot showing enrichment of the indicated gene set in the expression profile of 

S181D versus S181 and S181A versus S181D cells. NES, normalized enrichment score; P, p-value. 

 

In order to corroborate the data obtained by microarray analysis, RT-qPCR and WB were 

performed. As shown in the graphs of figure 46, relative mRNA levels of CTNNA1 (decreased 

in S181A and S181D), SERPINE1 and PRSS2 (decreased in S181A), HNF4G (reduced in S181D) 

and TRIB2 (increased in S181D) in cells expressing the KRAS-G12V phosphomutants, were 

validated.  

LEF1-UP signature 
Upregulated genes 

S181D 

S181 

NES=1,83 
P=0,000 

S181 

S181D 

NES=-2,81 
P=0,000 

LEF1-UP signature 
Downregulated genes 

S181D 

S181A 

NES=2,23 
P=0,000 

LEF1-UP signature 
Downregulated genes 

S181A 

S181D 

NES=-1,83 
P=0,000 

LEF1-UP signature 
Upregulated genes 

A 

B 

Changed expression probes 

S181A versus S181 

log2(FoldChange) 

-l
o

g(
FD

R
) 

-l
o

g(
FD

R
) 

log2(FoldChange) 

Changed expression probes 
S181D versus S181 



184 
 

 

 

 

 

 

 

  

 

 

 

Figure 46. Differential gene expression of KRAS phosphomutants is corroborated by RT-qPCR. RNA extraction 

from DLD-1KRASwt/- cells stably expressing KRAS-G12V-S181, -S181A or -S181D was carried out and cDNA was 

obtained from 1µg of total RNA. Real Time qPCR was performed. HPRT1 mRNA expression was used as an internal 

control to normalize CTNNA1, SERPINE1, PRSS2, HNF4G and TRIB2 mRNA expression. Normalized expression of 

CTNNA1, SERPINE1, PRSS2, HNF4G and TRIB2 are presented relative to S181 mutant. Data shown represent the 

mean ± SEM of three independent experiments (S181, S181A and S181D indicate the average of three different 

KRAS-G12V-S181, -S181A or -S181D cell clones). Significant differences were assessed using one-way ANOVA and 

Tukey’s Multiple Comparisons Tests (*p-value<0.05, **p-value<0.01, ***p-value<0.001, ****p-value<0.0001). 

 

Moreover, due to the results of GSEA indicating that cells expressing the phosphomimetic 

oncogenic KRAS were related to pluripotent cells, we thought it would be interesting to 

analyze RNA expression of LGR5, a cancer stem cell marker368,369.  Significantly, it was 

increased in oncogenic KRAS-S181D cells (figure 46).  

Regarding WB analysis, the reduced expression levels of HNF4G and increased levels of 

neogenin1 were confirmed in oncogenic KRAS-S181D and KRAS-S181A expressing cells, 

respectively (figure 47A); also, the diminished expression levels of trypsin were validated in 

the non-phosphorylatable mutant (S181A) derived tumors (figure 47B). 
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Figure 47. Corroboration of protein expression levels of differentially expressed genes (A) DLD-1KRASwt/- cells 

stably expressing KRAS phosphomutants were harvested and extracts were immunoblotted using the specified 

antibodies (numbers indicate different clones). Lamin B was used as loading control.  (B) Total cell lysates of 

representative excised tumors were immunoblotted to detect the specified proteins (numbers indicate different 

tumors). GAP120 was used as loading control. 

 

As mentioned above, organization and polarization in cells expressing oncogenic KRAS-

S181A and KRAS-S181D could be impaired by the reduced CTNNA1 gene expression. For this 

reason, we checked the protein levels of α-E-catenin in the oncogenic KRAS phosphomutant 

cells as well as in tumors derived from these cell clones. Additionally, subcellular localization 

of α-E-catenin was also studied. 

Strikingly, the expression levels of α-E-catenin were undetectable by WB in cells expressing 

non-phosphorylatable and phosphomimetic mutants (figure 48A). This protein was also not 

observed in oncogenic KRAS-S181A and KRAS-S181D derived-tumors (figure 48B).   

Finally, immunofluorescence experiments performed with phosphorylatable mutant KRAS-

S181 cells growing in 3D conditions (Matrigel) showed α-E-Catenin to be localized mainly in 

the contact areas between cells but also at the plasma membrane. As expected, α-E-Catenin 

was not detected in cells expressing KRAS-S181A and KRAS-S181D mutants (figure 48C) 

under the same conditions.  
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Figure 48. Oncogenic KRAS phosphorylation/dephosphorylation cycle at Ser181 regulates cell polarization. (A) 

DLD-1KRASwt/- cells stably expressing KRAS phosphomutants were harvested and extracts were immunoblotted 

using the specified antibodies (numbers indicate different clones). Lamin B and CDK4 were used as loading 

controls.  (B) Total cell lysates of representative excised tumors were immunoblotted to detect the specified 

proteins (numbers indicate different tumors). CDK4 and α-tubulin were used as loading controls. (C) DLD-1KRASwt/-

cells stably expressing oncogenic KRAS-S181, -S181A or -S181D cultured on top of a thin basement membrane 

extract (Matrigel) overlaid on a dilute solution of the same matrix, were extracted and immunostained using 

antibodies against α-E-Catenin (green) and nuclei counterstained with DAPI. All scale bars, 10μm 

 

All in all, these results evidence that a correct phosphorylation/dephosphorylation cycle of 

oncogenic KRAS at Ser181 is necessary to induce the expression of α-E-Catenin and 

consequently to regulate cell polarization and 3D organization.   
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4.2 PKC activity controls the expression of genes differentially regulated by 

oncogenic KRAS phosphorylation 

Due to the variations of the gene expression and phenotypic characteristics described above, 

we decided to evaluate whether the differential gene expression pattern exhibited by the 

oncogenic KRAS phosphomutants was dependent on the status of phosphorylation at Ser181 

of oncogenic KRAS; or  was a consequence  of the long-adaptation time of the cells to the 

expression of a phosphomimetic (S181D) or a non-phosphorylatable (S181A) oncogenic 

KRAS mutants.  

In order to answer this question, we modulated PKC activity to regulate the phosphorylation 

status of KRAS at Ser181 of cell clones expressing the phosphorylatable mutant S181. To this 

end, cells were  treated  with PKC inhibitors (BIM I and Gö6983) or with the PKC activator 

(TPA) and a CaM inhibitor (W13), since CaM’s binding to KRAS blocks PKC dependent KRAS 

phosphorylation113,117. An initial experiment to define the doses and an adequate time of 

treatment to inhibit or activate PKC was performed using the oncogenic KRAS 

phosphorylatable S181 cell clone S1. Expression levels of P-MARKS and P-ERK (downstream 

effectors of PKC and KRAS signaling pathways, respectively) were analyzed to check the 

efficacy of the treatments. 

As shown in figure 49A, TPA+W13 treatment was able to activate MARKS and ERK during at 

least 24 hours in these cells. Regarding the treatments with PKC inhibitors BIM and Gö6983, 

no differences in basal levels of MARKS and ERK phosphorylation were observed. 

Nevertheless, cells needed to be treated for at least 36 hours with BIM or Gö6983 to hinder 

further PKC activation and phosphorylation of both MARKS and ERK when adding TPA+W13 

to the system (figure 49B). Taking this into account, it was established that the condition to 

induce PKC dependent phosphorylation was TPA+W13 treatment for 24 hours, and the 

condition to suppress PKC dependent phosphorylation was PKC inhibitor treatment for 48 

hours.  
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Figure 49. PKC activation or inhibition by treatment of oncogenic KRAS phosphorylatable mutant cells with 

TPA+W13 or BIM/Gö6983, respectively. DLD-1KRASwt/- cells expressing oncogenic KRAS S181 mutant (cell clone 

S1), cultured at growth factors conditions, were treated with TPA (0.1µM) and W13 (10µg/ml) for 10 and 30 

minutes and 1, 2, 4, 6, 8, 12 and 24 hours (A) or with BIM (5µM) or GÖ6983 (2µM) during 12, 24, 36 and 48 hours. 

After treating the cells with PKC inhibitors, TPA+W13 were added for 10 min to check PKC activation (B). All cells 

were lysed, and extracts were immunoblotted using the indicated antibodies. CDK4 was used as loading control. 

  

Results showed that mRNA expression levels of SERPINE1 and PRSS2 (low in S181A mutant) 

were reduced when oncogenic KRAS-S181 expressing cells were treated with PKC inhibitors, 

indicating that KRAS phosphorylation could be inducing the expression of these genes (figure 

50A). On the other hand, HNF4G mRNA expression levels (which were low in 

phosphomimetic mutant (S181D) cells) were diminished after treating oncogenic KRAS-S181 

expressing cells with TPA + W13, demonstrating that phosphorylation of KRAS could be 

downregulating the expression of this gene (figure 50B).   

However, CTNNA1 mRNA expression was slightly increased under both treatments (upper 

graphs of figure 23A and B), suggesting that the low expression of CTNNA1 in cells expressing 
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oncogenic KRAS-S181A and KRAS-S181D could be an adaptation of these cell clones to the 

lack of KRAS phosphorylation/dephosphorylation cycle at Ser181.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50. Pharmacological PKC activation or inhibition modifies gene expression regulated by oncogenic KRAS 

phosphorylation at S181. A) DLD-1KRASwt/- cells stably expressing KRAS-G12V- S181 were treated with PKC 

inhibitors BIM (5µM) or Gö6983 (2µM) for 48 hours.  B) DLD-1KRASwt/- cells stably expressing KRAS-G12V- S181 

were treated with PKC activator TPA (0.1µM) plus CaM inhibitor W13 (10µg/µL) for 24 hours. (A and B) RNA 

extraction was carried out and cDNA was obtained from 1µg of total RNA. Real Time quantitative PCR was 

performed. HPRT1 mRNA expression was used as an internal control to normalize CTNNA1, SERPINE1, PRSS2 and 

HNF4G mRNA expression. Normalized expression is presented relative to control of each KRAS-G12V-S181 clone 

(numbers indicate different cell clones). Data shown represent the mean ± SEM of four independent 

experiments. Significant differences were assessed using two-way ANOVA and Tukey’s Multiple Comparisons 

(*p-value<0.05, **p-value<0.01, ***p-value<0.001, ****p-value<0.0001). 
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4.3 Gene expression in human colorectal cancer is similar to oncogenic KRAS 

phosphorylation signature 

Since oncogenic KRAS phosphomutants showed different gene expression patterns we 

analyzed KRAS phosphorylation and dephosphorylation gene expression signature in human 

colorectal tumors. To do so, the public clinical cohort used was the GSE39582 dataset346.  

Firstly, expression of genes belonging to non-phosphorylatable oncogenic KRAS signature 

(KRAS-S181A: genes differentially expressed between KRAS-G12V-S181A vs KRAS-G12V-

S181) and of genes belonging to phosphomimetic oncogenic KRAS signature (KRAS-S181D: 

genes differentially expressed between KRAS-G12V-S181D vs KRAS-G12V-S181) were 

analyzed in this public data set of CRC samples. Correlation analysis (Pearson’s Coefficient) 

between the expression of different transcripts in CRC primary tumors showed that: (a) the 

upregulated or the downregulated genes belonging to the same signature (KRAS-S181A or 

KRAS-S181D) compared between them,  were positively correlated; (b)   upregulated versus 

repressed genes within the same signature (KRAS-S181A or KRAS-S181D) were negatively 

correlated; and (c) a negative correlation was observed in the comparative analysis between 

KRAS-S181A and KRAS-S181D signatures (Figure 51A). These data suggest that these genes 

are co-regulated by an upstream event that is most probably dependent on KRAS 

phosphorylation status. 

After that, gene expression of normal tissue was compared to the one of tumor samples by 

analyzing the same public cohort. The analysis showed that gene expression of colorectal 

tumors was more similar to the KRAS phosphorylation signature (KRAS-S181D) than to the 

non-phosphorylated one (KRAS-S181A) (figure 51B).  
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Figure 51. Expression of oncogenic KRAS-S181D and KRAS-S181A signature in human CRC primary tumors and 

normal colon.  (A) Correlation matrix (Pearson’s Coefficient) between the expression of genes belonging to KRAS-

S181A and KRAS-S181D signatures analyzed in human CRC primary tumors (GSE39582). The KRAS-S181D 

signature was restricted (FC<-4 or FC>2) in order to have a similar number of genes in each one. UGT1A1-10 and 

CTNNA1 are excluded from the analysis (the first because is a group of genes and the second because it belongs 

to both signatures). Correlation is considered when p-value P<0.01 (student T-test).  (B) Color-map showing 

relative expression of genes belonging to KRAS-S181A and KRAS-S181D signatures in CRC human primary tumors 

(CRC T) versus normal tissue (NT) (GSE39582). Differences were considered when p-value P<0.01. 
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Figure 52. Gene expression of phosphomimetic oncogenic KRAS signature is similar to gene expression in 

human CRC.  DFS Kaplan-Meyer curves using the same public cohort used in figure 24. Each curve represents the 

percentage (Y-axis) of the population that exhibits recurrence of the disease along time (X-axis, in months) for 

each indicated quartile.  

 

Finally, DFS was analyzed for different genes belonging to KRAS-S181A and KRAS-S181D 

signatures. The analysis showed that patients with tumors with low expression of HNF4G 

(gene downregulated in KRAS-S181D signature) or with high expression of ID4 (gene 

overexpressed in KRAS-S181D signature) presented shorter DFS. Conversely, patients that 
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exhibit tumors with overexpressed NEO1 (gene highly expressed in KRAS-S181A signature) 

or with repressed SERPINE1 (gene downregulated in KRAS-S181A signature) showed longer 

DFS (figure 52).  

 

Summarizing all data, we conclude that gene expression signature of phosphomimetic 

oncogenic KRAS is more similar to human CRC gene expression, than to the one of the non-

phosphorylatable form, correlating with a lower DFS, and suggesting that KRAS 

phosphorylation at Ser181 is important to CRC development.  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

CHAPTER 5 
Role of KRAS phosphorylation at Ser181 in cell 

invasion  
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The invasive capacity of DLD-1 KO cells expressing the different oncogenic KRAS 

phosphomutants (analyzed in Chapter 1) was independent of the status of KRAS 

phosphorylation at Ser181, although a slight non-significant increase was observed in the 

phosphomimetic mutant. However, as mentioned above, DLD-1 cell line presents low 

capacities for migration and invasion due to a scarce ability to perform epithelial-

mesenchymal transition241,254,356. For this reason, DLD-1 was not a good model to study 

invasive capacity of cells in CRC. Therefore, we chose the SW480 CRC cell line (KRAS-G12V-

S181), which has high EMT potential to evaluate whether KRAS phosphorylation at Ser181 

regulates the invasive capacity of cells. In this case, instead of generating stable clones 

expressing phosphomutants, we generated by CRISPR a S181A mutation in one of the alleles 

of oncogenic KRAS.  

As shown in figure 53A, the invasive capacity of SW480 cells with S181A mutation was 

significantly reduced when compared to SW480 cell line (KRAS-G12V-S181). Moreover, 

mRNA levels of SERPINE1, a gene involved in vascular co-option and invasion, were also 

reduced in these cells (figure 53B), suggesting that KRAS phosphorylation was modulating 

the invasive capacity of cells in CRC.  

 

 

 

 

 

 

 

Figure 53. KRAS phosphorylation at Ser181 modulates the invasion capacity in SW480 cell line. (A) SW480 cells 

(S181) or SW480 with S181A mutation (numbers indicate different clones) were seeded in the upper 

compartment of Boyden chambers covered with Matrigel under serum limiting conditions (0.1%FBS). In the 

lower compartment, medium supplemented with 10%FBS was added as an attractor. After 48 hours, cells were 

stained with Hoechst and images were obtained by confocal microscopy.  The number of invading cells was 

calculated as the number of cells counted in the lower compartment divided by the number of areas counted. 
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Data show the invading cell ratio and represent the mean ± SEM of three independent experiments. Significant 

differences were assessed using one-way ANOVA and Dunnett’s Multiple Comparisons Tests compared to SW480 

cell line (S181) (*p-value<0.05, **p-value<0.01, ***p-value<0.001, ****p-value<0.0001). (B) RNA extraction 

from SW480 cells (S181) and SW480 cells with S181A mutation carried out and cDNA was obtained from 1µg of 

total RNA. Real Time qPCR was performed. HPRT1 mRNA expression was used as an internal control to normalize 

SERPINE1 mRNA expression. The normalized expression of SERPINE1 is relative to SW480 cell line (S181). Data 

shown represent the mean ± SEM of four independent experiments. Significant differences were assessed using 

one-way ANOVA and Dunnett’s Multiple Comparisons Tests compared to SW480 cell line (S181) (*p-value<0.05, 

**p-value<0.01, ***p-value<0.001, ****p-value<0.0001). # significant differences using unpaired t test.  

  

Finally, we proceeded to prove if the differences in gene expression observed when 

comparing DLD-1 KO stably expressing oncogenic KRAS-S181A and S181 phosphomutants, 

were also present when SW480 cell lines were analyzed. Low expression levels of SERPINE1 

and CTNNA1 were also observed in at least 2 of the 3 clones of SW480 cells with S181A 

mutation (figure 53B and figure 54A and B). Furthermore, increased protein levels of 

Neogenin1 were also corroborated in these cells by WB analysis (figure 54B).   

 

 

 

 

 

 

Figure 54. Differential gene expression pattern of non-phosphorylatable versus phosphorylatable mutant is 

corroborated in SW480 cell line with S181A mutation. (A) RNA extraction from SW480 cells (S181) and SW480 

cells with S181A mutation were carried out and cDNA was obtained from 1µg of total RNA. Real Time qPCR was 

performed. HPRT1 mRNA expression was used as an internal control to normalize CTNNA1 mRNA expression. 

The normalized expression of CTNNA1 is relative to SW480 cells (S181). Data shown represent the mean ± SEM 

of four independent experiments. Significant differences were assessed using one-way ANOVA and Dunnett’s 

Multiple Comparisons Tests compared to SW480 cells (S181) (*p-value<0.05, **p-value<0.01, ***p-value<0.001, 

****p-value<0.0001). (B) Cellular extract from SW480 cells were obtained and immunoblotted to detect the 

indicated proteins. Gap120 and CDK4 were used as loading controls 
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SECTION 2 
Biological analysis of peptidomimetics 

for RAS inhibition 

 

 



 

 

 

 

 

 

 



 

 

 

CHAPTER 6 
Searching for KRAS inhibitors 

 

 

 

 

 

 

 

 

 

 

 

 

 

In silico results presented in this chapter have been obtained by IPROTEOS team and  

they have been explained in detail in Josep Rivas Santos’ Doctoral Thesis 
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6.1 Background 

As mentioned in the introduction section, an effective direct therapy against oncogenic RAS 

has not yet been obtained. However, different strategies to inhibit RAS proteins indirectly 

have been developed, for example: to block RAS localization at the plasma membrane, to 

inhibit downstream effectors of RAS, to interfere with RAS-dependent metabolism of cancer 

cells, or to interfere with oncogenic RAS interactors59,234,272,370,371. Nevertheless, unclear 

results have been obtained with these experimental approaches. For that reason and taking 

advantage of methodological advances, the scientific community has focused again on the 

search for direct RAS inhibitors. At present, one of the strategies that is being followed is to 

search for drugs able to disrupt the interaction of RAS with its effectors198,233,298.   

Modulation of PPIs has been studied intensely due to the large number of PPIs involved in 

the cell machinery372.  However, because of the nature of the PPIs, regulation of these 

interactions is complicated. PPIs have commonly been regarded as undruggable due to the 

contact surface area between proteins is larger than the contact area needed for small 

molecules binding. Moreover, many of these interactions do not present obvious pockets 

where a small molecule can properly interact and accommodate297.  As an alternative to the 

use of small molecules to modulate PPIs, the application of biologics molecules such as 

antibodies is being explored. Antibodies present a larger structure than small molecules, 

which allows them to recognize and interact with extended protein surfaces. However, this 

feature limits the capacity of antibodies to cross biological barriers and thus their 

therapeutic use.  Considering these data, peptides, whose chemical space is between those 

of traditional small molecules and antibodies, have emerged as a promising tool to modulate 

PPIs biological activity323,324,328.  This is also due to their capacity to mimic aminoacid 

sequences and secondary structures of the protein domains of the natural interactions327.  

Besides that, other advantages of using peptides are their adaptability to large protein 

surfaces, easy modularity, low toxicity and size (which limits accumulation in tissue)325,326. 

Nonetheless, the poor capability to cross physiological barriers and the rapid degradation by 

proteolytic enzymes are often major limitations for their clinical applications326,373. 
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For all these reasons, peptides modified with non-natural amino acids, cyclization or with 

unusual peptide bonds, known as peptidomimetics, have been developed and applied to 

modulate PPIs. These modifications allow to improve stability and permeability of the 

peptides in cells as well as their binding affinity with their targets326,328.  

 

 

6.2 Generation of peptidomimetics of RAS effector domain by Iproteos 

technology 

The peptidomimetics able to prevent the interaction of RAS proteins with their effectors 

(used in this thesis) were designed in silico applying the Iproteos technology, and 

synthesized, purified and quantified by IPROTEOS team. Iproteos was founded in 2012 with 

the aim of applying peptidomimetic novel structures to target intracellular PPIs of 

therapeutic interest. Iproteos proprietary technology, IPROTech, consist of a set of 

algorithms addressed to design and develop permeable peptidomimetic structures to inhibit 

intracellular PPIs with large affinity and selectivity. This computational approach to generate 

peptidomimetics is an alternative to other more tedious experimental techniques, like using 

antibody fragments intracellularly for the identification of hot spots on the protein surface 

and to develop potential therapeutics310. Once the computational evaluation of PPI is 

completed, compounds proposed as more active are synthesized and characterized in terms 

of permeability, stability and potential activity versus the desired protein target. In the 

company website, www.iproteos.com, more information about Iproteos and IPROtech can 

be found.   

In order to design and engineer the peptidomimetics used in this project, the identification 

of RAS pharmacophore sites was carried out. Afterwards, the identification of 

peptidomimetics  was based on the screening of a virtual library of 80000 tri- and tetra-

peptidomimetics against the identified hot spots of the protein (step 1 and 2); in silico 

http://www.iproteos.com/
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prediction of the permeability of the identified hits (step 3); and synthesis and in vitro 

evaluation of the most promising candidates (step 4) (figure 55).  

 

 

 

 

 

 

 

 

 

 

 

Figure 55. Scheme of the steps of Iproteos technology adapted from the company website. Screening of 

peptidomimetic virtual library (IPRO library) is carried out. Then, the identification of peptides is based in 

computational tools (IPRO filter, IPRO docking and IPRO permeability). Finally, the selected compounds are 

synthetized and evaluated. This process is repeated until a good candidate is obtained.   
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CHAPTER 7 
Effect of the peptidomimetics in RAS signaling 

and pancreatic cancer cells viability   
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7.1 The peptidomimetics reduce the activation of RAS transduction 

pathways in non-transformed cells 

In order to study whether the peptidomimetics against the effector domain of RAS (designed 

by Iproteos technology to inhibit RAS) were able to interfere with the activation of KRAS 

downstream signaling, hTERT-RPE starved cells (non-transformed cells) were treated with 9 

different peptidomimetics followed by EGF stimulation.  

First, we checked the solubility of the peptides when cells were cultured under growth 

factors limiting conditions. As it can be observed in the phase-contrast microscope images, 

peptidomimetics 4, 6, 7 and 9 (P4, P6, P7 and P9) generated aggregates in the cell culture 

medium, being those of the P6 the largest (they could be macroscopically visualized). 

Moreover, although P4, P5 and P9 induced massive cell death, P5 was the most efficient 

(figure 56). Therefore, P5 and P6 were discarded from the analysis.  

 

 

 

 

 

 

 

 

 

 

Figure 56. The peptidomimetics show different solubility.  hTERT-RPE starved cells were incubated with 50µM 

of the indicated peptidomimetics for 2 hours. Phase-contrast microscope images were obtained. Arrows 

indicates the aggregates. All scale bars, 50µm.  
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Consecutively, extracts from cells treated with the indicated peptidomimetics and then EGF 

stimulated were analyzed by WB using antibodies against the active and total forms of the 

main KRAS downstream signaling proteins. Cells incubated with P1, P2, P3, P4 and P8 were 

not able to activate c-RAF and ERK in response to EGF. Additionally, AKT activation was 

reduced in cells treated with P1, P3, P4, P7 and P8 (figure 57). Considering these data, P1, 

P3 and P8 were able to decrease both c-RAF-MEK-ERK1,2 and the PI3K/AKT signaling 

pathways, thus being the most effective peptidomimetics. P4 was not considered (grey 

color) since not enough protein for WB analysis could be obtained due to cell death.   

  

  

 

 

 

 

 

 

Figure 57.  The peptidomimetics reduce endogenous downstream RAS signaling. hTERT-RPE cultured under 

starved conditions were incubated with 50 µM of the indicated peptidomimetics for 2 hours and the levels of 

activation of the c-RAF-MEK-ERK1,2 and PI3K/AKT pathways after EGF stimulation for 10 minutes were studied 

by WB. Specific antibodies against the active phosphorylated and total proteins were used. GAP120 was used as 

a loading control. 

 

After that, we determined whether P1, P3 and P8 were able to reduce the activation of c-

RAF-MEK-ERK1,2 and PI3K/AKT signaling pathways at lower concentrations. Data showed 

that P1 was able to decrease AKT activation already at 10μM, while P3 and P8 inhibited AKT 

activation at 25 and 50μM, respectively. ERK activation was disrupted at 50μM for the three 

peptidomimetics (figure 58).  
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Figure 58. P1 decreases PI3K/AKT signaling at lower concentrations. hTERT-RPE cultured under starved 

conditions were treated with the indicated peptidomimetics in a range from 1, 5, 10, 25 and 50 µM for 2 hours 

followed by 10 minutes of EGF stimulation. Antibodies against the specific phosphorylated and non-

phosphorylated proteins were incubated to determine the activation of the signaling pathways. Gap120 was 

used as a loading control.   

 

Finally, as we observed that P1 inhibited PI3K/AKT signaling pathway at lower concentrations 

than the others, we evaluated whether P1 was able to maintain this inhibition during longer 

time of EGF stimulation. WB analysis showed that P1 prevented AKT activation after EFG 

addition at least for 60 minutes (figure 59). 

 

 

 

 

 

Figure 59. P1 prevents the PI3K/AKT signaling pathway activation during an extended EGF stimulation. hTERT-

RPE cultured under starved conditions were treated with the P1 at 25µM for 2 hours followed by 5, 10, 20 and 

60 minutes of EGF addition. Antibodies against the specific phosphorylated and non-phosphorylated proteins 

were incubated to determine the activation of the PI3K/AKT signaling pathway. Gap120 was used as a loading 

control.   
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Therefore, we concluded that P1 was the most efficient peptidomimetic in inhibiting KRAS 

downstream signaling in non-transformed cells. 

 

7.2 Oncogenic KRAS-effector protein-protein interaction is impaired by the 

treatment of cells with the peptidomimetics 

Since peptidomimetics were designed in silico to interact with RAS effector domain and we 

observed that peptidomimetics 1, 3 and 8 were able to decrease RAS downstream signaling, 

we investigated if the interaction between oncogenic KRAS and its two main effectors, c-RAF 

and PI3K, was disrupted by the treatment with these compounds. In order to analyze this 

interaction, serum starved HeLa cells were transfected with pEF-HA-KRAS-G12V expression 

plasmid (for 48 hours) before being treated with the peptidomimetics and EGF. Then, 

immunoprecipitation with anti-HA antibodies immobilized on agarose beads, which allowed 

isolation of protein complexes by centrifugation, was performed.  

As an initial experiment to determine the dose of treatment necessary to disrupt RAS-

effector interaction, cells were incubated with increasing concentrations of P1.  

Immunoprecipitation assay showed that P1 treatment reduced the interaction of oncogenic 

KRAS with c-RAF and PI3K effectors at 100µM compared to control (DMSO) (figure 60).  

 

 

 

 

Figure 60. P1 disrupts oncogenic KRAS interaction with c-RAF and PI3K effectors. Co-immunoprecipitation of 

HA-KRAS-G12V with c-RAF or with PI3K were analyzed in starved HeLa cells expressing HA-KRAS-G12V after being 

incubated with P1 (in a range from 50, 75 and 100 µM) for 2 h, and EGF stimulated for 10 min. IP was performed 

with anti-HA antibodies immobilized on agarose beads and the bound and input fractions were incubated with 

anti-p110α PI3K and anti-C-RAF antibodies.  
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Following this result, we tested the effect of peptidomimetics 3 and 8 under the same 

conditions. Results shown in figure 61 indicate that the most efficient peptide to disrupt 

oncogenic KRAS binding to both effectors was P1, while P3 and P8 were only able to disrupt 

KRAS interaction with p110α PI3K. 

 

 

 

 

 

Figure 61. The peptidomimetics 3 and 8 only disrupt oncogenic KRAS binding with PI3K effector. Co-

immunoprecipitation of HA-KRAS-G12V with c-RAF or with PI3K was analyzed in starved HeLa cells expressing 

HA-KRAS-G12V after being incubated with P1, P3 and P8 for 2 hours at 100µM and EGF stimulated for 10 minutes. 

IP was performed using anti-HA antibodies immobilized on agarose beads, and the bound and input fractions 

were incubated with anti-p110α PI3K and anti-C-RAF antibodies. 

 

Considering the biological assays presented until now, the main conclusion was that the P1 

was the most efficient peptidomimetic to reduce oncogenic KRAS interaction with its 

effectors PI3K and c-RAF, and as consequence, it affects negatively downstream RAS 

signaling pathways. Therefore, we chose the peptidomimetic P1 to be in silico modified with 

the objective of improving its inhibitory capacity. 

 

7.3 Peptidomimetic 1.3 reduces downstream RAS signaling and KRAS 

effector binding capacity 

A total of four compounds derived from P1 were obtained by Iproteos technology and were 

studied under the same conditions as the previous peptidomimetics. Therefore, hTERT-RPE 
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cells were treated with the new compounds P1.1, P1.2, P1.3 and P1.4 followed by EGF 

stimulation. P1.2 and P1.3 diminished the activation of c-RAF, ERK and AKT by EGF, being 

peptidomimetic 1.3 the most effective, even when compared to peptidomimetic 1 (P1). 

Conversely, no differences were observed in downstream RAS signaling when cells were 

treated with P1.1 and P1.4 (figure 62A).  

 

 

 

 

 

 

 

 

Figure 62. P1.3 disrupts oncogenic KRAS interaction with c-RAF and PI3K effectors thus regulating downstream 

RAS signaling. (A) hTERT-RPE cells cultured under starved conditions were incubated with 25µM of the indicated 

peptidomimetics derived from P1 for 2 hours followed by EGF stimulation for 10 minutes. Cells extracts were 

immunoblotted with the indicated antibodies. Gap120 was used as a loafing control.  (B) Co-immunoprecipitation 

of HA-KRAS-G12V with c-RAF or with PI3K was analyzed in starved HeLa cells transfected with HA-KRAS-G12V 

after being incubated with P1.3 for 2 hours and EGF stimulated for 10 minutes. The HA antibodies immobilized 

on agarose beads were used to immunoprecipitation of complexes of proteins. The bounds and inputs fractions 

were immunoblotted using the c-RAF and p110α PI3K antibodies.        

 

Regarding the immunoprecipitation assay, P1.3 was able to disrupt oncogenic KRAS 

interaction with its effectors c-RAF and PI3K (figure 62B). Therefore, these results suggested 

that the P1.3, derived from P1, was a good candidate to inhibit RAS signaling in cancer cells 

expressing oncogenic KRAS.   
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7.4 Viability of pancreatic cancer cells is impaired by treatment with 

peptidomimetic P1.3  

Once P1.3 was stablished as the most promising compound due to its high capacity to inhibit 

oncogenic KRAS binding to effectors and to reduce activation of downstream RAS signaling, 

P1.3 impact on cell viability was evaluated by MTS assay. To asses this, six pancreatic 

adenocarcinoma human cell lines harboring different mutations in oncogenic KRAS and one 

non-transformed cell line (hTERT-RPE cells) were used. 

Remarkably, dose-response experiments showed that P1.3 was able to reduce cell viability 

with an IC50 of 20-23µM in all tumor cells. However, less than 10% of the normal cells were 

affected at this concentration (figure 63).  

Therefore, we concluded that P1.3 treatment killed pancreatic tumor cells expressing 

oncogenic KRAS selectively, since normal cells were not affected.  

 

 

 

 

 

 

 

Figure 63. P1.3 reduces pancreatic adenocarcinoma cells viability.  1x104 cells belonging to 6 different 

pancreatic cancer and one normal cell lines were cultured at serum saturating conditions in individual wells of a 

96-wells plate. After 24 hours, cells were treated with P1.3 at 10, 15, 20 and 25µM for further 24 hours. MTS 

viability assay was performed following the manufacturer’s specifications and absorbance was measured at 490 

nm. The representative graph shows the percentage of cell viability calculated by dividing the absorbance of each 

well by the average absorbance of the control wells. Statistical analysis was performed with GraphPad Prism 8.1. 

The mean ± SD of six wells are shown. Significant differences were assessed using one-way ANOVA and Dunnett’s 

Multiple Comparisons Tests and considered when P<0.05 compared to RPE cell line (normal cells). 
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7.5 Peptidomimetic P1.3 does not regulate downstream RAS signaling in 

pancreatic cancer cells 

Since viability of pancreatic cancer cells was reduced by P1.3 treatment, we next evaluated 

whether P1.3 was decreasing RAS signaling in these cell lines. In order to reproduce the 

conditions of MTS assay, pancreatic cancer and normal cells were treated with 25µM of P1.3 

under growth factors saturated conditions. After 3 hours, activation of c-RAF-MEK-ERK1,2 

and PI3K/AKT signaling pathways were analyzed by WB.  

Despite the variability observed between cell lines, cell treatment with P1.3 was not able to 

reduce the basal levels of P-RAF, P-ERK, P-AKT and P-S6 (figure 64).  

 

 

 

 

 

 

 

 

 

 

 

Figure 64. RAS signaling pathways are not modified by P1.3 in pancreatic cancer cells.  Cells were cultured at 

growth factors saturated conditions (10%FBS) for 24 hours and treated for 3 hours with the drug. After that, total 

lysates from the different cell lines were analyzed by immunoblot to detect the indicated proteins. Gap120 was 

used as a loading control.  
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Considering these results, it is possible that downstream RAS signaling in pancreatic cancer 

cells might not have been analyzed under the adequate conditions.  Therefore, cell signaling 

under growth factors-limiting conditions plus EGF stimulation (as previous experiments), or 

after a longer treatment time with P1.3, if the experiment is performed at serum saturating 

conditions, will need to be evaluated. 

Therefore, the main conclusion drawn from all data presented is that IPROtech technlogy 

allowed us to obtain, in a quick and cost-effective manner, the compound P1.3, which 

efficiently inhibited the interaction of oncogenic KRAS with its effectors in cells. In addition, 

from an interesting therapeutic point of view, P1.3 showed high selectivity in killing 

pancreatic cancer cells expressing oncogenic KRAS versus non-transformed epithelial cells. 
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Activating point mutations that render RAS proteins insensitive to the extracellular signals 

are crucial steps in the development of most of the cancers, being oncogenic KRAS the most 

prevalent in human malignancies198,231,374.   Oncogenic KRAS is able to interact with different 

effectors, activating several signal transduction pathways. Among those, the best 

characterized are the c-RAF-MEK-ERK and the PI3K/AKT pathways.  KRAS signaling activation 

can be achieved by recruiting its effectors to the plasma membrane, by acting as an adaptor 

protein, or by direct stimulation of the intrinsic catalytic capacity of its effectors.  

Unfortunately, despite numerous advances in diverse direct and indirect approaches to 

inhibit oncogenic KRAS have been reported, there is still no selective treatment for KRAS 

driven cancers198,261,272. 

On the one hand, since oncogenic mutations often maintains fully active GTP-loaded KRAS, 

which in turn can sustain cell signaling constitutively active, any modification capable of 

altering its oncogenic signaling was not initially expected. Nevertheless, in recent years, 

emergence of new regulators either by direct interaction or by conditional posttranslational 

modifications have been reported to modulate KRAS phenotype.  In this way, 

monoubiquitination at Lys147148–150, acetylation at Lys104151,152, nitrosylation at Cys118153–

157 and phosphorylation at Ser18162,76,117,122,144 were lately reported to substantially regulate 

KRAS oncogenic activity, being phosphorylation at Ser181 by PKC141 the most studied. Thus, 

interfering with this posttranslational modification may open up a new 

therapeutic opportunity, but first, the relevance of this phosphorylation in the maintenance 

of the tumorigenic properties of stablished cancer cells must be demonstrated.  

Considering these findings, in the present thesis, we investigated the impact of KRAS 

phosphorylation at Ser181 on its oncogenic activity at distinct levels. The studies performed 

to date have mainly used non-transformed cell lines, therefore, the role of KRAS 

phosphorylation at Ser181 in initial cell transformation62,122,144  has been analyzed so far.  In 

this project, we used DLD-1 cells, which are oncogenic KRAS dependent and have been 

shown to be a good model for the study of CRC241,375. This has allowed us to investigate the 
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contribution of oncogenic KRAS phosphorylation in the maintenance of the tumoral 

properties of cancer cells.  

With this premise, we exogenously expressed oncogenic KRAS with different mutations at 

Ser181 in a genetically modified DLD-1 cell line (DLD-1 KO). These cells have the endogenous 

oncogenic KRAS allele deleted (KRASWT/-) avoiding the potential interference of the 

endogenous oncogene in the experiments. Furthermore, unlike our previous study144, we 

selected cell clones with exogenous oncogenic KRAS expression at levels comparable to 

those of the endogenous KRAS WT thus preventing effects due only to oncogenic KRAS 

overexpression such as the induction of a mesenchymal phenotype376.  

On the other hand, one of the strategies that is widely being followed to inhibit RAS is to 

search for drugs able to disrupt RAS interactions with other proteins, among them its 

effectors198,233,298. For that reason,  peptidomimetics have emerged as a promising tool to 

modulate the biological activity of PPIs, since they can explore large protein surfaces and 

have an improved binding affinity for their targets323,324 compared with the traditional 

peptides.   

Accordingly, in the present thesis, we studied whether different peptidomimetics of the 

effector domain of RAS, designed by the Iproteos technology to inhibit RAS, were able to 

interfere with oncogenic KRAS activity. The cancer model selected for this research was the 

PDAC, which is a highly metastatic disease with a high mortality rate245. Considering that, 

the effect on cell viability of treating PDAC cells with the most promising compounds was 

evaluated.  
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I. Oncogenic KRAS induces cell proliferation and modulates ERK and AKT 

activation in 2D cell cultures regardless of phosphorylation at Ser181 

Based on these considerations, we proceeded to investigate the role of KRAS 

phosphorylation at Ser181 in a model of CRC to assess its potential as a therapeutic target. 

To begin with, we analyzed extensively the DLD-1 KO cell line stably expressing oncogenic 

KRAS with different mutations at Ser181 (KRAS-G12V-S181, KRAS-G12V-S181A and KRAS-

G12V-S181D) grown in 2D cultures.  

We have evidenced that all oncogenic KRAS phosphomutants show an epithelial-like 

morphology. But whereas oncogenic KRAS-S181 clones form compact clusters, in which the 

boundaries between the cells are barely perceptible, KRAS-S181A and KRAS-S181D mutants 

do not achieve this type of cell organization. Despite morphological differences, we report 

that cell cycle entry and survival under growth factors limiting conditions, which are 

dependent on oncogenic KRAS expression, are independent of the phosphorylation status 

of the oncogene.  Furthermore, all oncogenic KRAS phosphomutants recover the growth 

capacity of the DLD-1 KO cells under serum starvation, indicating that they  are functional 

proteins. In agreement with other studies254,  cell proliferation of DLD-1 KO at serum 

saturating conditions is not affected. All these findings indicate that the signaling pathways 

responsible for cell survival under growth factors limiting conditions are independent of the 

phosphorylation status of oncogenic KRAS.  

In view of these results, we investigated whether phosphorylation at Ser181 of oncogenic 

KRAS was important for the regulation of c-RAF-MEK-ERK1,2 and PI3K/AKT signaling 

pathways. Surprisingly, under serum starved conditions, DLD-1 KO cells display the highest 

basal levels of P-AKT and P-ERK and the lowest of P-S6. Conversely, the levels of activation 

of ERK, AKT and S6 in cells expressing the different oncogenic KRAS phosphomutants are 

reduced, and similar to the ones of DLD-1 cells.  A part from in this work, as exposed above, 

we had previously demonstrated that exogenously expressed  oncogenic KRAS 

phosphomutants were functional proteins, which were GTP-loaded and able to bind to RBD 

of RAF76,117. Therefore, the reduced activation of these KRAS downstream signaling when 
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expressing oncogenic KRAS phosphomutants seems surprising.  Nevertheless, it has 

been reported in DLD-1 and other CRC cells that although the presence of 

oncogenic KRAS led to an increase in GTP-loaded KRAS, this did not entail an increase in 

downstream signaling254. Insufficiency may arise due to the complex coordinated regulation 

of kinases, phosphatases, scaffolds, and cofactors required for activation of c-RAF-MEK-

ERK1,2 163 and PI3K/AKT pathways188, and also to negative feedbacks effects. Moreover, a 

comparative analysis of different oncogenic KRAS mutants expressed at near-physiologic 

levels performed in human MCF10A isogenic cells lines, showed an overall modest 

downstream signaling activation376. More recently, it has been demonstrated  that in CRC 

cell lines expressing different oncogenic RAS mutants, despite displaying significant 

RAS activation, the downstream outputs were minimal in the absence of growth factors 

inputs, due in part to the existence of negative feedback-loops355.  Indeed, this report also 

proposed that mutant RAS is unable to activate RAF under serum starvation, arguing that 

additional growth factor signaling is required for RAF activation. In agreement with these 

data, all oncogenic KRAS phosphomutants are able to respond to EGF stimulation with very 

low increase of P-ERK and P-AKT resembling to those of DLD-1 cells.  Once more, DLD-1 KO 

cells present the highest levels of activation.   Taking into account all this information, it 

seems that the scarce signaling activation  under basal  (0%FBS) or EFG stimulation 

conditions in cells expressing oncogenic KRAS may be important for them to  prevent  

cytotoxic stress, low viability, cell death or senescence283.  Moreover, it is rational to propose 

that the high levels of signaling activation observed in DLD-1 KO cells under starved 

conditions, could be one of the reasons for their low proliferation rates. According to this, 

we detect an increase in the amount of the cell cycle inhibitor P21Cip1 in these cells. Denote 

that P21 is also enhanced in DLD-1 KO cells under growth factor conditions, due to ERK 

signaling activation. However, this increase is not enough to diminish cell proliferation, 

maybe due to the activation of additional signaling pathways.  

Finally, although DLD-1 KO cells exhibit high AKT activation under growth factor limiting 

conditions, the levels of its downstream protein PS6 are low.  One possible explanation is 
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that aminoacids, which might be low in this situation, are also required for proper activation 

of MTORC1, which is responsible for the activation of S6K, which in turn phosphorylates S6. 

On the other hand, MTORC1 can negatively regulate RTK receptors, thus decreasing the 

signaling. Moreover, it is known that S6K decreases the mTORC2-dependent 

phosphorylation of AKT S473. Therefore, a high AKT activation would induce a high MTORC1 

stimulation that in turn negatively would regulate RTK signaling, decreasing S6K activation 

and thus S6 phosphorylation. Consequently, S6K could not inhibit MTORC2 and the 

phosphorylation of AKT S473 would be sustained, maintaining this activation loop188 (figure 

65). 

 

 

 

 

 

 

 

 

 

 

 

Figure 65. The PI3K-mTOR signaling pathway, depicting downstream functions and feedback regulation. 

(Adapted from Manning et al, 2017) 
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Besides all these reasons, it should be noted that oncogenic KRAS phosphomutant cell clones 

maintain WT KRAS allele, and it has been shown that WT RAS proteins can display tumor 

suppressing functions depending on context212. 

Surprisingly, these results seem opposed to those of our previous work using also DLD-1 cells 

in which we observed that KRAS phosphorylation increased cell proliferation, the interaction 

of oncogenic KRAS with its effectors and enhanced c-RAF-MEK-ERK1,2 and PI3K/AKT 

signaling pathways (See background for more details). However, we used CRC cells stably 

overexpressing oncogenic KRAS phosphomutants, and despite amplification of RAS is 

observed in some tumors, it is also true that overexpression can have distorting effects on 

signaling networks376,377.  

Therefore, according to the exposed results related to cell growth and signaling, we conclude 

that in these CRC cells the effect of the constitutively expression of oncogenic KRAS on the 

activation of final effectors of main KRAS signaling pathways is independent of the 

phosphorylation status at Ser181. However, these findings confirm that all KRAS 

phosphomutant constructs used in the experiments produce functional oncogenic KRAS 

proteins, since all are able to recover the growth of DLD-1 KO cells at serum-starving 

conditions and activated the cell signaling in similar way to the original DLD-1 cells.   
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II. Oncogenic KRAS phosphorylation at Ser181 induces invasive cell 

phenotype  

Further, to determine potential divergences in migration and invasion capacities between 

cells expressing the different oncogenic KRAS phosphomutants, we used an alternative CRC 

model to the DLD-1 cells. As mentioned, DLD-1 cell line presents low migration and invasion 

capacities caused by a scarce ability to perform epithelial-mesenchymal transition241,254,356. 

For that reason, we choose the SW480 CRC cell line to perform this analysis, since they are 

a commonly used Wnt-active cell line with EMT potential241,378. The comparation of the 

invasive capacities of SW480 cells (S181) versus SW480 cells with S181A mutation 

(generated by CRISPR) demonstrates that, in CRC, oncogenic KRAS phosphorylation is 

involved in cell invasion. Moreover, these data correlate with the low expression levels of 

SERPINE1 detected in the S181A mutant cells.  This  gene is related to mesenchymal 

phenotype376,379 and encodes for PAI-1, an essential inhibitor of tissue plasminogen activator 

(tPA) and urokinase (uPA). The cleavage of plasminogen (inactive precursor) by tPA or uPA 

produces the active protein plasmin, which is responsible for ECM degradation (figure 66). 

Thus, it is plausible to consider PAI-1 as an antitumor factor to block tumor progression. 

However, despite showing anticancer effects in several tumors, like pancreatic cancer, 

emerging investigations on SERPINE1 have favored its important implications in cell 

migration, invasion and tumor vascularization.  
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Figure 66. Activation and inhibition of the Fibrinolytic Pathway by t-PA, u-PA and PAI-1. (Lasminogen et al, 

2000). 

 

Apart from being a uPA inhibitor, PAI-1 can interfere with uPA-receptor (uPAR)/vitronectin 

binding. Vitronectin is an ECM component responsible for uPA-mediated tumor cell 

adhesion to the ECM380. In the presence of vitronectin, both integrins and uPA-occupied 

uPAR interact with vitronectin facilitating cell adhesion. However, vitronectin contains 

partially overlapping binding sites for uPAR and PAI-1381 (figure 67A). Thus, when PAI-1 is 

present at elevated concentrations, it can bind to vitronectin preventing the reattachment 

of cells to the ECM382. Blocking reattachment to the vitronectin-matrix could initiate a motile 

phenotype leading cells to migrate onto alternative stromal ECM proteins381 (figure 67B).  

Therefore, a critical balance of uPA, uPAR, and PAI-1 is the prerequisite for efficient focal 

proteolysis, migration and hence subsequent tumor invasion and metastasis. Based on these 

data,  tumor promoting roles of PAI-1 have been described in some cancer types360. Indeed, 

it has been reported that SERPINE1 is enhanced in CRC and this is associated with metastasis 

(lymph node, liver), vascular invasion and poor survival rates362,383–385. More recently, 
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enhanced expression of SERPINE1 in CRC cells has been proposed as a predictor of CRC 

invasiveness, progression, and overall survival361. 

 

 

 

 

 

 

 

 

 

 

 

Figure 67. SERPINE1 regulates cell adhesion by modulating the binding of cell adhesion receptors to the ECM 

protein vitronectin (VN). (Czekay et al, 2016).  

 

 

Consequently, our results showing that SERPINE1 expression is low in the non-

phosphorylatable (S181A) oncogenic KRAS cell clones compared to those in the 

phosphorylatable (S181) and phosphomimetic (S181D) mutant cells; and the low 

invasiveness capacity of CRC cells with oncogenic KRAS harboring a S181A mutation,  

support the implication of oncogenic KRAS phosphorylation in the regulation of cell invasion 

in CRC.  Accordingly, we have evidenced that CRC patients, which tumors express low levels 

of SERPINE1 present good survival rates.  
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III. Oncogenic KRAS phosphorylation at Ser181 induces a differential gene 

expression pattern related to tumor progression  

Interestingly, despite oncogenic KRAS phosphomutants did not show great differences in cell 

growth and signaling activation between them in 2D cell cultures, the transcriptional analysis 

at basal conditions demonstrates that these CRC cells expressing different oncogenic KRAS 

phosphomutants present differential gene expression patterns. 

First, an important point of our transcriptional analysis is that the existence of differentially 

expressed genes between oncogenic KRAS-S181 and KRAS-S181A mutants indicates that 

KRAS is phosphorylated in a fraction of the cell population, this being relevant to regulate 

gene expression. We show that differential gene expression is mainly found in genes 

involved in cell migration, invasion and metastasis, such as SERPINE1 (codifying for PAI-1) 

and PRSS2 (codifying for trypsin) genes, which are downregulated in KRAS-S181A cells. As 

mentioned above, low levels of SERPINE1 correlates with a decreased cell invasive capacity. 

Besides, this is associated with a good overall survival. Additionally, we have found that non-

phosphorylatable (S181A) oncogenic KRAS-derived tumors show a decreased expression of 

trypsin, which has been implicated in tumor growth, invasion and metastasis363,364,386,387.  

Conversely, NEO1, codifying for neogenin1, is upregulated in CRC cells expressing oncogenic 

KRAS-S181A mutant. Neogenin1 was originally identified as an axon guidance receptor. 

Apart from that, this protein has recently been related with epithelial morphogenesis events 

such as the maintenance of adherent junctions or regulation of EMT, exhibiting a possible 

involvement of neogenin1 in inhibiting neoplastic processes. Indeed, it has been reported 

that NEO1 is downregulated in different CRC cancer cell lines and in most CRC and 

adenomas388,389, whereas it is highly expressed during colon crypt maturation388.  Other 

report described that NEO1 downregulation affected  cell-matrix interactions, and together 

with the decrease of NEO1 expression in metastatic cells, may suggest a role of this protein 

as a tumor suppressor in colon cancer metastasis390. Neogenin1 has also been referred as a 

key component of the actin nucleation machinery regulating adherent junction stability and 

tension391. In fact, it has recently been demonstrated that a downregulation of NEO1 
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expression in Caco-2 cells (CRC cell line) could disrupt adherent junctions and reduce stress 

fibers. Furthermore, the effects of NEO1 knockdown induced a mislocalization of E-cadherin 

in DLD-1 cells and a mesenchymal phenotype in SW480 and RKO cells359.  

All these findings combined with the low invasiveness  of the non-phosphorylatable (S181A) 

oncogenic KRAS expressing cells, suggest that KRAS phosphorylation is important to regulate 

metastasis in CRC.  Unexpectedly, none of the oncogenic KRAS phosphomutants were able 

to induce liver tumors under the conditions evaluated. Therefore, considering that DLD-1 

CRC cells show scarce ability to perform the epithelial-mesenchymal transition, it would be 

reasonable to analyze liver metastasis for a longer period of time or perform the experiment 

with the SW480 cell lines with oncogenic KRAS harboring S181A or S181D mutations.  

Additionally, differences in gene expression induced by phosphomimetic (S181D) oncogenic 

KRAS suggest that phosphorylation of KRAS promotes an undifferentiated cellular state 

related to cancer progression. The reduced expression of genes such as HNF4G392, HEPH, 

UGTA1 and MUC13393–395, and GSEA indicating that these cells have an expression profile 

closely to the one observed upon LEF1 upregulation, associates KRAS phosphorylation with 

pluripotency.   

We have focused on HNF4G, which has been described as a major driver of enterocyte-

specific gene expression patterns in intestinal organoids392. HNF4 family of transcription 

factors, which includes HNF4A and HNF4G, are implicated in the development of 

gastrointestinal epithelium. Whereas HNF4A is expressed in the development and 

maturation of stomach, small intestine and colon epitheliums; HNF4G is only  expressed in 

the developing and mature colon396. Recent report has described a strong potential of 

HNF4G to induce an enterocyte-specific epigenome and transcriptome in WT intestinal 

organoids392. Indeed, loss of HNF4G induces a decrease in enterocyte-specific gene 

expression. Additionally, the lack of HNF4G is associated with an increase in differentiated 

secretory cells, indicating that it is also required to maintain a balance between secretory 

and absorptive cells. In agreement, other report has described HNF4G as a master regulator 

of colon-specific genes397. More recently, it has been showed that HNF4G stabilizes 
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enterocyte cell identity398. The authors have also reported that HNF4A and HNF4G factors 

are required to maintain Lgr5 intestinal stem cells in WT organoids via their role in promoting 

β-oxidation.  This fact guarantees the renewal of stem cells399. Their data suggest that, in 

absence of HNF4G, stem cells fails to renew and instead contribute to a population of 

proliferating cells. Therefore, whereas HNF4G expression is required to enterocyte 

differentiation in intestinal organoids, it is one of the most downregulated transcription 

factors in cancer stem cells, characterized by Lgr5 expression392. This suggest that HNF4G is 

playing a role in gene regulation even in transformed cancer cells. In this thesis, we 

demonstrate that oncogenic KRAS-S181D cells present lower HNF4G expression and higher 

Lgr5 expression than the other oncogenic KRAS phosphomutants.  Therefore, the studies 

exemplified above together with our results support the hypothesis that KRAS 

phosphorylation is involved in pluripotency and in stablishing the undifferentiated cellular 

state required for tumor initiation and progression. Conversely, other work described that 

oncogenic KRAS phosphorylation can suppress tumor initiation122. The authors reported that 

oncogenic KRAS-S181A can regulate Fzd8-mediated non-canonical Wnt/Ca2+ signaling and 

sequential canonical Wnt/β-catenin signaling through CaM kinase activity, promoting KRAS-

driven malignancy. As known, canonical Wnt/β-catenin pathway is activated in stem cells. 

Furthermore, it has been  evidenced that Lgr5 is a Wnt target gene expressed in intestinal 

stem cells368,400,401.  Therefore, these data would indicate that non-phosphorylatable 

oncogenic KRAS mutant would be showing a tumor initiating cell phenotype. Nevertheless, 

this study was carried out on a different cell model overexpressing the oncogenic KRAS 

phosphomutants, which can lead to distorting effects on the wide variety of signaling 

networks.  

Thus, our results verifying that oncogenic KRAS-S181D mutant cells show high expression 

levels of Lgr5, and an expression profile closely to the one observed upon LEF1 upregulation 

(Wnt target gene) suggest that KRAS phosphorylation is required for tumor initiation. In 

agreement with all these, our analysis of public data from patients indicates that gene 

expression in human CRC is more similar to the phosphomimetic than to the non-
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phosphorylatable oncogenic KRAS signature. Therefore, all these findings support the 

hypothesis that KRAS phosphorylation is important for human CRC development.  

Despite all these evidences, surprisingly, tumor growth is impaired in phosphomimetic 

oncogenic KRAS mutant cells. However, the lack of a well-structured perivascular cell 

organization, which is required for tumor nutrition, can be one of the reasons for the tumor 

growth impairment. According to this, we have identified that CTNNA1 is the only gene 

whose expression decreases in either S181A or S181D oncogenic KRAS-expressing cells 

compared with KRAS-S181. Interestingly, the product of CTNNA1, α-E-catenin, is involved in 

cell-to-cell adhesion, a characteristic that we find to be impaired in cells expressing either 

the S181A or the S181D mutants of oncogenic KRAS (explained in detail in the next section 

of discussion). 

Finally, another important point emerged from our transcriptional analysis is that the 

differential expression of some of the genes can be reverted by activation or inhibition of 

PKC. Indeed, we have demonstrated that pharmacologically inhibiting PKC, reduces the 

expression levels of SERPINE1 and PRSS2 in the phospho/dephosphorylatable (S181) 

oncogenic KRAS mutant cells, phenocopying the levels detected in S181A cells. Otherwise, 

PKC activation induces a decrease of HNF4G expression levels in S181 clones, phenocopying 

the ones of S181D cells. For these reasons, we conclude that KRAS phosphorylation is 

regulating gene expression in this CRC cell line.  

 

 

 

 



234 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



235 
 

IV. The phosphorylation cycle of oncogenic KRAS at Ser181 induces tumor 

growth  

Finally, to complete our investigation about which is the functionality of the phosphorylation 

of oncogenic KRAS at Ser181, we studied whether this modification was required for tumor 

growth.  

Initially, we analyzed how these phosphomutant cell lines proliferate and organize under 3D 

cell culture conditions. When they grow in soft agar, although there is variability between 

clones, all oncogenic KRAS phosphomutant cells have a significantly higher capacity to form 

colonies than DLD-1 KO cells. However, some differences in cellular aggregation and 

organization are observed between the distinct oncogenic KRAS phosphomutants. The 

divergences are more evident in cells grown in Matrigel. Cells expressing a phosphorylatable 

oncogenic KRAS (S181) are the only ones able to form glandular-like structures with 

polarized cells. Interestingly, it has been  described that in the apical domain of epithelial 

cells an atypical PKC (aPKC) activity is required for appropriate maintenance of cell 

polarization402. Accordingly, it is possible that phosphorylation of KRAS in the apical domain 

and dephosphorylation of KRAS in the basolateral domain might be necessary to achieve cell 

polarization. Intriguingly, both oncogenic KRAS-S181A and KRAS-S181D expressing clones 

present a lack of cell aggregation and polarization correlating with a reduced expression of 

α-E-catenin. Inside cells, α-E-catenin is known to play a pivotal role in cell–cell adhesion, 

forming the cadherin-catenin core complex that is essential for tissue organization. In fact, 

α-E-catenin facilitates F-actin attachments to reinforce the adherent junctions365,403 (figure 

68). Despite this, α-E-catenin performs other functions such as regulation of cell motility and 

polarity404.  
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Figure 68. The cadherin-catenin core complex in adherent junctions. (Gates et al, 2005). 

 

 

Recent reports described that lack of α-E-catenin induced a loose aggregation phenotype 

composed of disorganized cells with round morphology without obvious cell-cell 

adhesion367,405. These results were observed in different CRC cell lines including DLD-1.   For 

all these evidences, the lack of this protein may be one of the reasons for the loss of 

intercellular adhesions; and for the inability of phosphomimetic and non-phosphorylatable 

KRAS expressing cells to organize a well-polarized epithelium in Matrigel. This fact could 

argue that the mutation of serine to aspartic acid does not properly mimics phosphorylation 

(being this mutant then similar to  a non-phosphorylatable one), but this is unlikely to be the 

case, since we find a high number of genes differentially expressed between oncogenic 

KRAS-S181A and KRAS-S181D cells.  

On the other hand, two different subpopulations have been characterized in the DLD-1 cell 

line.  These two cell populations grow either as compact cell clusters or as groups of single 

cells in 3D cell cultures,  which correlate with α-E-catenin expression or with its lack of 
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expression, respectively367,405.  Thereby, one might think that the differences in the levels of 

α-E-catenin observed between  the oncogenic KRAS phosphomutants is  due to the selection 

of one or the  other subpopulation of DLD-1 cells when selecting the clones, thus  showing 

the cell clones a proper or impaired glandular-like structures regardless the status of KRAS 

phosphorylation. In order to clarify this important point, we have analyzed the expression 

of α-E-catenin of all the clones obtained in our experiments, regardless the levels of 

expression of the oncogenic KRAS phosphomutants. Data not shown indicate that all clones 

expressing the phospho/dephosphorylatable KRAS (S181) express α-E-catenin.  In contrast, 

the most of the non-phosphorylatable (S181A) and phosphomimetic (S181D) KRAS 

expressing clones show low levels of α-E-catenin expression, being these imperceptible in 

some of them. Therefore, we conclude that a cycle of KRAS phosphorylation at Ser181 is 

required to regulate α-E-catenin expression in these cells, and in consequence for them to 

achieve polarized glandular-like structures in 3D. 

After that, in order to evaluate tumor growth, cells expressing the different oncogenic KRAS 

phosphomutants were subcutaneously injected into nude mice. Interestingly, subcutaneous 

tumor growth is strongly impaired in KRAS-S181A-expressing cells, supporting our previous 

study144, but also, in KRAS-S181D-expressing cells. Based on the gene expression data 

presented here and the results obtained with NIH3T3 fibroblasts144, it is surprising that 

the phosphomimetic mutant does not support tumor growth. However, as mentioned, the 

lack of a well-organized perivascular organization of the cells observed in oncogenic KRAS-

S181D and KRAS-S181A tumors might be preventing tumor nutrition and consequently 

tumor development. Accordingly, α-E-catenin is not detected in either oncogenic KRAS-

S181A or KRAS-S181D tumors. Thus, expression of α-E-catenin might be also important to 

maintain certain cell polarity in colorectal tumors, promoting tumor growth. It is important 

to stress that cell polarity in CRCs is disrupted but not completely lost406–408. Although α-E-

catenin has been considered as a tumor suppressor, emerging evidence suggests dual roles 

for this protein in colon cancer. Indeed, it has been demonstrated that α-E-catenin has an 

essential role in intestinal adenoma formation409. Additionally, an analysis of common 
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insertion sites has revealed many hundreds of candidate cancer drivers, including CTNNA1 

gene410. This has been studied performing an insertional mutagenesis in mice with somatic 

or germline mutation in APC to create a comprehensive catalog of new candidate drivers of 

intestinal tumorigenesis.  

 Taking into consideration these findings, one might think that inducing either complete 

KRAS phosphorylation or dephosphorylation would be a good therapeutic strategy. Indeed, 

both PKC inhibitors and activators haven been shown to reduce tumor growth induced by 

oncogenic KRAS122,144. Nevertheless, we have demonstrated that KRAS dephosphorylation 

also reduces cell invasion and gene expression related to invasiveness/metastatic 

phenotype; whereas KRAS phosphorylation enhances undifferentiated and pluripotent cell 

phenotype.  

As a summary of all the results included in this thesis, a final model is shown (figure 69). We 

propose that phosphorylation of KRAS at Ser181 in the apical cell domain and 

dephosphorylation in the basolateral domain may be required to polarize and organize the 

cells around blood vessels, promoting tumor development. Since aPKCs have a role in cell 

polarization and have been described as tumor promoters in KRAS-driven cancer411,  we 

suggest a possible involvement of aPKCs phosphorylating KRAS during the cell polarization 

process. In support of this idea, α-E-Catenin is only found expressed in the phosphorylatable 

oncogenic KRAS mutant cells to achieve cell polarization, maintaining tumor growth.  

Consequently, a permanent state of KRAS phosphorylation or dephosphorylation induces 

disruption of cell polarization resulting in loss of organization of the cells around the blood 

vessels, which correlates with lack of α-E-catenin expression. As a final output of all this, 

tumor growth becomes compromised. However, in order to induce EMT promoting cell 

invasion and metastasis, some tumor cells are able to disrupt their cell organization. In fact,  

loss and reduction of α-E-catenin expression have been associated with an invasiveness 

phenotype405,412–414.   Since phosphomimetic oncogenic KRAS mutant cells also express low 

levels of HNF4G and high levels of the LGR5 stem cell marker, they have an undifferentiated 

and pluripotent phenotype suggesting that the phosphorylation at Ser181 of oncogenic 
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KRAS has a role in the acquisition of a tumor initiating cell phenotype. Surprisingly, 

oncogenic KRAS phosphomimetic-derived tumors shows an increase of HNF4G expression 

levels (Data not shown). However, it should be noted that HNF4G has also been associated 

with stem cell maintenance and renewal in vivo399. So, it is possible that these cells need to 

recover certain expression levels of HNF4G to completely achieve their tumorgenicity. This 

fact would maintain the stem cell populations, which would allow phosphorylated oncogenic 

KRAS to initiate a metastatic niche.  Otherwise, being that the non-phosphorylatable 

oncogenic KRAS mutant show reduced α-E-catenin expression, low cell invasion capacity 

correlating with low levels of SERPINE1 and PRSS2, and high levels of NEO1; suggest a role 

closely to tumor suppressor. In fact, we demonstrate a reduction of trypsin levels in 

oncogenic KRAS non-phosphorylated-derived tumors.  

Finally, the analysis of the public data indicating that gene expression in human CRC is more 

similar to the phosphomimetic than to the non-phosphorylatable oncogenic KRAS signature, 

validates our model. Thus, these evidences together with our previous observations117,133,144, 

suggest that inhibiting KRAS phosphorylation would be a good therapeutic strategy against 

CRC 

Therefore, we conclude that CRC cells depend on KRAS phosphorylation cycle at Ser181 to 

maintain their tumorigenic properties.  
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Figure 69. Hypothetical model of the role of KRAS phosphorylation cycle at Ser181 to maintain the tumorigenic 

properties of CRC cells.  

 



 

  



243 
 

V. The peptidomimetics against the RAS effector domain designed by 

Iproteos technology reduce oncogenic KRAS activity and cell viability  

RAS is a well-known therapeutic target involved in many cancer diseases. Iproteos 

technology have been able to generate an accurate docking model and to design potent 

inhibitors that can disrupt the interactions of RAS with their effectors.  

Initially, we have evaluated the effect of treating cells with nine different peptidomimetics, 

designed in silico by Iproteos team, in the activation of KRAS downstream signaling 

pathways. We have identified 3 hits able to reduce KRAS downstream signaling in non-

transformed cells that have been growing under growth factors-limiting conditions and EGF 

stimulated. Moreover, they disrupt the interaction of oncogenic KRAS with its effectors. One 

of them, the peptidomimetic P1, is the most efficient. After these promising results, P1 was 

chosen to be in silico modified with the objective to improve its inhibitory capacity. After 

optimization, four peptidomimetics derived from P1 were obtained.  In this second 

evaluation, we have determined that the peptidomimetic P1.3 is also able to reduce the 

interaction between oncogenic KRAS and its effectors, and as consequence, negatively 

affecting downstream RAS signaling pathways more efficiently than P1.  Therefore, P1.3 

seems to be a good candidate to inhibit RAS signaling in cancer cells expressing oncogenic 

KRAS. However, despite the variability, P1.3 is not able to reduce the basal levels of signaling 

activity downstream of RAS in a set of pancreatic cancer cell lines harboring different 

mutations in oncogenic KRAS. It should be considered that downstream RAS signaling in 

these pancreatic cancer cells might not have been analyzed under the adequate culture 

conditions (10% FBS).  Therefore, we propose to evaluate cell signaling under growth factors-

limiting conditions plus EGF stimulation (like in the experiments performed in non-

transformed cell lines), or after a longer treatment time with P1.3, if the experiment is 

carried out at serum saturating conditions.  In addition, it might be required to treat 

pancreatic cancer cells with higher concentrations of the inhibitor than those which are 

effective for the normal cells.  
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 Alternatively, we analyzed whether the most promising peptidomimetics tested were able 

to discriminate between tumor and normal cells. For that reason, P1 and its derivative 

analogous P1.3 were evaluated in a cell survival assay under serum-saturating conditions. 

To assess this, a set of six pancreatic cancer cell lines harboring different mutations in 

oncogenic KRAS and one non-transformed cell line (hTERT-RPE) were used. Data indicate 

that although P1 is unable to kill cells, either tumor or normal cells, P1.3 efficiently 

discriminates between healthy and cancer cells. We have demonstrated that P1.3 is capable 

of causing cell death of all the tumor cell lines tested at the range of concentrations between 

20-25µM. However, less than 10% of the normal cells are affected at these concentrations.  

These evidences suggest that P1.3 is able to selectively reduce cell viability of tumor cells 

growing under growth factors conditions, but c-RAF-MEK-ERK and PI3K/AKT pathways are 

not responsible for survival under those conditions. 

According to these results, the use of this peptidomimetic emerges as a good therapeutic 

tool, but further studies are necessary to be done to optimize its mechanism of action. 

Several reports have demonstrated that different cell-permeable bicyclic peptides against 

oncogenic KRAS-G12V are able to reduce RAS-RAF interaction, MAPK signaling and induced 

apoptotic cell death. However, high concentrations were required and these compounds  

could not distinguish between oncogenic and WT RAS isoforms332,333. Other groups have also 

corroborate the importance of peptidomimetics to inhibit RAS proteins334,335,337. But, again, 

its potency or its off-target effects have not been determined, and its activity has found to 

be limited.  

Accordingly, the main conclusion drawn from all data presented in this thesis, is that the 

Iproteos technology has allowed to design, in a quick and cost-effective manner, the 

compound P1.3 that efficiently inhibits the interaction of oncogenic KRAS with its effectors. 

Furthermore, it negatively affects downstream KRAS signaling in non-transformed cells. 

Besides, from the therapeutic point of view, P1.3 shows high selectivity killing pancreatic 

cancer cells expressing oncogenic KRAS versus normal cells. Nevertheless, the impact of the 

present project will be determined once the bioavailability of P1.3 has been assessed along 
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with its pharmacokinetic properties. Therefore, more experiments will be conducted in the 

near future in order to reach the preclinical phase. Additionally, P1.3 will be optimized during 

the process in order to improve its inhibitory capacity. 

 

 







 

 

 

 

 

 

CONCLUSIONS 
 



 

  



250 
 

I. The phosphorylation cycle of oncogenic KRAS at Ser181 does not affect cell growth and 

the main KRAS downstream signaling pathways of colorectal cancer cells in 2D culture 

conditions. 

 

II. The phosphorylation cycle of oncogenic KRAS at Ser181 induces an epithelial polarized 

glandular morphology of colorectal cancer cells growing in 3D extracellular matrix 

cultures. 

 

III. The phosphorylation cycle of oncogenic KRAS at Ser181 is necessary to induce tumor 

growth of colorectal cancer cells. 

 

IV. The phosphorylation cycle of oncogenic KRAS at Ser181 regulates cell invasion of 

colorectal cancer cells. 

 

V. The phosphorylation cycle of oncogenic KRAS at Ser181 regulates gene expression 

pattern of colorectal cancer cells. 

 

a. KRAS phosphorylation induces genes related to undifferentiated phenotype.  

 

b. Lack of KRAS phosphorylation downregulates genes related to cell migration and 

invasion capacities. 

  

VI. Gene expression signature of KRAS phosphorylation at Ser181 is related to gene 

expression of human colorectal cancer.  

 

VII. The peptidomimetic P1.3 is the most efficient compound inhibiting the main KRAS 

downstream signaling pathways in non-transformed cells. 

 

VIII. The peptidomimetic P1.3 is a promising lead compound which induces an elevated rate 

of cell death in pancreatic tumor cells.  
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