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1 Abstract 
 

Ras proteins play an important role in various signaling cascades, transducing external signals into 
phenotypic and behavioral responses. In many cancers, however, Ras-mediated signaling is 
dysregulated, with mutated, constitutively active KRas proteins being the most pervasive in pancreatic 
ductal carcinoma and colorectal cancer.  

The mechanisms driving this dysregulation are complex. Wild-type Ras isoforms, including the cognate 
wild-type Ras counterpart to the oncogenic Ras, are thought to play distinct roles in how they mediate 
Ras signaling and alter cell behavior in cancerous cells. Moreover, overexpressed oncogenic Ras 
proteins can cause senescence when heterogeneously expressed with wild-type Ras isoforms. The 
molecular mechanism of this oncogene-induced senescence is not fully understood, although the 
involvement of tumor suppressor proteins such as p53 has been shown. Whether an interaction 
between oncogenic and wild-type Ras also plays a role here remains unclear.  

To investigate how oncogenic KRas activity affects wild-type Ras activity and subsequent signaling, a 
two-component chemical genetic approach was developed. This technique allows bioorthogonal 
chemical control of the amount of KRas oncoproteins at the plasma membrane. It leverages the 
important feature of plasma membrane localization of Ras proteins in signal transduction. 

The results herein show that a reversible, chemically-induced dimerization system can effectively 
control plasma membrane localization of ectopically expressed KRas in cells. Using this approach, we 
found that cytosolic oncogenic KRas (possessing G12V or G12D mutations) has higher GTP-loading 
compared to wild-type KRas, providing further evidence for its constitutive activity. We also show that 
acutely enriching overexpressed wild-type KRas and oncogenic KRas at the plasma membrane resulted 
in transient activation of endogenous wild-type Ras and the downstream signaling effectors ERK and 
AKT. As Epidermal Growth Factor (EGF) – mediated-Ras signaling is often dysregulated in cancer, an 
investigation into the effects of plasma membrane localization of oncogenic KRas on this network was 
performed by way of EGF dose-response experiments. Results suggest that accumulation of oncogenic 
KRas proteins at the plasma membrane causes an ultrasensitive response in endogenous wild-type 
Ras activity and downstream effectors at lower EGF doses, compared to wild-type cells. Additionally, 
clonogenic assays revealed that over-expressed KRas G12V and G12D oncoproteins were associated 
with reduced proliferation, regardless of whether they were localized in the cytosol or at the plasma 
membrane.  

Collectively, these findings indicate that KRas oncoproteins have an activating interaction with the 
wild-type Ras proteins at the plasma membrane and initiate downstream signaling. Furthermore, 
oncogenic Ras may increase the sensitivity of transformed cells to growth factor stimulation by this 
interaction with wild-type Ras. However, these effects alone are likely insufficient to drive 
tumorigenesis when oncogenic KRas is overexpressed, as proliferation was suppressed. Thus, further 
mechanisms may be required for cancer formation. Altogether, these results help to explain some of 
the changes in signaling responses to growth factors in KRas-driven carcinogenesis. 
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2 Zusammenfassung 
 

Ras-Proteine spielen eine wichtige Rolle in verschiedenen Signalkaskaden, indem sie externe Signale 

in phänotypische und verhaltensbezogene Reaktionen umwandeln. Bei vielen Krebsarten ist die Ras-

vermittelte Signalübertragung jedoch dysreguliert, wobei mutierte, konstitutiv aktive KRas-Proteine 

beim duktalen Pankreaskarzinom und beim kolorektalen Karzinom am weitesten verbreitet sind. 

Die Mechanismen, die dieser Dysregulation zugrunde liegen, sind komplex. Es wird angenommen, dass 

Wildtyp-Ras-Isoformen, einschließlich des komplementären Wildtyp-Ras-Gegenstücks zum 

onkogenen Ras, unterschiedliche Rollen bei der Vermittlung von Ras-Signalen spielen und das 

Zellverhalten in Krebszellen verändern. Darüber hinaus können überexprimierte onkogene Ras-

Proteine Seneszenz verursachen, wenn sie heterogen mit Wildtyp-Ras-Isoformen exprimiert werden. 

Der molekulare Mechanismus dieser Onkogen-induzierten Seneszenz ist noch nicht vollständig 

geklärt, obwohl die Beteiligung von Tumorsuppressorproteinen wie p53 bereits nachgewiesen wurde. 

Ob dabei auch eine Interaktion zwischen onkogenem und Wildtyp-Ras eine Rolle spielt, bleibt unklar. 

Um zu untersuchen, wie die onkogene KRas-Aktivität die Wildtyp-Ras-Aktivität und die anschließende 

Signalübertragung beeinflusst, wurde ein chemisch-genetischer Zwei-Komponenten-Ansatz 

entwickelt. Diese Technik ermöglicht eine bioorthogonale chemische Kontrolle der Menge der KRas-

Onkoproteine an der Plasmamembran. Sie macht sich die wichtige Eigenschaft der 

Plasmamembranlokalisierung von Ras-Proteinen bei der Signaltransduktion zunutze. 

Die vorliegenden Ergebnisse zeigen, dass ein reversibles, chemisch induziertes Dimerisierungssystem 

die Plasmamembranlokalisierung von ektopisch exprimiertem KRas in Zellen wirksam steuern kann. 

Mit diesem Ansatz konnten wir feststellen, dass zytosolisches onkogenes KRas (mit G12V- oder G12D-

Mutationen) im Vergleich zu Wildtyp-KRas eine höhere GTP-Beladung aufweist, was ein weiterer 

Beweis für seine konstitutive Aktivität ist. Wir zeigen auch, dass die akute Anreicherung von 

überexprimiertem Wildtyp-KRas und onkogenem KRas an der Plasmamembran zu einer 

vorübergehenden Aktivierung von endogenem Wildtyp-Ras und den nachgeschalteten Signalgebern 

ERK und AKT führt. Da die durch den epidermalen Wachstumsfaktor (EGF) vermittelte Ras-

Signalübertragung bei Krebs häufig gestört ist, wurden die Auswirkungen der Plasmamembran-

Lokalisierung von onkogenem KRas auf dieses Netzwerk mit Hilfe von EGF-Dosis-Wirkungs-

Experimenten untersucht. Die Ergebnisse deuten darauf hin, dass die Akkumulierung von onkogenen 

KRas-Proteinen an der Plasmamembran bei niedrigeren EGF-Dosen im Vergleich zu Wildtyp-Zellen 

eine überempfindliche Reaktion der endogenen Wildtyp-Ras-Aktivität und der nachgeschalteten 

Effektoren verursacht. Darüber hinaus zeigten klonogene Untersuchungen, dass überexprimierte KRas 

G12V- und G12D-Onkoproteine mit einer verringerten Proliferation verbunden sind, unabhängig 

davon, ob sie im Zytosol oder an der Plasmamembran lokalisiert sind. 

Insgesamt deuten diese Ergebnisse darauf hin, dass KRas-Onkoproteine eine aktivierende 

Wechselwirkung mit den Wildtyp-Ras-Proteinen an der Plasmamembran haben und nachgeschaltete 

Signalwege aktivieren. Darüber hinaus kann onkogenes Ras durch diese Wechselwirkung mit Wildtyp-

Ras die Empfindlichkeit der transformierten Zellen für die Stimulation durch Wachstumsfaktoren 

erhöhen. Diese Effekte allein reichen jedoch wahrscheinlich nicht aus, um die Tumorentstehung zu 

fördern, wenn onkogenes KRas überexprimiert wird, da die Proliferation unterdrückt wurde. Daher 

sind möglicherweise weitere Mechanismen für die Krebsentstehung erforderlich. Insgesamt tragen 

diese Ergebnisse dazu bei, einige der Veränderungen in den Signalreaktionen auf Wachstumsfaktoren 

bei der KRas-gesteuerten Karzinogenese zu erklären.  



4 
 

  



5 
 

 

3 Introduction 
 

Signaling networks are important features of life as they enable communication within and between 

living systems, from the subcellular to the ecosystem level (1), (2), (3). Thus, detecting, processing, 

and responding to environmental changes is imperative not only for temporal adaption to changes in 

the environment but also for life itself (1), (2). Hence, dysregulation in signaling and communication 

threatens the existence and maintenance of life systems.  

Understanding the systems biology of life, as well as the biochemical and molecular biology of living 

systems offers a comprehensive approach to research in the life sciences (4), (5), (6). In this Ph.D. 

thesis, elements of these approaches were employed to study KRas, a ubiquitous protein involved in 

multiple cellular signaling networks. The roles of wild-type and mutated KRas and other Ras isoforms 

in health and disease have been studied for over half a century, with more to be explored and 

understood. Its involvement in multiple cancers is continuously being researched and contextualizes 

the work herein.  

 

3.1 A brief history of Ras proteins 
In the 1960s, carcinogenic viruses were discovered in rats that developed sarcomas (7), (8). Jennifer 

Harvey identified the Harvey sarcoma virus in 1964, whereas Werner H. Kirsten discovered the Kirsten 

sarcoma virus in 1967 sarcomas (7), (8). With the advancement of molecular biology techniques, 

Edward M. Scolnick was able to discover the viral genes associated with the Harvey sarcoma viruses 

and the Kirsten sarcoma viruses (9), (10). These genes were dubbed Ras, from Rat sarcoma. The short-

hand forms today, HRas and KRas, were adopted to denote the Harvey rat sarcoma virus gene and the 

Kirsten rat sarcoma virus gene respectively.  

Scolnick later discovered in the 1970s and 1980s that the viral HRas and KRas genes are translated into 

GDP and GTP-binding proteins with a molecular weight of 21kDa (11), (12), (13), (14), (15). They also 

discovered the plasma membrane-localized vertebrate equivalents of HRas and KRas viral genes, as 

well as their association with transformation into cancer (16), (17), (18), (19). 

In 1982 it was discovered that human HRas was involved in bladder cancer, and subsequently that 

KRas genes were involved in human lung and colon cancers (20), (21). A missense mutation in codon 

12 of both oncogenic human HRas and KRas was confirmed in the viral counterparts (22), (23) (24). 

These were the first oncoproteins discovered in humans (25), (26). 

Neuroblastoma Ras (NRas) was discovered later from DNA obtained from neuroblastomas (27), (28). 

These discoveries marked the dawn of research into the molecular basis of cancer, which has evolved 

to what it is today. Thus, Ras proteins are significant in understanding the pathophysiology of 

carcinogenesis. 

The discovery of Ras proteins has grown over the last 6 decades such that multiple proteins have now 

been classed under the Ras superfamily of proteins, all of which possess a catalytic G-domain. Of the 

over 150 small GTPases discovered to date, Ras forms the largest subdivision, with other members 

being Rab, Ran, Rho, and Arf GTPases, to name a few (29), (30). 
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3.2 Post-Translational Modifications 
Translation of the three main Ras genes, HRas, KRas, and NRas, results in 4 proteins as KRas genes give 

rise to two splicing variants of exon 4, KRas-4A and KRas-4B (31). Of the two KRas splice variants, KRas-

4B is the most highly expressed (31). All expressed Ras proteins have 189 amino acids in their 

sequences, except KRas-4B, which has 188. These Ras isoforms share high sequence homology of 

about 80% (32) as the first 165-167 amino acids from the N-terminus, which form the catalytic G-

domain, are conserved. Variations occur in the remaining 21-22 amino acids of the C-terminal region 

which are termed the hypervariable region (HVR), and it is this HVR tail that specifies the targeting of 

Ras proteins to membranes (33) after post-translational modifications (Figure 1). 

 

 

Figure 1. Post-translational modifications of Ras isoforms. 
The amino acid residues that are post-translationally targeted in the 4 common Ras isoforms, KRas4B and its splice 
counterpart KRas4A, as well as NRas and HRas. Towards the C-terminal end on the right are the polybasic amino acids of 
KRas4B and KRas4A, as well as the cysteine sites of lipidation by farnesyl isoprenoid and palmitoyl fatty acid. Additionally, 
sites for phosphorylation, ubiquitination, and acetylation are shown. Image from Hobbs et al., 2016 (34). 
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Ras proteins are targeted to the endoplasmic reticulum and Golgi apparatus membranes through post-

translational modifications of the CAAX box (35). The CAAX tetrapeptide sequence consists of a 

Cysteine (C), two aliphatic amino acids (A), and one more amino acid (X) and is located at the C-

terminal end of the Ras isoforms (35). It goes through S-prenylation and is S-farnesylated (C15) 

irreversibly by cytosolic farnesyl transferase in the cytosol (36), (37), (38). Alternatively, geranylgeranyl 

polyisoprene (C20) is added by geranylgeranyltransferase I especially in KRas-4B, but also in the case 

of HRas and NRas (39), (40), (38). This takes place in situations where farnesylation cannot occur such 

as under farnesyltransferase-inhibiting drugs, or geranylgeranylation is preferred by certain C-

terminal motifs (39), (40). The increased hydrophobicity increases binding to membranes, and 

interaction with the endoplasmic reticulum ensues. 

At the endoplasmic reticulum, the action of Ras converting enzyme 1 (RCE1) on Ras lyses the AAX 

amino acids, following which protein-S-isoprenylcysteine O-methyltransferase (ICMT) changes the 

ending to a methyl ester, counteracting the negative charge of the carboxyl group on Cysteine (41) 

(42), (38). These irreversible modifications increase the attraction of the electrostatic charges of Ras 

to negatively charged phospholipids, increasing hydrophobicity with lipid membranes (38). 

HRas contains two additional Cysteine residues (Cysteine 181 and 184) in the HVR compared to NRas 

(Cysteine 181) and KRas4A (Cysteine 180) which contain only one (43). It is here that Palmitoyl-S-

transferases (DHHC9 and GCP16) reversibly palmitoylate Ras isoforms at the Golgi apparatus (44), 

(45), increasing its affinity to bi-layered phospholipids such as the plasma membrane (38), (46). 

Palmitoylation of Ras isoforms allows for the localization to the Golgi apparatus (44), (47), (48). KRas-

4B is not palmitoylated as it does not have a cysteine after the Cysteine 186 residue (43), (49). 

These PTMs increase lipophilicity which is important for plasma membrane localization. KRas-4B also 

contains a polybasic sequence of 6 Lysine amino acids (Figure 1), which are positively charged under 

physiological pH. These can interact with negatively charged phospholipids at the plasma membrane 

PM (50).  KRas4A on the other hand contains lysine and arginine amino acid sequences forming two 

small polybasic regions (50).  

Other post-translational modifications of Ras isoforms have also been observed. For example, HRas 

ubiquitination and localization to the PM and mitochondrial endomembranes suggests that it carries 

out signal transductions in the mitochondrial domains (51). Mono-ubiquitination of Ras at Lysine 147 

has also been shown to increase the amount of active, GTP-bound wild-type Ras, as well as signaling 

in oncogenic KRas (52). Additionally, phosphorylation of KRas at Serine-181 (53), (54) and acetylation 

of Ras at Lysine-104 (55) may enhance or inhibit its signaling capabilities. 

 

3.3 Plasma Membrane Localization and Ras Spatial Cycle 
Post-translational modifications of Ras endow affinity to endomembranes. However, this is insufficient 

for maintaining the concentration of Ras proteins at the PM. Ras proteins are therefore actively cycled 

to enrich them on the plasma membrane (Figure 2) (56), (57).KRas-4B, despite its affinity towards 

negatively charged lipids of the plasma membrane, can still spontaneously dissociate from them (49), 

(58), (56). Additionally, a reduction of the plasma membrane concentration of Ras occurs via 

endocytosis (56).  

As the membranes of endocytic vesicles become less negative in the cytosol, Ras is more readily 

released from the endosomes into the cytosol where it is continually de-palmitoylated by Acyl Protein 

Thioesterases (APTs) (59), (56). Energy is needed to maintain Ras at the PM as this endosomal-
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cytosolic localization would entropically distribute the Ras across all endomembranes at equilibrium 

(60), (56), (57). 

 

 

Figure 2. Spatial cycling maintains Ras proteins at the plasma membrane.  
The scheme shows the spatial cycles of KRas4B (left panel) and HRas (middle panel). KRas4B and HRas move from the plasma 
membrane into the cytosol by spontaneous entropic displacement and endocytic vesicle formation where they associate with 
endomembranes or are solubilized by PDEδ (phosphodiesterase 6δ). Arl2-GTP (GTP-bound Arf-like2) frees KRas and HRas 
proteins from PDEδ in the perinuclear area. Here, KRas can associate with negatively charged recycling endosomes and HRas 
with the Golgi apparatus due to palmitoyl transferase (PAT)-mediated palmitoylation of HRas. This then allows them to be 
carried back to the plasma membrane. Rheb proteins (Ras homolog enriched in the brain) on the other hand are kept on 
perinuclear membranes by the same PDEδ-Arl2 mechanism but are carried to the plasma membrane only by entropic 
processes, thus it is not concentrated on the plasma membrane. Image from Schmick et al., 2015 (61). 

 

In the cytosol, the farnesyl terminus of membrane-dissociated Ras proteins can bind to the farnesyl-

binding pocket of PDEδ (phosphodiesterase 6), which is a Guanine nucleotide dissociation inhibitor 

(GDI-) like factor which solubilizes farnesylated Ras (60), (62). Allosteric binding of active Arf-like 

GTPases Arl2-GTP and Arl3-GTP leads to a conformational change of PDEδ, causing the release of Ras 

from PDEδ into the perinuclear area (63), (64), (56). Thus, Ras can re-associate with recycling 

endosomes or the Golgi complex if palmitoylated (38), (46), (56), (61). 

Vesicular transport allows for Ras (H, N, and KRas4A) to be trafficked to the plasma membrane from 

the recycling endosomes and the Golgi apparatus (59), (48). KRas4B on the other hand is carried back 

to the plasma membrane via recycling endosomes and not via the Golgi Apparatus since it is not 

palmitoylated, but possesses the positively charged polybasic region instead (Schmick 2014). 

Therefore, KRas cycles spatially via equilibration to endomembranes, PDEδ-mediated solubilization, 

release to the perinuclear area by GTP-bound Arl2, electrostatic binding to recycling endosomes, and 

ultimately return to the plasma membrane by vesicular transport where it is maintained (56). 

 

3.4 Structure of Ras proteins  
Ras proteins contain Switch I and II regions which make up the catalytic G-domain. These undergo 

conformational changes depending on nucleotide binding (65). When GTP-bound, the gamma-

phosphate-mediated conformational change (via Threonine 35 and Glycine 60 binding) results in a 
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“loaded spring” state, which is the active state of Ras (66). GTP hydrolysis to GDP reverses this “loaded 

spring” conformation to an inactive conformation. The “on” or active, GTP-bound conformation of Ras 

proteins allows them to interact with the Ras binding domain (RBD) or Ras associating domains of 

other molecules (Nassar, Horn, et al 1995, Ponting and Benjamin 1996). Thus, in the GDP-bound state, 

Ras proteins are said to be “off” as interaction with effector molecules is only possible when Ras is 

bound to GTP. For this reason, Ras proteins are often referred to as molecular switches in signaling 

cascades (67). 

 

3.5 Regulation of Ras activity state 
The defining characteristic of the Ras family of small GTPases is their ability to hydrolyze guanosine-

5’-triphosphate (GTP) to guanosine-5’-diphosphate (GDP), a function catalyzed by the G-domain. Ras 

has a picomolar affinity for both GDP and GTP (68). Spontaneous switching from GDP-bound Ras to 

GTP-bound Ras is slow with an off-rate of 2 x 10-3 s-1, and requires the release of GDP and re-binding 

of the more highly concentrated GTP (69), (70), (71). Therefore, despite the concentration of GTP 

being 10 times higher than that of GDP in the cytosol (72), the baseline state of Ras proteins is to be 

GDP-bound.  

The conversion of Ras-GTP to Ras-GDP, via intrinsic hydrolysis, is also slow at a rate between 6 x 10-4 

s-1 and 68 x 10-5 s-1 (71), (73), (74). Thus, regulators are required to facilitate efficient GDP- and GTP-

exchange and to catalyze the hydrolysis of GTP to GDP. The regulation of Ras activity (nucleotide) state 

occurs via Ras Guanine Nucleotide Exchange Factors (Ras GEFs) and Ras GTPase Activating proteins 

(GAPs). GEFs allow for the substitution of GDP with GTP, thus activating the Ras protein (75), whereas 

GAPs enhance the intrinsic GTPase activity of Ras, resulting in the hydrolysis of GTP to GDP (76), (77), 

and the inactivation of Ras proteins.  

 

3.6 Ras GEFs and GAPs 

3.6.1 GEFS 
The human Ras GEF family of proteins consists of Ras Guanine Nucleotide-Releasing proteins 

(RasGRPs), Ras Guanine Nucleotide-Releasing Factors (RasGRFs), and the two members of the son of 

sevenless (SOS) family (70), (78). Structurally, all possess a REM (Ras exchange motif) and a CDC25 

homology domain which aid in guanine nucleotide exchange (78). An allosteric binding site for Ras-

GTP (GTP-bound Ras) between the REM and CDC25 domains of SOS1 (75), (79), (80), is known to 

enhance the catalytic activity of SOS on Ras-GDP (GDP-bound Ras) 75-fold (81). This is because Ras-

GTP stabilizes the catalytic domain of SOS via an allosteric site at the REM domain, to enhance 

nucleotide substitution in Ras (75), (79). This results in positive feedback (Figure 3) (79), (82).  

There are two known human SOS isoforms, SOS1 and SOS2, of which SOS1 is the most studied. SOS is 

autoinhibited by its Dbl Homology – Pleckstrin Homology (DH-PH) domains in the cytosol (83). The DH 

domain of SOS covers the allosteric binding site for Ras when SOS is in its autoinhibited state (83). SOS 

is recruited to the PM (Figure 3) when the Src Homology 2 (SH2) domains of Grb2 bind to 

phosphorylated tyrosine on the growth factor receptor during growth factor-mediated signaling (84), 

(85), (86). Plasma membrane-binding of SOS to Ras, Ras-GTP, and phosphoinositide phosphates (PIPs) 

frees it from its autoinhibited state, contributing to a positive feedback loop in which multiple Ras 

molecules are activated (87), (88), (89). 
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Figure 3. Activation of SOS and Ras at the plasma membrane.  
In the cytosol, SOS is autoinhibited. Plasma membrane recruitment of SOS upon Tyrosine-phosphorylation of a ligand-bound 
receptor allows it to interact with Grb2, PIPs, and Ras-GTP to rapidly catalytically activate Ras proteins. The large, grey 
subunit of SOS is the catalytic cdc25 domain, while the adjacent green subunit is the REM domain. The yellow, red, and 
purple subunits indicate the DH, PH, and Histone domains respectively. Image from Bandaru et al., 2019 (80). 

 

Of importance is also the role of magnesium ions. In the nucleotide-binding pocket, Mg2+ ions stabilize 

the beta-phosphates of both GDP and GTP, but also the gamma-phosphate of GTP (70). Additionally, 

they aid in orienting and coordinating the guanine nucleotides as well as mediating GTP hydrolysis. 

GEF binding to Ras causes Mg2+ release, which is a co-factor for nucleotide-binding (65). This reduces 

nucleotide binding affinity, subsequently freeing the bound nucleotide (75). Picomolar affinity allows 

immediate binding of another nucleotide, usually GTP due to its higher concentration in the cytosol 

(68), (72). GTP binding allows for GEF release, freeing the Ras-GTP (70). It has also been suggested that 

Ras-GDP can also bind allosterically to SOS conferring low GEF activating activity (83), such that fast 

SOS1 catalysis occurs when KRas-GTP is bound allosterically, and slow catalysis occurs when KRas-GDP 

is bound allosterically (82). 

3.6.2 GAPs 
There are six groups of Ras GAPs in mammals, namely p120GAP, GAP1, Neurofibromin, IQGAPs, 

SynGAPs, and Plexins (90). They each have different structures and cellular localizations. IQGAPS are 

non-canonical in that they do not activate intrinsic GTP hydrolysis in Ras proteins. A commonly studied 

GAP is Neufibromin-1 (NF-1) (91). NF-1 GAP is localized to the cytosol and is recruited to the plasma 

membrane by Spred1 (Sprouty-related EVH1 domain containing 1) during signaling (92). Degradation 

of NF-1 occurs via growth factor stimulation-induced ubiquitination which results in proteasomal 

degradation (93), (94), (95). 
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GAPs increase the intrinsic hydrolysis of Ras proteins by 105-fold (69), (77) as they alter the structure 

of the GTPase domain (73). Nucleophilic attack on the gamma-phosphate which hydrolyzes GTP occurs 

when a water molecule is correctly positioned by Glutamine 61 in the Switch II of Ras and is stabilized 

by an arginine finger motif of GAPs (70). GAPs are likely recruited to the PM or localized to cellular 

compartments where scaffold proteins hold signaling complexes together (96). 

Collectively, Ras GEFs and GAPs work together to modulate Ras activity levels by catalyzing GTP-

binding and the hydrolysis of GTP to GDP. Therefore, these Ras activity regulators are important in 

Ras-mediated signaling in both healthy and diseased states.  

 

3.7 Ras-mediated signaling 
Extracellular ligands bind cell-surface receptors such as G-protein Coupled Receptors (GPCRs) and 

receptor tyrosine kinases (RTKs), initiating a cascade of reactions that results in various cellular 

responses (1), (97). Ras proteins play a fundamental role as a signaling node for several signaling 

networks involving RTKs, GPCRs, and other proteins, mediating processes such as proliferation, 

survival, migration, and differentiation (Figure 4). 

Epidermal Growth Factor (EGF) is a common ligand for the RTK Epidermal Growth Factor Receptor 

(EGFR), also known as ErbB1. At physiological (98) or sub-saturating EGF concentrations (below 100 

ng/ml), the majority of EGFR proteins are monomeric and not bound to ligand (99). Thus signal 

transduction occurs through catalytic and autocatalytic activation of the monomers (57), (100). 

Conversely, at high, saturating EGF doses (over 100 ng/ml), EGFR forms asymmetric dimers upon 

ligand binding, leading to a conformational change that autophosphorylates itself at Tyrosine residues 

via activation of the intracellular kinase domain (101), (102), (103). Additionally, at lower EGF 

concentrations, EGFR is maintained at the PM via vesicular recycling to sustain signaling, while at high 

EGF concentrations, it is internalized and degraded to limit signaling (104), (105), (106), (100). 

The SH2 domain of the adapter protein Grb2 binds to these phosphorylated Tyrosines (107), (108) and 

aid the plasma membrane recruitment and activation of GEFs such as SOS (84), (85) as mentioned 

above. This forms an EGF-Grb2-GEF-Ras complex as the initial stages of signal transduction (109), 

(110). A higher plasma membrane concentration of SOS leads to more GDP being substituted for GTP 

on Ras proteins (111).  

The out-of-equilibrium enrichment of KRas-GTP on the plasma membrane actuates signal transduction 

as downstream effectors such as those along the MAPK cascade can bind to active Ras (56), (61). The 

different Ras isoforms bind to effector proteins with varying proclivities and strengths. For example, 

KRas4B activates Raf and induces cell migration more than NRas and HRas (112). KRas also more 

potently activates Rac than HRas (113). Conversely, HRas activates Raf and subsequently ERK at the 

Golgi apparatus and the endoplasmic reticulum membranes (114). 

Ras can also be activated by non-RTK mechanisms. GPCRs activate Ras via RasGRF (115), and hormones 

such as Insulin can also activate Ras via GEF activity (116). Calcium-dependent, Phospholipase C (PLC) 

activation of HRas at the Golgi apparatus via RasFRP1 is another mechanism by which Ras isoforms 

can be activated (117). 

The differential activation and effector proclivities of Ras isoforms can therefore give rise to a host of 

different cellular outcomes. Mitogen-Activated Protein Kinase (MAPK) signaling is one such important 

network, which plays a key role in proliferation, cell cycle progression, and differentiation (118), (119). 
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Another important signaling cascade is the Phosphoinositide 3-Kinase signaling network, which 

mediates cell survival (120). 

 

 

Figure 4. Ras-mediated signaling network.  
Activation of Ras proteins by different ligands leads to a myriad of responses via several signaling cascades that mediate 
processes such as proliferation, migration, survival, and angiogenesis. Dysregulation of  Ras-mediated signaling cascades can 
therefore drive cancer. Image from Soriano et al., 2021 (121). 

 

3.7.1 Mitogen-Activate Protein Kinase signaling 
Effectors downstream of Ras that are involved in MAPK signaling are Raf (MAPK Kinase Kinase), MEK 

(MAPK Kinase), and ERK (Extracellular Receptor Kinase, or MAPK) (122), (123). Thus, the sequential 

phosphorylation and activation of Raf-MEK-ERK proteins is what constitutes the MAPK signaling 

cascade (124), (125). MAPKs are serine/threonine kinases that phosphorylate serine/threonine amino 

acids which are followed by proline (124), (126). 

Three Raf isoforms are described in the literature: A-Raf, B-Raf, and C-Raf. Raf proteins are inactive 

and autoinhibited in the cytosol (127), (128). Upon Ras activation, they are recruited to the plasma 

membrane and bind to Ras via their RBD (129). Dimensionality reduction (130), (131), (132) and a 

decrease in the diffusion speed of Ras-bound Raf kinases enables Raf dimerization which is often 

asymmetric, involving B-Raf and C-Raf (133). Dimerization results in the transactivation of Raf 

monomers (134). MEK family kinases are then phosphorylated and activated by the active Raf 

proteins. Subsequently, MEK-mediated phosphorylation of Threonine 202/Tyrosine 204 and 

Threonine 185/Tyrosine 187 leads to the activation of ERK1 and ERK2 respectively (135), (136). 

Cytosolic and nuclear substrates of phosphorylated ERK can then be activated leading to a variety of 

responses affecting transcription and replication (137) (138), (139) (140) (141).  
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Non-catalytic proteins and scaffold proteins such as 14-3-3 and KSR (kinase suppressor of Ras) are 

involved in Ras-mediated MAPK signaling at the level of the PM, by aiding the localization of signaling 

complexes (142). This gives credence to the importance of plasma membrane localization of Ras 

proteins for signal transduction. A review by Fehrenbacher et al., 2009 (143), suggested that Ras-

mediated MAPK signaling can occur not only on the plasma membrane, but also at the level of the 

Golgi apparatus, endoplasmic reticulum, and endosomes. 

Dynamic ERK responses mediated by spatiotemporal and dynamic regulation of growth factors are 

important and can yield different cell fate decisions or phenotypes (122), (144), (145), (146), (147). For 

instance, proliferation occurs as a result of transient activation of ERK via EGF signaling, while 

differentiation occurs when ERK activity is sustained upon stimulation with NGF (Nerve Growth Factor) 

in PC12 cells (147). Another example is that GPCR-mediated MAPK signaling is transient when it occurs 

via cross-talk with RTKs, or more sustained when it is cytosolic and modulated by β-arresting (148). 

 

3.7.2 Phosphoinositide 3-Kinase signaling 
Another important Ras-mediated signaling cascade is that of Phosphoinositide 3-Kinase (PI3K) acting 

via Ak strain transforming thymoma (AKT) protein, which is a serine/threonine kinase. AKT is a Ras 

effector (149), (150) but more strongly activated by HRas than KRas (151). It can also be activated by 

other ligands such as Insulin-like Growth Factor 1 and Insulin. During signaling, phosphatidylinositol-

4,5-bisphosphate (PIP2) is activated by PI3K forming phosphatidylinositol-3,4,5-bisphosphate (PIP3). 

PIP3 associates with the plasma membrane (152) and activates effectors including AKT. Activation of 

AKT leads to its phosphorylation at threonine 308 and serine 473 residues (153), (154). Downstream 

of this, the mammalian Target of Rapamycin (mTOR) can be activated and influence cell survival and 

metabolism (155), (156).  

Cross-talk between signaling networks can occur and add a layer of complexity to cellular information 

processing and communication. There is cross-talk between ERK and AKT signaling as they can 

compensate for each other’s inhibition in pancreatic cancer cell lines (157), (158), (159). ERK inhibition 

can result in increased pAKT via the release of upstream negative feedback of pERK (160). AKT can 

also partially be phosphorylated by a MAPK-mediated mechanism (153), (161). It has also been shown 

that mTOR Complex 1 (mTORC1) can activate MAPK signaling via an S6K-PI3K-Ras mechanism (162). 

 

3.8 Up- and down-regulation of Ras signaling cascades 
Many factors influence the outcomes mediated by MAPK signaling such as the length and strength of 

the input signal, cross-talk with other signaling cascades, as well as scaffold proteins and intracellular 

localization (163). Non-linear dynamics of biological systems have been modeled mathematically to 

understand how signaling in living systems can result in multiple dynamic behavioral and 

morphological states (164). These dynamics of biological systems often contain properties such as 

positive and negative feedback loops, and adaptive and oscillatory behavior (164). This is also true for 

Ras-mediated signaling networks which can be viewed as more than just a molecular switch, due to 

the complex array of outcomes it modulates by the dynamic regulatory mechanisms that govern its 

function (165). This too involves feedback mechanisms and adaptive and oscillatory dynamics. 
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3.8.1 Positive feedback mechanisms in Ras-mediated signaling 
Positive feedback loops form part of the EGF-EGFR-Ras-MAPK signaling. Autocatalytic activation of 

EGFR under physiological EGF concentrations has been shown to rapidly increase EGF-mediated 

signaling responses in downstream effectors (57). SOS positive feedback on Ras activation as a result 

of freeing it from its autoinhibited state upon plasma membrane recruitment (89) or by allosteric 

binding of Ras-GTP also increases Ras activation and thus the activation of downstream effectors. 

These positive feedback loops give rise to a switch-like or ultrasensitive response of Ras on MAPK 

signaling observed upon growth factor stimulation (166), (167). Positive feedback can sustain MAPK 

signaling and cell division responses with transient growth factor stimulation and mediate irreversible 

cell fate decisions in Xenopus oocytes, for example (168), (169). 

 

3.8.2 Negative Feedback mechanisms in Ras-mediated signaling 
Negative feedback mechanisms are also at play in Ras-mediated signaling along both the MAPK and 

PI3K-AKT cascades. Negative feedback loops influence the length and strength of ERK activity (Figure 

5). ERK-mediated negative feedback acts via the inhibition of several proteins including SOS, Raf, and 

Mek (170). ERK can phosphorylate Threonine 669 of EGFR and downregulate its activity (171). Multiple 

serine sites on SOS1 can be phosphorylated by ERK, disrupting the EGFR-Grb2-SOS complex (172), 

(173), (174). Raf-1 (C-Raf) can also be phosphorylated by ERK, rendering it unable to bind to Ras-GTP 

at the plasma membrane (175). 

 

 

Figure 5. MAPK-associated negative feedback mechanisms.  
The scheme shows the various levels of negative feedback regulation in the MAPK signaling cascade which is mediated by 
proteins such as ERK, DUSP, and Sprouty. Image from Lake et al., 2016 (170). 
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Phosphorylated ERK can itself be inactivated by proteins such as MAPK phosphatases and Dual-

Specificity Phosphatases (DUSPs) which de-phosphorylate phosphorylated ERK (176), (170). 

Additionally, Sprouty (SPRY) proteins also downregulate MAPK signaling by inhibiting SOS-binding to 

Grb2 (177), (178), (170). SPRED 1 and 2 proteins inhibit FGF- and EGF-mediated MAPK signaling by 

preventing Raf activation (179), while EGFR is downregulated by protein tyrosine phosphatases (180). 

The oscillatory behavior of phosphorylated ERK has been reported, the dynamics of which are a result 

of negative feedback mechanisms along the Ras-Raf-MEK-ERK signaling cascade (181), (182), (183). 

They have also been modelled computationally (184). These ERK waves have been described as 

asynchronous at steady-state (185). 

Negative regulatory mechanisms are also present in PI3K-AKT signaling. Protein phosphatase 2A 

(PP2A) and the PH domain leucine-rich repeat protein phosphatases (PHLPP) 1 and 2 are known 

negative regulators of active phosphorylated AKT (153), (186), (161). P70s6K also acts as a negative 

regulator of AKT after growth factor stimulation (187) 

There are multiple layers of complexity and regulation governing biological signaling systems. There is 

also tight regulation in the form of negative feedback or down-regulatory mechanisms to modulate 

the strength and length of the signal. However, even with such varied levels of control, errors still 

occur that can result in diseases. 

 

3.9 Rasopathies 
Given the central role of Ras in signaling, it follows that aberrations in the signaling network involving 

Ras can give rise to diseases. Ras-associated pathologies, or Rasopathies, are defined as germline 

mutations affecting aspects of the Ras-MAPK signaling cascade (188), (189). This includes a range of 

conditions such as neurofibromatosis type 1 where neurofibromin function is lost, Noonan syndrome 

where multiple gene mutations occur in Ras-MAPK proteins, and Costello syndrome where HRas is 

mutated (190), (191), (192) (188). Many of these conditions display similar symptoms and signs such 

as altered morphological features in the face, heart, skin, muscles, and eyes, as well as challenges in 

neurocognition (188). Patients with these conditions also have a greater propensity to developing 

cancers, many of which are Ras-associated (188), (193) Indeed, it is thought that up to a fifth of all 

human cancers are related to Ras isoform mutations, with KRas being the most frequently mutated 

(194). 

3.10 Cancer 
Carcinogenesis, or cancer formation, is viewed as a progressive phenomenon (195) involving multiple 

genetic defects (196) and chromosomal instability (197) and epigenetic factors such as DNA 

methylation (198), (199). These changes lead to dysregulated proliferation, survival, differentiation, 

and migration, which enable disordered growth and replication of cells and thus tumor formation, and 

the ability to metastasize through disordered migration. The 6 key aspects of cancer have been 

described, and they include the ability to replicate unhindered, evasion of apoptosis, mitogenic growth 

signaling autonomy (200). The environment surrounding a tumor, dubbed the tumor 

microenvironment, eventually also contributes to the maintenance and progression of cancer (201). 

Gain-of-function mutations in oncogenes and loss or inactivation of tumor suppressor genes are 

commonly the primary contributing factors to tumor formation (202), (203), (204). The notion of 

oncogene addiction describes how cancerous cells depend on one or more oncogenic mutations for 
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growth, maintenance, and survival, despite having several genetic and epigenetic aberrations (205), 

(206). It has been suggested that addiction to oncogenic Ras in Ras-associated tumors is important for 

tumorigenesis via MAPK and PI3K signaling (207), (159), (154), with PI3K signaling playing a greater 

role in tumor maintenance than MAPK (207), (208), (152). Supporting the theory that Ras-mediated 

MAPK signaling is involved in cancer formation, one study suggested that ERK may be constitutively 

active in some colon, pancreatic, lung, and kidney tumors or cancer cell lines and that this may be 

linked to Raf activation (209). Suffice it to say, it is clear that aberrant Ras signaling plays a crucial role 

in cancer. 

 

3.11 The role of Ras in cancer 
About 19% of cancer patients possess a Ras mutation, with KRas mutations being implicated in about 

75% of cases (194). An increase in wild-type KRas gene copy number and expression is also associated 

with the pathophysiology of some cancers (210), (211), (212). For example, overexpression of wild-

type KRas is associated with worse outcomes in terms of remission and survival in acute myeloid 

leukemia patients (213). Thus both overexpression of and mutations in Ras proteins are significant. 

Following an oncogenic mutation in one of these isoforms, the loss of tumor-suppressors such as p53, 

and other genetic and epigenetic changes (214) that drive cells toward cancer formation.  

Many Ras mutations are activating, missense mutations on positions Glycine 12 (G12), Glycine 13 

(G13), and Glutamine 61 (Q61) and are involved in many cancers including pancreatic, colon, and lunch 

cancers (19), (66), (34), (215), (24), (157). G12 and G13 mutations are more common in KRas, whereas 

Q61 mutations are more common in HRas and NRas (216). Mutations in the G12 region result in a 

structural shift of the Switch II region (217). Differences in G12 and G13 Ras mutations are observed 

in responses to anti-EGFR chemotherapy, with slightly better survival in G13 patients (218). Mutations 

in these loci disrupt GTP hydrolysis and limit GAP activity on the mutated Ras (73), (216). Mutated Ras 

is therefore constitutively activated in the GTP-bound state, engaging MAPK and PI3K signaling in 

pathogenesis (219), (187), (220). Altered effector binding and changes in feedback mechanisms may 

also play a role in cancer formation in Ras-associated carcinogenesis (221), (219), (222), (160). 

Different Ras isoform mutations are observed in different cancers with varying tissue specificities 

(216). For instance, HRas mutations are often involved in bladder cancers, while NRas mutations are 

associated with melanoma (25), (26), (193). KRas mutations on the other hand are often seen in 

pancreatic, colorectal, and lung adenocarcinomas. 

About 93% of early-stage pancreatic ductal adenocarcinoma are observed to have an oncogenic Kras 

mutation (223), (224). Additionally, the growth of pancreatic cell lines was suppressed by inhibiting 

oncogenic KRas (225), (226) suggesting that these tumors depend, to a high degree, on the oncogenic 

KRas for growth. 

Colorectal cancer (CRC) is the second deadliest cancer globally (227), characterized by upregulation of 

oncogenes and downregulation of tumor suppressor genes (228). Although mutations of the tumor 

suppressor gene product adenomatous polyposis coli and dysregulated Wnt signaling are important 

aspects of CRC, up to half of colorectal cancers involve an oncogenic KRas mutation, often conferring 

a treatment resistance (229), (223). KRas mutations, especially of the G12 codon, confer worse survival 

in CRC (230), (231). These patients often do not benefit from anti-EGFR therapies (232), (233), (234). 

Mutations in Ras-signaling regulators can also be involved in Ras-associated cancers. As mentioned, a 

reduction in the function of mutated Neurofibromin is involved in several cancers such as melanoma, 
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lung adenocarcinoma, and glioblastoma (235), (236). Additionally, some T-cell leukemias involve 

overexpressed RasGRP1, a Ras GEF, which elevates active Ras-GTP (237).  

 

3.12 Oncogene Induced Senescence and Apoptosis 
It is evident that mutated Ras proteins play a role in many cancers. However, in certain situations, the 

presence of oncogenic Ras does not lead to hyperproliferation and increased cell survival, but rather 

growth inhibition. This phenomenon is termed oncogene-induced senescence (OIS). OIS can occur 

when co-expression of an oncogenic and a wild-type RAS allele drives cells towards senescence or 

apoptosis, rather than proliferation (238), (239), (240). The mechanism by which this occurs involves 

overexpression of mutant KRas (238), (241). 

OIS appears not to occur at endogenous levels of expression of KRas G12V and G12D as shown in mice 

embryonic fibroblasts (MEFs) (242) (241). Conversely, endogenous-level expression of KRas G12D in 

MEFs increased proliferation and partial transformation (241). Thus, isogenic levels of mutant KRas in 

one allele drive proliferation toward cancer formation (243).  

Oncogenic Ras alone is insufficient to cause senescence, but constant MAPK signaling, loss of GAPs 

like NF-1, and activation of tumor suppressors such as p53 and p16 INK4a are also required (238), 

(244), (245). To this end, a model was proposed by Tuveson et al, where overexpression of mutant 

KRas does occur and engages tumor inhibitory mechanisms, which must be overcome to eventually 

lead to cancer formation (241), (246), (247), (248). This also suggests that overexpression of mutant 

Ras is important for carcinogenesis as was suggested by a study on MCF-10A cells (249). However, 

tumor suppression should be overcome (246). 

 

3.13 The roles of Ras proteins in tumorigenesis 
OIS shows that oncogenic Ras alone may not be sufficient to cause cancer. From studies on OIS, it is 

clear that Ras expression level can affect the proliferation and survival of cells containing mutant Ras. 

However, another layer of complexity to Ras-associated carcinogenesis is the action and interplay of 

the other Ras proteins. Studies suggest that the wild-type counterpart of the mutant Ras, as well as 

other wild-type Ras isoforms, play distinct roles.  

 

3.13.1 The role of the mutated Ras protein 
The mutated Ras protein is constitutively active, in the GTP-bound state. Oncogenic KRas for example, 

is thought to modulate baseline effector levels, raising pERK, and mediating proliferation (250). 

Additionally, mutant Ras is thought to diminish responses to EGF via an inhibitory mechanism on wild-

type Ras signaling (250)  

Oncogenic KRas can increase wild-type HRas and NRas activity via allosteric activation of SOS1 (251), 

(252), (253). It can also cross-activate the cognate wild-type KRas via allosteric binding to SOS (254). 

In contrast to this, mutant KRas in pancreatic cancer can negatively regulate WT Ras signaling via 

Ribosomal S6 Kinase (RSK) and NF-1 mechanisms (255) 

In KRas-mutant cells, activation of wild-type Ras, that is the cognate Ras and the other two Ras 

isoforms, likely occurs via two primary mechanisms. One mechanism involves allosteric activation of 

SOS by KRas oncoprotein, which then activates the wild-type HRas and NRas proteins in the cell, 

promoting tumor formation (253). Another mechanism is through growth factor-mediated activation. 
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As the wild-type Ras proteins are not constitutively active, they can still be activated by growth factor 

signaling cascades such as via RTKs. Additionally, activation of wild-type Ras proteins can occur via 

PI3K-AKT-NOS (endothelial Nitric Oxide Synthase) mediated C118 S-nitrosylation of wild-type Ras 

variants and is thought to encourage tumorigenesis (256) 

 

3.13.2 The role of the cognate, wild-type Ras protein 
Several studies suggest that the cognate, wild-type Ras counterpart of an oncogenic Ras plays a tumor-

inhibitory role (Figure 6) in the early stages of tumorigenesis (257), (258). This is because, in human 

and mouse cancer models, it is often observed that this wild-type counterpart of the oncogenic Ras 

during cancer formation is lost, a process known as loss of heterozygosity, (258), (248). 

Loss of heterozygosity (LOH) was seen in mice with mutated HRas that developed integumentary 

tumors (259). LOH has also been observed in lymphomas with mutant NRas and KRas-mutant lung 

tumors in mice (260), (258). This was also the case in a p16 knockout mouse line modeling pancreatic 

cancer (248). In human samples of lung cancer with mutated KRas, LOH was also observed (261). 

Additionally, samples from Costello Syndrome patients with mutated HRas who also developed cancer 

were observed to have LOH (262). 

Further evidence for the tumor-suppressive ability of the cognate wild-type Ras comes from 

transfection experiments. Transfection of HRas-mutated rat fibroblasts with wild-type human HRas 

inhibited tumorigenesis (263). Similar results were observed when wild-type NRas was transfected 

into NRas-mutated thymic lymphoma model (264). Additionally, in KRas-mutated tumors, it has been 

shown that loss of wild-type HRas and NRas promotes DNA damage by an increased MAPK and AKT 

signaling mechanism, which encourages tumorigenesis (265). 

The studies mentioned above provide evidence supporting an inhibitory role of the cognate wild-type 

Ras. Contrary to this, other research suggests that wild-type Ras may promote tumorigenesis under 

certain conditions. For instance, mutant KRas can activate signaling, resulting in apoptosis (266). 

However, expression of wild-type KRas in KRas-mutated colorectal cancer was associated with 

autocrine-mediated EGFR signaling that opposes this apoptosis, suggesting a tumor-promoting 

function of wild-type KRas (266). Adding a further layer of complexity is that some studies suggest that 

the cognate wild-type Ras neither encourages nor inhibits tumorigenesis in mutant KRas cell lines. In 

NRas (G12D)-mutated  myeloproliferative neoplasia, wild-type NRas did not inhibit tumorigenesis 

(267).  

 

3.13.3 The role of the non-mutated Ras isoforms 
The non-cognate wild-type Ras proteins of the non-mutated Ras isoforms (for example, HRas and NRas 

in a KRas-mutated system) are thought to play a tumor-promoting role (Figure 6). In human cancer 

cell lines, the wild-type isoforms of Ras have been reported to drive cancer formation by mediating 

growth factor responses, which the constitutively active oncogenic Ras does not (250). It was shown 

in a KRas-mutant endometrial cancer cell line that growth factor-mediated ERK signaling occurs via 

wild-type HRas and NRas, while AKT signaling occurs via HRas (268). Signaling, however, may still occur 

independent of growth factor stimulations, as it was shown that in serum-deprived cells, wild-type 

NRas mediated MAPK signaling in G12V HRas mutated cells (222). 

Although not commonly investigated, in KRas-mutated lung tumors, the wild-type KRas4A splice 

variant may promote tumorigenesis in the initial stages, but not maintain tumor growth (269). 
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The roles of different Ras proteins in cancer are therefore multilayered, with some opposing results in 

the literature. One study suggested that the contexts within which these observations are made are 

important as they affect whether the cognate and other wild-type Ras isoforms encourage or inhibit 

tumorigenesis (257). 

 

 

Figure 6. Theory on the roles and interactions of Ras isoforms in HRas- and KRas-mutated cells.  
The scheme on the left shows the likely functions and interactions of Ras isoforms in HRas-mutated cells, where mutated, 
oncogenic HRas drives tumorigenesis via PI3K-mediated signaling and the WT KRas and NRas mediate MAPK signaling. The 
scheme on the right shows the proposed roles and relationship between mutated, oncogenic KRas and other Ras isoforms 
during tumorigenesis, whereby mutant KRas drives tumorigenesis via MAPK signaling, while WT HRas and NRas mediate PI3K 
signaling. In both HRas- and KRas-mutated cells, the cognate WT isoform is thought to be inhibitory to its mutated, oncogenic 
counterpart. Image from Sheffels et al., 2021 (270). 

 

3.14 Other considerations of Ras-mediated signaling in cancer 
Non-mutated Ras is also observed in several cancers. Oftentimes, gene duplication and Ras protein 

overexpression play a role in the development of cancer. Human HRas overexpressed in transgenic 

mice was associated with tumor formation, regardless of mutation state (271). Liver tumors can 

develop in mice models expressing only wild-type HRas through carbon tetrachloride induction (272). 

Other genes of proteins involved in Ras signaling cascades, such as NF-1, are often mutated in ovarian 

and lung cancers (273), (274). DUSP6, a negative regulator of MAPK signaling, is thought to have an 

inhibitory function on proliferation in lung cancer cells (275). Even though SOS1 mutations are seldom 

reported in cancer (276), RasGRPs are involved in many cancers, as reviewed by Ksionda et al., 2013 

(237). 

Collectively, these studies show a complex relationship that exists between mutated and non-mutated 

Ras proteins in the development and maintenance of different cancers. It is possible that mutated Ras 

can activate the other wild-type Ras proteins. However, the functions of each of these is likely 

dependent on the context. Other proteins in the Ras signaling network, such as the GEF RasGRP, and 

negative regulators of MAPK signaling likely also play important roles. 

 

3.15 Control of Protein Localization in vivo 
There is experimental value in being able to manipulate the spatiotemporal dynamics of a protein or 

its expression. Chemically induced dimerization (CID) is one such molecular biology technique that 

allows for spatiotemporal control of proteins in vivo. Thus, it can be used to investigate signaling, 

protein localization, and gene expression (277), (278), (279), (280).  
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The CID system consists of dimerization domains, which are usually natural or modified ligand binding 

domains of selected proteins, which can be brought together by a chemical inducer or dimerizer that 

binds to both dimerization domains (281), (282). The dimerization domains are linked to split proteins 

or proteins of interest, at least one of which can be targeted to a specific cellular compartment, 

offering spatial control (281), (282). 

One commonly used CID system is the FK506-binding protein (FKBP) – FKBP – rapamycin binding (FRB) 

system, or FKBP-FRB for short (278), (283), (284). The FKBP-FRB system allows for the use of 

Rapamycin or a related molecule as a dimerizer for FKBP12 and FRB dimerization domains (283), (284). 

While Rapamycin is a ligand for FKPB12, FRB is an mTOR domain that can bind to FKPB12 via 

Rapamycin.  

Other systems have also been established with the capacity to be reversible and with less interference 

with endogenous systems. One such example is a system employing the use of an E. coli dihydrofolate 

reductase (eDHFR) and modified FKBP dimerization domains with a synthetic bivalent ligand as the 

dimerization molecule (285). Such systems are widely used for global control of protein localization in 

groups of cells. 

Fine-tuned spatial control can be achieved by using chemical-optogenetic techniques. Chemical-

optogenetic approaches contain photocaged and/or photocleavable molecules where light is used to 

control the dimerization and reversal of dimerization of proteins in a spatiotemporal manner (286), 

(287), (288). Different approaches employ light-based systems such as the Light-Oxygen-Voltage 

(LOV2) protein domain of phototropin 1 of Avena sativa, where blue light leads to a conformational 

change that can allow controlled binding of LOV2 to a designed domain. (289), (290). Combining the 

CID with optogenetics for multidirectional modulation of the localization of a protein of interest has 

also been proposed (291). 

CID and optogenetic techniques therefore offer a way to investigate Ras signaling by controlling its 

plasma membrane localization. 
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4 Objectives 
 

Ras proteins play an important role in several signaling cascades, transducing external signals into 

phenotypic and behavioral outputs. The significance of KRas oncoproteins in the pathophysiology of 

cancer is undeniable, as they regulate processes such as proliferation, differentiation, and survival –  

processes that are dysregulated in cancer. Constitutive activation of mutated KRas proteins is thought 

to drive tumor formation. However, this notion has proven to be more convoluted than previously 

thought. Oncogene-induced senescence occurs when oncogenic KRas is over-expressed relative to the 

other wild-type isoforms, adding nuance to the paradigm. Additionally, the loss of the cognate wild-

type Ras during transformation points to this wild-type Ras playing an inhibitory role against its 

mutated counterpart. Although distinct roles in Ras signaling of wild-type and oncogenic Ras have 

been described, how they interact remains unclear and requires further study. We hypothesized that 

there is an interaction between wild-type and oncogenic Ras activity and that this interaction 

influences cell behavior toward either a senescent or oncogenic state. 

Ras protein signaling via MAPK and PI3K cascades is intrinsically linked to its localization at the plasma 

membrane. Thus, controlling Ras localization provides a way to temporally regulate its signaling 

activity. Using this concept, we aimed to apply a bioorthogonal chemically-induced dimerization 

technique to modulate the plasma membrane translocation of oncogenic KRas and assess its effect on 

wild-type Ras activity and downstream signaling. 

In summary, we set out to do the following: 

1. Develop a chemical genetic approach to control the concentration of oncogenic KRas at the plasma 

membrane. 

2. Develop a biochemical assay for wild-type Ras activity and signaling to investigate the effects of 

chemically-induced translocation of KRas to the plasma membrane on Ras-mediated signaling. 

With these objectives, the aim was to investigate whether the plasma membrane localization of KRas 

oncoproteins influences wild-type Ras activity and subsequent signaling. 
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5 Materials and Methods 
 

5.1 Materials 
 

5.1.1 Chemicals and Reagents 
 

Table 1. Chemicals and Reagents 

Name Supplier 

2-mercapto-ethanol (β-mercaptoethanol) SERVA Electrophoresis GmbH 

Acetic Acid Sigma-Aldrich 

Albumin bovine fraction V, pH 7.0 (BSA) SERVA Electrophoresis GmbH 

Ammonium persulfate (APS) SERVA Electrophoresis GmbH 

Bromophenol blue Sigma-Aldrich 

cOmplete TM, EDTA-free Protease Inhibitor 
Cocktail 

Merck 

Crystal Violet Sigma-Aldrich Biochemie GmbH 

Dimethyl sulfoxide (DMSO) SERVA Electrophoresis GmbH 

Dithiothreitol (DTT) Fluka ® Analytical 

(Human) Epidermal Growth Factor (hEGF)  
E9644 

Sigma-Aldrich 

Ethanol J.T. Baker 

Ethylenediaminetetracetic acid (EDTA) Fluka ® Analytical 

Glycerol GERBU Biotechnik GmbH 

Glycine Carl Roth GmbH 

Guanosine 5’- [γ-thio] triphosphate tetralithium Sigma-Aldrich 

Guanosine 5 - diphosphate salt Sigma-Aldrich 

Imagine Medium PAN TM Biotech 

Isopropanol J.T.Baker 

Isopropyl-β-D-1-thiogalactopyranoside (IPTG) Sigma-Aldrich 

Kanamycin sulfate GERBU 

Magnesium chloride (MgCl2) Merck KG 

Methanol Sigma-Aldrich 

N,N,N’,N’-Tetramethylene-diamine (TEMED) Carol Roth GmbH 

Phosphatase inhibitor cocktail 2 + 3 Sigma-Aldrich 

Phosphate Buffered Saline 10X Molecular 
Biology Grade 

Corning ® 

Poly-Lysine Sigma-Aldrich 

Precision Plus Protein TM Dual Color Standards Bio-Rad 

Puromycin Sigma-Aldrich 

Sodium Chloride (NaCl)   Fluka ® Analytical 

Sodium Dodecyl sulfate (SDS) Carl Roth GmbH 

Trimethoprim Sigma-Aldrich 

Tris-base Carl Roth GmbH 

Tris-HCl J.T.Baker 

Triton X-100 SERVA 

Tween 20 SERVA 

Roti®-Histofix 4% Carl Roth GmbH 
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Rotiphorese®Acrylamide/Bis-acrylamide 40% 
(29:1) 

Carl Roth GmbH 

Modified Synthetic ligand of FKBP – 
Trimethoprim (SLF’-TMP) 

ChiroBlock GmbH 

Trimethoprim (TMP) Sigma-Aldrich 

 

5.1.2 Molecular Biology  
 

5.1.2.1 Plasmids 
 

Table 2. Plasmid List 

Name Vector 

mTFP-2xFKBP-KRas∆HVRwt-P2A-tagBFP-2xeDHFR-tK_pPB CAG IRES 

Puro  

PiggyBac CAG IRES 

PuroR 

mTFP-2xFKBP36V-KRasG12V∆HVR-P2A-TagBFP-2xeDHFR-tKRas  PiggyBac CAG IRES 

PuroR 

mTFP-2xFKBP-KRas∆HVRG12D-p2a-tagBFP-2xeDHFR-tK_pPB CAG IRES 

Puro 

PiggyBac CAG IRES 

PuroR 

*Plasmids were created in the Lab of Prof. Dr. Philippe Bastiaens, Department of Systemic Cell Biology, 

Max Planck Institute of Molecular Physiology, Dortmund (292). 

 

5.1.2.2 Escherichia Coli (E. coli) strains 
 

Table 3. Escherichia coli strains 

Name Supplier 

E. coli BL21-CodonPlus(DE3) competent cells Agilent Technologies 

 

5.1.2.3 Buffers and Media 
 

Table 4. Molecular biology - buffers and media 

Name Preparation 

LB (Lysogeny broth) medium 10 g/L Bacto-Trypton 
5 g/L yeast extract 
10 g/L NaCl 
pH 7.4  

LB agar plates with antibiotics for selection 15 g/L agar in LB medium, autoclaved, 
supplemented with respective antibiotics: 
Kanamycin 50 µg/mL, Ampicillin 100 µg/mL  

SOC (Super Optimal broth) medium 20 g/L Bacto-Trypton  
5 g/L Bacto-yeast extract  
0.5 g/L NaCl  
2.5 mM KCl 
10 mM MGCl2  
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20 mM glucose 
autoclave, then add 20 mM glucose 

TAE (Tris-acetate-EDTA) buffer 40 mM Tris/Acetate (pH 7.5)  
20 mM NaOAc  
1 mM EDTA 

TB (Terrific broth) medium 12 g/L Trypton  
24g/L yeast extract  
4 mL/L glycerol  
17 mM KH2PO4  
72 mM K2HPO4  

 

5.1.3 Protein Biochemistry   
 

5.1.3.1 Buffers and Media 
 

Table 5. Protein biochemistry - buffers and media 

Name Preparation 

Bacterial Lysis Buffer 50 mM Tris-HCl (pH 7.5)  
400 mM NaCl  
1 mM DTT  
1% Triton X-100  
1 mM EDTA  
1 cOmplete TM EDTA-free Protease Inhibitor 
tablet per 50 mL 

GST-3xRafRBD pulldown wash buffer 50 mM Tris-HCl (pH 7.5)  
50 mM NaCl  
20% Glycerol  
1 mM EDTA  
1 mM DTT  
1 cOmplete TM EDTA-free Protease Inhibitor 
tablet per 50 mL 

GST-3xRafRBD pulldown lysis buffer 50 mM Tris-HCl (pH 7.5)  
200 mM NaCl  
10% Glycerol  
5 mM MgCl2  
1% Triton X-100  
1 cOmplete TM EDTA-free Protease Inhibitor 
tablet per 50 mL 

2x SDS sample buffer 
 

150 mM Tris-HCl (pH 6.8)  
1.2% SDS  
30% Glycerol  
2.1 M β-mercaptoethanol  
0.1% bromophenol blue 

5x SDS sample buffer 60 mM Tris-HCl (pH 6.8)  
2% SDS  
25% Glycerol  
0.7 M β-mercaptoethanol  
0.1% bromophenol blue 
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SDS running buffer 25 mM Tris-base  
192 mM glycine  
0.1% SDS 

Transfer buffer 25 mM Tris-base  
192 mM glycine  
20% methanol 

Tris-buffered saline (TBS) 50 mM Tris-HCl (pH 7.5)  
150 mM NaCl 

TBS-Tween 50 mM Tris-HCl (pH 7.5)  
150 mM NaCl  
0.1% Tween 20 

 

5.1.3.2 Commercially available materials and kits   
 

Table 6. Protein biochemistry - commercially available materials and kits 

Name Supplier 

Odyssey ® Blocking Buffers (PBS) (#927-40000)
  

Li-Cor 

Pierce TM Glutathione Magnetic Agarose Beads 
(#78602) 

Thermo Fisher Scientific 

Precision Plus Protein™ Dual Color Standards 
(#1610374)  

Bio-Rad 

Micro BCA Protein Assay Kit (#23235) Thermo Fisher Scientific 

 

5.1.3.3 Casting gels 

 

Table 7. Casting gels for SDS PAGE 

Name Preparation 

Running Gel 15% 9.2 mL Milli-Q H2O  
20 mL 30% Acrylamide  
10 mL 1.5 M Tris (pH 8.8)  
400 µL 10% SDS  
400 µL 10% APS  
16 µL TEMED  

Stacking gel 5%  (25 mL) 14 mL Milli-Q H2O  
4.25 mL 30% Acrylamide  
6.25 mL 0.5 M Tris (pH 6.8)  
250 µL 10% SDS  
250 µL 10% APS  
25 µL TEMED  

 

5.1.3.4 Antibodies 

 

5.1.3.4.1 Primary Antibodies  
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Table 8. Primary antibodies 

Name Dilution Supplier 

Pan Ras monoclonal antibody (RAS10), (Lot 

VH307686) 

1:1000  

(Western Blot) 

Invitrogen 

Anti-alpha Tubulin monoclonal mouse antibody, 

(#T6074, Lot 118M4779V) 

1:4000 

(Western Blot) 

Sigma Life Sciences 

Phospho-AKT rabbit monoclonal antibody, (S473),  

(#12/2019, Lot25) 

1:2000 

(Western Blot) 

Cell Signaling 

Technology 

Phospho-AKT rabbit polyclonal antibody (S473), 

(#9271L) 

1:1000 

(Western Blot) 

Cell Signaling 

Technology 

Phosphorylated p44/42 MAPK (T202/ Y204), 

rabbit monoclonal antibody, (#4370S and #4370L) 

1:2000 

(Western Blot) 

Cell Signaling 

Technology 

 

5.1.3.4.2 Secondary Antibodies 
 

Table 9. Secondary antibodies 

Name Dilution Supplier 

IRDye® 680 RD Donkey anti-Rabbit IgG (H + L) 
(#926-68073) 

1:10 000 
(Western Blot) 

Li-Cor 

IRDye® 800 CW Donkey anti-Mouse IgG (H + L) 
(#926-32212) 

1:10 000 
(Western Blot) 

Li-Cor 

IRDye® 800 CW Donkey anti-Rabbit IgG (H+L) 
(#926-32213) 

1:10 000 
(Western Blot) 

Li-Cor 

IRDye® 680 RD Donkey anti-Mouse IgG (H + L) 
(#926-68072) 

1:10 000 
(Western Blot) 

Li-Cor 

 

5.1.4 Cell Biology 
 

5.1.4.1 Mammalian Cells  

 

Table 10. Mammalian cells 

Name Supplier 

Madin-Darby canine kidney (MDCK) cells, MDCK 

(NBL-2), ATCC® Number: CCL-34TM 

ATCC 

 

5.1.4.2 Stable cell lines of mammalian cells 

 

Table 11. Stable cell lines of mammalian cells 

Name Incorporated Plasmid 

Recruitable WT KRas-expressing MDCK cells 
(rWT KRas cells) 

MDCK cells piggyBac transfected with mTFP-
2xFKBP-Kras∆HVRwt-p2a-tagBFP-2xeDHFR-
tK_pPB CAG IRES Puro 
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Recruitable G12V KRas-expressing MDCK cells 
(rG12V KRas cells) 

MDCK cells piggyBac transfected with mTFP-
2xFKBP36V-KRasG12V∆HVR-P2A-TagBFP-
2xeDHFR-tKRas 

Recruitable G12D KRas-expressing MDCK cells 
(rG12D KRas cells) 

MDCK cells piggyBac transfected with mTFP-
2xFKBP-Kras∆HVRG12D-p2a-tagBFP-2xeDHFR-
tK_pPB CAG IRES Puro 

* The MDCK cell lines stably expressing recruitable KRas constructs were previously created in the 

laboratory of Prof. Dr. Philippe Bastiaens, Department of Systemic Cell Biology, Max Planck Institute 

of Molecular Physiology, Dortmund (292). 

 

5.1.4.3 Media components 

 

Table 12. Cell biology - media components 

Name Supplier 

DPBS without Ca2+/Mg2+ (P04-361000)  PAN TM Biotech GmbH 

Dulbecco’s Modified Eagle Medium (DMEM,  #P04-03600) PAN TM Biotech GmbH 

Fetal Bovine Serum (FBS,  #F7524)  Sigma-Aldrich 

L-Glutamine (#P04-80100)   PAN TM Biotech GmbH 

Non-essential amino acids (NEAA) PAN TM Biotech GmbH 

Trypsin 0.05% /EDTA 0.02% in DPBS, without Ca2+ and Mg2+ 
(#P10-023100)  

PAN TM Biotech GmbH 

 

5.1.4.4 Media Preparations 

 

Table 13. Cell biology - media preparations 

Name Preparation 

Complete culture medium (Full growth medium 
(FGM)) 

DMEM, 1% NEAA, 1% L-Glutamine, 10% FBS 

Cryopreservation medium Complete culture medium, 10% DMSO 

Serum-deprived Medium DMEM, 1% NEAA, 1% L-Glutamine, 0.1% FBS 

Serum-free Medium DMEM, 1% NEAA, 1% L-Glutamine, 0% FBS 

 

5.1.5 Instruments and Equipment 
 

Table 14. Instruments and Equipment 

Name Supplier 

Centrifuge 5417R (with Temp function)  Eppendorf 

DynaMag TM-2 Life Technologies AS, Norway (Made in UK, REF 
12321D, Invitrogen) 

Immobilon-FL Polyvinylidene Fluoride (PVDF) Millipore, Merck KGaA 

Multiskan Ascent Thermo Electron Corporation 

Odyssey Infrared Imager Licor® Biosciences 

Pherastar FS BMG Labtech 

Typhoon Trio Variable Mode Imager GE Healthcare 
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XCell IITM Blot Module   InvitrogenTM Life Technologies 

XCell SureLockTM Mini-Cell Electrophoresis Sys.
  

InvitrogenTM Life Technologies 

 

5.1.6 Software 
 

Table 15. Software 

Name Supplier 

Adobe Illustrator Adobe Systems 

DNASTAR Navigator v2.2.1.1 DNASTAR Inc. 

FV10-ASW Fluoview Software Olympus 

Fiji http://fiji.sc/Fiji (293) 

GraphPad Prism 6 and 9 GraphPad Software Inc. 

Inkscape Version 1.0.1 and 1.3.2 Download Inkscape 1.0 | Inkscape 

Leica Application Suite X Leica Microsystems 

Microsoft Office 2016 Microsoft Corporation 

Multiscan Ascent Software Version 2.6 ThermoElectron Coorperation 

Odyssey Infrared Imaging System   Licor® Biosciences 

Python v3.7.4  Python Software Foundation 

  

http://fiji.sc/Fiji
https://inkscape.org/en-gb/release/inkscape-1.0/
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5.2 METHODS 
 

5.2.1 Cell Biology 
 

5.2.1.1 Cell culture  

 

5.2.1.1.1 Cultivation of cells 

Dulbecco’s Modified Eagle’s Medium supplemented with 10% Fetal Bovine Serum (FBS), 1% 

nonessential amino acids, and 1% (10 mM) L-Glutamine was used to culture MDCK cells in a humidified 

incubator with 5% CO2 at 37 °C. The standard culture procedure was to seed and culture 1 x 106 MDCK 

cells in a T-75 flask and passaged every 2 days. 

5.2.1.1.2 Passaging cells 

To passage the cells, the growth medium was aspirated and the cells were washed with 10 mL PBS 

without Ca2+/Mg2+. To detach the cells from the culture flask, 1.5 mL of 5% Trypsin-EDTA was added to 

the T-75 culture flask, and the cells incubated for 10-15 minutes in a humidified incubator (5% CO2 at 

37 °C). The trypsin-EDTA was neutralized by adding 8.5 mL of DMEM FGM. The cells were centrifuged 

at room temperature for 5 minutes at 200 g, and the FGM-Trypsin-EDTA was removed. The cell pellet 

was then resuspended in 6 mL growth medium and a 500 µL aliquot was used to determine the cell 

count and viability using an automated hemocytometer. Two million cells were then reseeded in a 

fresh T-75 with 10-12 mL medium for 2 days before the following passage. 

5.2.1.1.3 Cryopreservation of cells 

To cryopreserve cells, cells were detached from the culture flask with Trypsin-EDTA and pelleted as 

above. The cell count was determined, and the desired volume of cells was transferred to a new falcon 

tube and centrifuged again at 200 g for 5 minutes at room temperature. The pellet was resuspended 

in FGM containing 10% DMSO and stored in cryovials at 1 x 106 or 2 x 106 cells per milliliter per cryovial. 

The cells were stored at 70 °C for 24 hours before long-term storage at -150 °C. 

5.2.1.1.4 Thawing cells from long-term storage 

When thawing cryovials, the cells were quickly heated in a water bath for 1 – 2 minutes, then 

immediately diluted in FGM to a total volume of 10 mL in a falcon tube. The cells were then centrifuged 

at 200 g for 5 minutes at room temperature and the supernatant aspirated to remove the DMSO. The 

cells were then resuspended in fresh, warm medium (37 °C), and seeded in a T-75 flask with 12 – 15 

mL total FGM before culturing until confluence (or for 2 – 3 days) in a humidified incubator with 5% 

CO2 at 37 °C.  

 

5.2.1.2 Characterization of the EGF temporal response of wild-type MDCK cells  

To understand the effects of EGF on Ras signaling in cells, an EGF time series was carried out in WT 

MDCK cells using low (10 ng/mL) and saturating (160 ng/mL) doses of EGF. WT MDCK cells were 

seeded in 6 cm dishes at 6 x 105 cells per dish and cultured in FGM under standard culture conditions 

for 2 days (N= 14 x 6cm dishes). The cells were washed with room temperature PBS and then cultured 

in 3600 µL of serum-deprived DMEM for 2 hours under standard culture conditions (in a humidified 

incubator at 37 °C, 5% CO2) to reset signaling to baseline levels.  
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A fresh working solution of 100 ng/mL or 1600 ng/mL EGF dissolved in cold, serum-free medium was 

prepared and warmed up in a water bath to 37 °C shortly before use. Cells were then stimulated with 

10 ng/mL or 160 ng/mL EGF by adding 400 µL of 100 ng/mL or 1600 ng/mL EGF respectively to each 

6cm dish of cells containing 3600 µL serum-deprived medium. The cells were cultured under standard 

conditions for various time points up to 60 minutes, and the experiment was stopped by placing the 

culture dish on ice, then washing the sample(s) with cold PBS containing protease and phosphatase 

inhibitors. Time points used (in minutes) were 0 (unstimulated), 3, 5, 7, 10, 13, 15, 20, 30, 40, 50 and 

60. The samples were immediately lysed and snap-frozen in liquid nitrogen until further processing, 

or immediately prepared for western blotting of whole cell lysates (WCL), or for 3xRafRBD pulldown 

for active Ras (two samples in which no EGF stimulation was carried out). See Cell lysis. Determination 

of Protein Concentration, SDS-PAGE and Western Blot, and 3x-RafRBD GST Pull Down. 

 

5.2.1.3 Effect of plasma membrane recruitment of rKRas on Ras activity and signaling 

To as assess the effects of translocating rKRas to the PM on Ras-GTP levels and signaling via MAPK and 

PI3K, MDCK cells (1x WT MDCK, 7x rWT KRas, and 6x rG12V or rG12D KRas cells) were seeded in 6cm 

Petri dishes at 6.0 x 105 cells per dish and cultured in FGM for 2 days under standard conditions. Cells 

were washed once with 2 mL PBS then serum-deprived for 2 h in 3.6 mL serum-deprived DMEM 

containing 0.1% FBS, under standard culture conditions.  

Fresh working solutions of SLF’-TMP (20 µM), DMSO (0.2% v/v), and EGF (1 µg/mL) dissolved in serum-

deprived medium were prepared and kept on ice until needed. Shortly before use, they were warmed 

up in a water bath. To recruit rKRas to the plasma membrane, 400 µL of the working solution of SLF’-

TMP (final concentration 2 µM) were added to the cells in 3600 µL serum-starved medium. For 

controls, 400 µL DMSO (final concentration 0.02% v/v) and EGF (final concentration 100 ng/mL) were 

also added. Two samples for each stable cell line used were also cultured and deprived of FBS, but not 

exposed to the dimerizer. These were used as positive and negative controls for the 3xRafRBD 

Pulldown assay as their lysates were in vitro loaded with GTP𝜸S or GDP nucleotides. 

 

Table 16. Effect of plasma membrane recruitment of rKRas on Ras activity and signaling 

 
Cell Line 

 
Ligand/chemical 
added 

Final concentration in 4 
mL serum-deprived 
medium 

Incubation time of 
experiment 
(minutes) 

rWT KRas cells DMSO 0.02% v/v 10 

rWT KRas cells - - 0 

rWT KRas cells SLF’-TMP 2 µM 10 

rWT KRas cells SLF’-TMP 2 µM 20 

rWT KRas cells SLF’-TMP 2 µM 60 

rWT KRas cells *sample for in vitro 
loading of GDP 

- 0 

rWT KRas cells *sample for in vitro 
loading of GTP𝜸S 

- 0 

rG12V (or rG12D) KRas 
cells 

- - 0 

rG12V (or rG12D) KRas 
cells 

SLF’-TMP 2 µM 10 
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rG12V (or rG12D) KRas 
cells 

SLF’-TMP 2 µM 20 

rG12V (or rG12D) KRas 
cells 

SLF’-TMP 2 µM 60 

rG12V (or rG12D) KRas 
cells 

*sample for in vitro 
loading of GDP 

- 0 

rG12V (or rG12D) KRas 
cells 

*sample for in vitro 
loading of GTP𝜸S 

- 0 

WT MDCK cells EGF 100 ng/mL 5 

 

The cells were cultured under standard conditions, and the experiment stopped at the mentioned 

incubation times by placing the culture dish on ice, then washing the sample(s) with cold PBS 

containing protease and phosphatase inhibitors. The samples were then immediately lysed and snap-

frozen in liquid nitrogen until further processing, or immediately prepared for western blotting of 

whole cell lysates (WCL), or for 3xRafRBD pulldown for active Ras. See Cell lysis, Determination of 

Protein Concentration, SDS-PAGE and Western Blot, and 3x-RafRBD GST Pull Down. 

 

5.2.1.4 Effect of plasma membrane translocation and reversal on rKRas-GTP levels 

We also sought to investigate the effect of plasma membrane recruitment and de-recruitment on 

rKRas GTPase levels. For this, MDCK cells (1x WT MDCK, 4x each of rWT, rG12V, and rG12D KRas cells) 

were seeded in 6 cm Petri dishes at 6 x 105 cells per dish and cultured for 2 days in FGM under standard 

culture conditions. As above, cells were washed once with 2 mL of room temperature-PBS then serum-

deprived for 2 h in 3.6 mL of serum deprived medium (0.1% FBS).  

Fresh working solutions of DMSO (0.2% v/v), SLF’-TMP (20 µM), TMP (20 µM), and EGF (1 µg/mL) 

dissolved in serum-deprived medium were prepared and kept on ice until needed. Shortly before use, 

they were warmed up in a water bath. 400 µL of the working solutions of DMSO (final concentration 

0.02% v/v), SLF’-TMP (final concentration 2 µM), TMP (final concentration 2 µM), were added to the 

cells in 3600 µL serum-starved medium for 60 minutes. For reversal, 400 µL SLF’-TMP (2 µM final 

concentration) was added and cells incubated for 30 minutes, followed immediately by the addition 

of 444 µL of TMP (final concentration 2 µL) for a further incubation period of 30 minutes. 400 µL of 

EGF (final concentration 100 ng/mL) were also added and cells were incubated for 5 minutes as a 

positive control. 

 

Table 17. Effect of plasma membrane translocation and reversal on rKRas-GTP levels 

 
Cell Line 

Ligand/chemical 
added 

Final concentration in 
4 mL serum-deprived 
medium 

Incubation time of 
the experiment 
(minutes) 

rWT KRas cells DMSO 0.02% v/v 60 

rWT KRas cells SLF’-TMP 2 µM 60 

rWT KRas cells TMP 2 µM 60 

rWT KRas cells Reversal (SLF’-TMP 
then TMP) 

2 µM 30 (SLF’-TMP), then 30 
(TMP) 

rG12V KRas cells DMSO 0.02% v/v 60 

rG12V KRas cells SLF’-TMP 2 µM 60 

rG12V KRas cells TMP 2 µM 60 



32 
 

rG12V KRas cells Reversal (SLF’-TMP 
then TMP) 

2 µM 30 (SLF’-TMP), then 30 
(TMP) 

rG12D KRas cells DMSO 0.02% v/v 60 

rG12D KRas cells SLF’-TMP 2 µM 60 

rG12D KRas cells TMP 2 µM 60 

rG12D KRas cells Reversal (SLF’-TMP 
then TMP) 

2 µM 30 (SLF’-TMP), then 30 
(TMP) 

WT MDCK EGF 100 ng/mL 5 

 

The cells were cultured under standard conditions. At the stopping time, the samples were 

immediately placed on ice, washed with cold PBS, lysed, and snap-frozen in liquid nitrogen until 

further processing, or immediately prepared for western blotting of whole cell lysates (WCL), or for 

3x-RafRBD pulldown for active Ras. See Cell lysisDetermination of Protein Concentration, SDS-PAGE 

and Western Blot, and 3x-RafRBD GST Pull Down. 

 

5.2.1.5 EGF Dose-response 

To determine the effects of recruitable KRas on EGF sensitivity and signaling responses, 6 cm Petri 

dishes were seeded with 6.0 x 105 of wild-type MDCK or rKRas-MDCK cells and cultured for 2 days in 

FGM under standard culture conditions. All samples were then serum-deprived for 2 hours in 3.6 mL 

serum-deprived medium as above before. 400 µL of SLF’-TMP (final concentration 2 µM) or DMSO 

(final concentration 0.02% v/v) as before was added and the cells were incubated for 60 minutes. A 

serial dilution of EGF (final concentrations of 0, 0.5, 1.0, 2.0 5.0, 10, 20, 40, 80 and 160 ng/mL) in 

serum-free medium was prepared and used to stimulate the cells for 5 minutes under standard culture 

conditions. Two samples for each cell line used were also cultured and deprived of FBS, but neither 

was exposed to the dimerizer nor EGF. These were used as positive and negative controls for the 3x-

RafRBD Pulldown assay as their lysates were in vitro loaded with GTP𝜸S or GDP nucleotides. The 

experiment was stopped by placing the culture dishes on ice, then washing the samples with cold PBS 

containing protease and phosphatase inhibitors. The samples were immediately lysed and snap-frozen 

in liquid nitrogen until further processing or immediately prepared for western blotting of whole cell 

lysates (WCL), or for 3x-RafRBD pulldown for active Ras. See Cell lysisDetermination of Protein 

Concentration, SDS-PAGE and Western Blot, and 3x-RafRBD GST Pull Down. 

 

5.2.1.6 Clonogenic Assays 

Clonogenic assays were done to determine the effect of long-term (7 days) exposure to the dimerizer 

SLF’-TMP on proliferation. 

5.2.1.6.1 Determination of the optimal seeding density for clonogenic assays 

First, the optimal seeding density was determined by seeding wild-type MDCK cells at different 

seeding densities (100, 250, 500, 1000, and 2000 cells) per well in a 6-well plate. These were grown 

for 7 days in FGM under standard culture conditions, with a media change on day 4. Cells were then 

washed twice with PBS, fixed with 4% PFA(v/v) (Roti-Histofix) in PBS (Corning) for 20-30 minutes at 

room temperature, and washed once more with PBS. The cells were then stained with 0.05% crystal 

violet diluted in PBS (stock solution of 5% crystal violet in Ethanol). Three further washes with PBS 

were carried out to remove excess crystal violet before drying the 6-well plates upside-down 

overnight. The plates were then scanned using the Typhoon Imager, and the images were quantified 

and analyzed using Fiji (293). See Analysis of Clonogenic Assays. 
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Stock solution: 5% Crystal Violet dissolved in ethanol 

Working solution: 0.05% crystal violet dissolved in 1X PBS (Corning). 

 

5.2.1.6.2 Effects of long-term localization of recruitable KRas to the plasma membrane on 

proliferation 

Once the optimal seeding density was determined, the procedure was repeated using WT MDCK cells 

and MDCK cell lines stably expressing rWT, rG12V, and rG12D KRas seeded at that density. Different 

culture media conditions were used; FGM, 0.02% v/v DMSO in FGM, and 2 µM SFL’-TMP. For reversal, 

cells were cultured in FGM containing 2 µM SLF’-TMP for the first 4 days, and when the media was 

changed, they were cultured in FGM containing 2 µM TMP for the remaining 3 days. The cells were 

cultured under standard conditions (humidified incubator at 37 °C, 5% CO2) throughout. After 7 days, 

the dishes were then washed with PBS, cells fixed with 4% PFA, stained with 0.05% crystal violet, 

washed again, and dried as before. 

5.2.1.6.3 Scanning Clonogenic Assays 

A Typhoon Scanner (Amersham Biosciences Trio +) was used to scan stained 6-well dishes used for the 

clonogenic assays. The acquisition mode was set to fluorescence and the set-up used was as follows: 

• 670 nm Band Pass 30 Cy5 filter 

• PMT 500 Volts 

• Excitation in the Red channel [633 nm] 

• 1000 µm pixel size for the pre-scan used to check the saturation of the plates 

• Final scan at 50 µm pixel size] 

• Focal plane +3 mm. 
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5.2.2 Biochemistry 
 

5.2.2.1 Cell lysis 

To terminate an experiment, culture plates were immediately placed on ice and the medium 

aspirated. A wash was carried out with cold (4 °C) PBS containing protease and phosphatase inhibitors 

(DPBS without Ca2+/Mg2+, cOmplete TM, EDTA-free Protease Inhibitor Cocktail (1 tablet per 50 mL PBS), 

and 1% Phosphatase inhibitor cocktail 2+3). Cells were lysed on ice using GST-3x-RafRBD pulldown 

lysis buffer (120 µL per 6cm dish) and scraped off into pre-cooled 1.5 mL Eppendorf tubes. The samples 

were either snap-frozen in liquid nitrogen and stored or immediately processed. Lysates were 

vortexed for 2 seconds before centrifugation at 4 °C for 12 minutes at 14000 rpm using the 5417R 

Eppendorf Centrifuge with temperature function (Eppendorf). The supernatant was transferred to 

new pre-cooled 1.5 mL Eppendorf tubes and used for protein determination using the Micro BCA 

Protein Assay Kit, western blot of whole cell lysates (32-40 µL), and for 3x-RafRBD Pulldown assay 

(remaining supernatant). See Determination of Protein Concentration, SDS-PAGE and Western Blot3x-

RafRBD GST Pull Down 

 

5.2.2.2 3x-RafRBD GST Pull Down 

The protocol for the 3x-Raf-RBD-GST Pull Down of active, GTP-bound Ras was adapted from the Ph.D. 

Thesis of Holger Vogel (292) from the lab of Prof. Dr. Philippe Bastiaens at MPI Dortmund.  

5.2.2.2.1 Transformation and Cultivation of Chemically Competent E. Coli for Pulldown 

Transformation of Escherichia Coli (E. coli) BL21-CodonPlus(DE3)-RIL was performed by mixing 

bacterial cells with DTT (78 mM final concentration) and 10 ng plasmid DNA coding for GST-3xRafRBD. 

Cells were incubated for 20 minutes on ice, heat-shocked for 45 seconds at 42 °C, and immediately 

placed on ice for an additional 2 minutes. SOC media (200 µL) was added to the mixture which was 

incubated for one hour at 37 °C under constant shaking. Transformed E. col BL21DE3 RIL containing 

the GST-3xRafRBD plasmid were plated on LB-Ampicillin plates and transformed cells selected for 

using 50 mL of TB (100 µg/mL Ampicillin).  

5.2.2.2.2 Expression of GST-3x-RafRBD 

Colonies of transformed E. coli bacteria were inoculated into 50 mL of TB (100 µg/mL Ampicillin) and 

incubated at 37 °C overnight under constant shaking (200 rpm). A preculture of 20 mL E. coli was 

added to 480 mL of TB-ampicillin and the OD600 (UV-1900 Spectrophotometer) was monitored hourly 

until a value of 0.8 was reached. Addition of 0.1mM IPTG induced protein expression after which the 

bacteria were cultured for a further 5 hours at 30 °C under constant rotation (200 rpm). Bacterial cells 

were harvested by centrifugation at 4300 rpm at 4°C for 30 minutes (Rotor F9-6x 100 LEX centrifuge 

Lynx 6000 or Sorvall Lynx 6000 Centrifuge; Thermo Fisher Scientific). The pellets were stored at -20 °C 

or lysed immediately.  

5.2.2.2.3 Bacterial Lysis 

Approximately 6 g of the bacterial pellet was mixed with 15 mL cold bacterial lysis buffer and run 

through a Microfluidizer (LM10 by Unitronics) at 10,000 PSI, for 6 cycles at 4 °C. After homogenization, 

the lysate was centrifuged at 17 600 g in high-speed falcon tubes using the rotor F13S-14x50 RC6+ 

centrifuge. The supernatant was transferred to a new pre-cooled falcon, the volume determined and 

glycerol added to make a final stock concentration of 20% glycerol in bacterial lysate supernatant. The 

mixture was snap-frozen in aliquots of 1000 µL and stored at -70 °C long-term. 
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5.2.2.2.4 GST-3x-RafRBD Purification 

For 10 samples, 175 µL of GSH Sepharose 4B (GE) magnetic beads were used (Pierce TM Glutathione 

Magnetic Agarose Beads (#78602), Thermo Fisher Scientific). Beads were washed twice with 1 mL 

bacterial lysis buffer before being mixed with a 1000µL aliquot of thawed bacterial lysate containing 

GST-3x-RafRBD, then incubated for 60 – 90 minutes at 4 °C under constant rotation. After incubation, 

the 3x-RafRBD-bound magnetic beads were washed 4 times with 1.5 mL pulldown wash buffer, then 

subsequently twice with 1.5 mL pulldown cell lysis buffer. The beads were then resuspended in 300 

µL cell lysis buffer (containing 1% protease inhibitor cocktail 2+3) and divided into 30 µL aliquots in 

pre-cooled 1.5 mL tubes. 

5.2.2.2.5 In vitro loading of nucleotide 

During the purification step of the 3x-RafRBD on the magnetic beads, the positive and negative control 

samples for the pulldown were prepared. The total protein amount used for each sample was equal 

to that used for the experimental samples in the Active Ras Pull Down below (100 – 200 µg protein). 

For 500 µL lysate, 10 µL of 0.5 M EDTA (pH 8.0) was added for a final concentration of 10 mM and 

vortexed for 2 seconds. For the negative control, 5 µL of 100 mM GDP was added, whereas 5 µL of 10 

mM GTP𝜸S was added for the positive control. The samples were vortexed for 2 seconds and then 

incubated at 30 °C for 15 minutes under constant agitation (300 rpm). The loading reaction was 

stopped by placing the samples on ice and adding 32 µL of MgCl2 for a final working concentration of 

60 mM). 

5.2.2.2.6 Active Ras Pull Down 

For the pulldown, thawed cell lysate volumes of 200 µg of total protein for each sample (or up to a 

minimum of 100 µg if insufficient lysate) were added to pre-cooled 1.5 mL tubes containing 30 µL of 

purified 3x-RafRBD-bound magnetic beads in cell lysis buffer and incubated for 30 minutes under 

constant rotation at 4 °C. The protein concentration was equal for all samples used for each 

experimental replicate. This was also done for the negative and positive control samples already 

loaded with GDP or GTP𝜸S. Each reaction tube was then washed 3 times with 500 µL cell lysis buffer 

and all remaining cell lysis buffer was aspirated. In preparation for SDS-PAGE and western blotting, 50 

µL of 2X SDS sample buffer was added to each tube and boiled at 95 °C for 10 minutes. After cooling 

on ice, the samples were centrifuged for 10 seconds, and the supernatant was removed with the aid 

of the magnetic stand and stored in fresh pre-cooled 1.5 mL tubes at -20 °C ready for SDS-PAGE. 

During the washing steps, the DynaMag 2 magnetic stand (Dynal Invitrogen bead separations, 

Invitrogen) was used to separate the magnetic beads from solution, thus eliminating the need to 

centrifuge. Aspiration of the lysates was done using the Vacusafe comfort pump and a 200 µL pipette 

tip. 

 

5.2.2.3 Determination of Protein Concentration 

Protein concentration was determined by performing a BCA (bicinchoninic acid) assay using the 

reagents and protocol of the Micro BCA Protein Assay Kit (Thermo Fisher Scientific). A serial dilution 

of aqueous BSA (Bovine Serum Albumin) was used as the standard. Concentrations of 5, 2, 1, 0.5, 0.25, 

and 0 µg/mL BSA dissolved in GST-3x-RafRBD pulldown lysis buffer were used. Four microliters of the 

BSA standard concentrations, as well as each lysed sample, were pipetted into a 96-well plate in 

duplicate. Following this, 80 µL of BCA reagent mixture was added to each well as per the BCA Protein 

Kit protocol and incubated at 37 °C for 30 – 60 minutes. The 96-well plate was read at 562 nm using 

the Multiscan Ascent plate reader (Thermo Electron Corporation), and the protein concentrations of 

the lysed cell samples were calculated in an Excel spreadsheet. 
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5.2.2.4 SDS-PAGE and Western Blot 

SDS-PAGE gels of 15 mm thickness were cast containing a 15% acrylamide separating gel and a 5% 

acrylamide stacking gel with 15 well combs inserted before the gels polymerized. 

For whole cell lysate analysis via western blotting, up to 40 µL of whole cell lysate supernatant were 

mixed with 8 µL or 10 µL of 5x SDS buffer respectively, then heat-treated at 95 °C for 5 minutes before 

cooling on ice. Samples from the 3x-Raf-RBD pulldown were also prepared accordingly See Error! R

eference source not found.. 

SDS-PAGE was carried out in the X-cell II Mini Electrophoresis apparatus, following the instruction 

manual, in SDS running buffer. For the whole cell lysates (WCL), 20 µg of proteins were loaded per 

well, whereas 20 µL of GST-3x-RafRBD pulldown lysates were loaded per well. Up to 4 µL of molecular 

weight standard was loaded in one well. The gels were run at constant voltage (80 V for 30 minutes, 

then 120V for 1 h 40 min). 

Samples were transferred onto a PVDF (Immobilon-FL Polyvinylidene Fluoride) membrane at a 

constant voltage of 20 V for 70 minutes in a transfer buffer. After blocking for 1 h at room temperature 

with blocking solution (Odyssey blocking buffer), an overnight incubation at 4 °C with selected primary 

antibodies (dissolved in Odyssey blocking buffer) was carried out. Three washes of 5 minutes each 

with 1% TBS-Tween were done to remove excess antibodies prior to 1h incubation with selected IRDye 

800 and IRDye 680 secondary antibodies diluted in Odyssey blocking buffer at room temperature, 

under constant rocking. Excess secondary antibody was removed by washing the blot 3 times for 15 

minutes using 1% TBS-T. Following this, the PVDF membrane was scanned using the LI-COR Odyssey 

R CLx Imaging system, and the scanned images were quantified and analyzed using the Gel Analyzer 

plugin tool on Fiji (293). See Analysis of Western Blots - pulldowns and whole cell lysates. 

 

5.2.3 Microscopy  
 

5.2.3.1 Confocal Microscopy 

Live cell images were obtained using a Leica TCS SP8 confocal microscope housed with an 

environmentally control chamber (Life Imaging Services, Switzerland) that was humidified, at 37 °C 

with a supply of 5% CO2. A HC PL APO CS2 1.3 NA 63x oil objective set at 2x digital zoom (Leica 

Microsystems) was used. TagBFP (Tag Blue Fluorescent Protein) fluorophore was excited at 405 nm, 

and its emission was detected at 420 nm – 450 nm. Monomeric Teal Fluorescent Protein (mTFP) was 

excited at 470 nm and its emission was detected at 480 nm – 530 nm wavelength λ. A diode laser and 

a White Light Laser Kit (WLL2) were used to excite fluorophores at 405 nm and 470 nm wavelengths 

respectively, while emissions were restricted to the abovementioned wavelengths for detection using 

an acousto-optical beam splitter. Images of 16-bit depth at 512 x 512 pixels were obtained sequentially 

for the Tag-BFP and mTFP fluorescence, for the Validation of plasma membrane translocation and 

reversal of recruitable KRas by fluorescence microscopy. For Stability of plasma membrane localization 

of recruitable KRas over one week by fluorescence microscopy, images of Tag-BFP and mTFP 

fluorescence were obtained at 12-bit depth, 1024 x 1024 pixels. Captured images were analyzed to 

quantify changes in mTFP fluorescence at the plasma membrane using Fiji (293); See Analysis of 

Fluorescence Microscopy Images. 
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5.2.3.1.1 Validation of plasma membrane translocation and reversal of recruitable KRas by 

fluorescence microscopy 

To validate the KRas CID system, stably transfected MDCK cells expressing WT, rG12V, and rG12D KRas 

proteins were used. Cells were seeded in black 24-well glass bottom plates at 1.0 x 105 or 5.0 x 104 

cells per well and cultured in FGM under standard conditions for 1 or 2 days respectively. FGM was 

aspirated and the cells were gently washed with room temperature PBS at room temperature before 

adding 360 µL of fresh FGM.  

Working dilutions of 20 µM SFL’-TMP and 20 µM TMP in FGM were made from stock solutions. A 

solution with DMSO of equal volume to that used for the 20 µM SLF’-TMP dissolved in FGM was also 

prepared. These were kept on ice and warmed up shortly before being used. Cells were selected via 

TagBFP and mTFP fluorescence and imaged (Confocal Microscopy) every minute for 5 minutes to 

obtain a baseline.  

To validate plasma membrane translocation of recruitable KRas (rKRas), 40 µL of the working solutions 

of SLF’-TMP (final concentration 2 µM) or DMSO (negative control) were added to the 360 µL fresh 

FGM added to the cells. The cells were then imaged every minute for 60 minutes, at which point the 

experiment was ended. 

For the reversal of translocation, 40 µL of the working solutions of SLF’-TMP (final concentration 2 µM) 

or DMSO (negative control) were added to the 360 µL fresh FGM added to the cells as before. The 

cells were then imaged every minute for 20 minutes, at which point 44.4 µL of the stock solution of 

TMP was added to the cells (final concentration 2 µM). the cells were then imaged for a further 30 

minutes, at which point the experiment was ended. 

 

5.2.3.1.2 Stability of plasma membrane localization of recruitable KRas over one week by 

fluorescence microscopy 

To validate the long-term stability of plasma membrane localization of rKRas, stably-transfected MDCK 

cells expressing WT, rG12V and rG12D KRas proteins were used. Three culture medium conditions of 

cells were used; FGM as a control, 2 µM SLF’-TMP in FGM for plasma membrane translocation, and 

DMSO (with a volume equivalent to that used for the 2 µM SLF’-TMP condition) dissolved in FGM as 

an additional control were used. 

The stably-transfected MDCK cells were seeded in 8-well Labtek chambers (chambers No. 1.0 Nunc by 

Thermo Fischer) at 100 cells per well and cultured with one of the 3 culture media for 7 days, under 

standard conditions (in a humidified incubator at 37 °C, 5% CO2). A media change was carried out on 

day 4. Confocal microscopy images of the Tag-BFP and mTFP fluorescence for each condition were 

taken at days 2 and 7 after seeding. 

 

5.2.4 Data Analysis 
 

5.2.4.1 Analysis of Fluorescence Microscopy Images 

Fiji software (ImageJ (294) distribution Fiji (293)) was used to concatenate the microscopy images to 

form time laps videos (tiff) for each set of cells per experiment containing both the mTFP (cytosolic G-

domain) and the tagBFP (PM-localized tKRas) channels. 
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The concatenated images were imported into Python programming language (v3.7.4, Python Software 

Foundation) using the imageio.volread function from the Imageio package. A region of interest (ROI) 

where cells have similar fluorescence intensity was selected. Local thresholding (skimage packaged 

with the localtheshold function) in the tagBFP (tKRas) channel was used to create a binary mask of the 

PM. This mask was used to derive the corresponding pixels from the PM fluorescence in the mTFP 

channel. A final mask was made in the mTFP channel to include all cells in the ROI. To exclude spurious 

fluorescence outside the cell boundaries, the Binary_opening function from the scipy.ndimage 

package was used. At each time point (t), the mean integrated fluorescence intensity of the PM-

localized mTFP and the total mTFP (cytosolic and PM-associated) was measured for the cells in the 

ROIs. The relative fluorescence at each time point was calculated using the following ratio: 

 

Equation 1. Relative plasma membrane fluorescence 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑀 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 (𝑡) =  
𝑃𝑀 𝑚𝑇𝐹𝑃 

𝑃𝑀 𝑚𝑇𝐹𝑃 + 𝑐𝑦𝑡𝑜𝑠𝑜𝑙𝑖𝑐 𝑚𝑇𝐹𝑃
 

 

Where PM mTFP = mean PM-associated mTFP fluorescence obtained using the tagBFP mask, 

And cytosolic mTFP = mean mTFP fluorescence outside of the tagBFP mask, excluding extra-cellular 

spurious mTFP signals, 

Thus total mTFP fluorescence for the cells in the ROI = PM mTFP + cytosolic mTFP. 

 

To compare the trends in different experiments, the data for each experiment were normalized to the 

time t = 0 minutes. Data was visualized using the matplotlib Python package, and statistical analyses 

carried out on GraphPad Prism (versions 9 and 10.0.2 (232). 

*These analyses were performed with the help of Dr. Luis Manuel Muñoz Nava, Department of 

Systemic Cell Biology, Max Planck Institute for Molecular Physiology, Dortmund. 

 

Half-lives were calculated using the GraphPad Prism function for calculating half-lives for a one-phase 

association (translocation to the plasma membrane from the cytosol) or one-phase decay 

(translocation from the plasma membrane to the cytosol) by dividing the natural logarithm of 2 (ln(2)) 

by the rate constant, such that: 

Equation 2. Half-life 

𝐻𝑎𝑙𝑓 − 𝑙𝑖𝑓𝑒  (𝑡
1

2
) =

ln (2)

𝐾
 

Where K is the rate constant expressed as the reciprocal of time (minutes-1). 

 

5.2.4.2 Analysis of Western Blots - pulldowns and whole cell lysates 

The Gel Analyzer functions from Fiji software ImageJ (294) distribution Fiji (293) was used to measure 

the fluorescence intensity of each western blot band which corresponded to antibody-tagged proteins 

of interest.  
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Briefly, a rectangle was drawn around the entire well lane to cover all tagged proteins. The same sized 

rectangle was used to mark all subsequent lanes which were then plotted to view signal profiles. 

Background subtraction was manually carried out by drawing a line using the line tool at the base of 

the area under the curve of the protein profiles to enclose the area, before using the magic wand tool 

to measure the integrated signal density, that is the area under the curve for each protein signal.  

For the GST-3x-RafRBD pulldown of active GTP-bound Ras proteins, the value of GTP-bound Ras was 

normalized to the value of the GTP𝜸S positive control for each experiment as follows: 

Equation 3. Endogenous Ras-GTP (eRas-GTP) 

𝐸𝑛𝑑𝑜𝑔𝑒𝑛𝑜𝑢𝑠 𝑅𝑎𝑠 − 𝐺𝑇𝑃 =
𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑒𝑅𝑎𝑠 − 𝐺𝑇𝑃

𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑒𝑅𝑎𝑠 − 𝐺𝑇𝑃𝑆 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
  

Equation 4. Recruitable KRas-GTP (rKRas-GTP) 

𝑅𝑒𝑐𝑟𝑢𝑖𝑡𝑎𝑏𝑙𝑒 𝐾𝑅𝑎𝑠 − 𝐺𝑇𝑃 =
𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑟𝐾𝑅𝑎𝑠 − 𝐺𝑇𝑃

𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑟𝐾𝑅𝑎𝑠 − 𝐺𝑇𝑃𝑆 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
 

 

For total Ras Expression, values were normalized to the corresponding value for tubulin as follows: 

Equation 5. Total endogenous pan-Ras (eRas) 

𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑑𝑜𝑔𝑒𝑛𝑜𝑢𝑠 𝑝𝑎𝑛 − 𝑅𝑎𝑠 =  
𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑒𝑅𝑎𝑠

𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑇𝑢𝑏𝑢𝑙𝑖𝑛
 

Equation 6. Total recruitable KRas (rKRas) 

𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑐𝑟𝑢𝑖𝑡𝑎𝑏𝑙𝑒 𝐾𝑅𝑎𝑠 =  
𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑟𝐾𝑅𝑎𝑠

𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑇𝑢𝑏𝑢𝑙𝑖𝑛
 

 

The relative expression of rKRas to eRas was calculated as follows: 

Equation 7. Total recruitable KRas relative to total endogenous pan-Ras (rKRas/eRas) 

𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑐𝑟𝑢𝑖𝑡𝑎𝑏𝑙𝑒 𝐾𝑅𝑎𝑠 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑑𝑜𝑔𝑒𝑛𝑜𝑢𝑠 𝑝𝑎𝑛𝑅𝑎𝑠 =  
𝑡𝑜𝑡𝑎𝑙 𝑟𝐾𝑅𝑎𝑠 

𝑡𝑜𝑡𝑎𝑙 𝑒𝑅𝑎𝑠
 

 

Relative total phosphorylated ERK was normalized to Tubulin as shown: 

Equation 8. Phosphorylated ERK relative to Tubulin (pERK/Tubulin) 

𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑦𝑙𝑎𝑡𝑒𝑑 𝐸𝑟𝑘 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑇𝑢𝑏𝑢𝑙𝑖𝑛 =  
(𝑝𝐸𝑟𝑘1 + 𝑝𝐸𝑟𝑘2)

𝑇𝑢𝑏𝑙𝑖𝑛
 

Relative phosphorylated AKT was also normalized to Tubulin as shown: 

Equation 9. Phosphorylated AKT relative to Tubulin (pAKT/Tubulin) 

𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑦𝑙𝑎𝑡𝑒𝑑 𝐴𝑘𝑡 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑇𝑢𝑏𝑢𝑙𝑖𝑛 =  
𝑝𝐴𝑘𝑡

𝑇𝑢𝑏𝑙𝑖𝑛
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The calculated values for eRas-GTP/GTP𝜸S, rKRas-GTP/GTP𝜸S, pERK/Tubulin and pAKT/Tubulin were 

then normalized per experiment as follows:  

a) Peak-normalization of values within the range 0 – 60 minutes for the EGF time-series 

experiments 

b) Peak-normalization of values within the range 0 – 60 minutes for the rKRas plasma membrane 

recruitment experiments 

c) Normalizing to the 3-point average at 80 ng/mL for calculated averages within the range 0.5 

– 80 ng/mL EGF for the EGF dose-response experiments. These values were also converted to 

three-point moving averages before normalization, such that : 

 

Equation 10. 3-point average values 

3 − 𝑝𝑜𝑖𝑛𝑡 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒(𝑥) =  
[𝑣𝑎𝑙𝑢𝑒 (𝑥 − 1)] + [𝑣𝑎𝑙𝑢𝑒(𝑥)] + [𝑣𝑎𝑙𝑢𝑒(𝑥 + 1)]

3
 

 

It should be noted that for the Effect of plasma membrane translocation and reversal on rKRas-GTP 

levels, the Ras-GTP values were all normalized to the rKRas-GTP value of the DMSO condition for each 

rKRas cell line, instead of normalizing to GTP𝜸S. Thus, the values were calculated as follows: 

Equation 11. Recruitable KRas-GTP relative to recruitable KRas-GTP levels in the DMSO condition 

𝑅𝑒𝑐𝑟𝑢𝑖𝑡𝑎𝑏𝑙𝑒 𝐾𝑅𝑎𝑠 − 𝐺𝑇𝑃 =
𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑟𝐾𝑅𝑎𝑠 − 𝐺𝑇𝑃

𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑟𝐾𝑅𝑎𝑠 − 𝐺𝑇𝑃 𝑓𝑜𝑟 𝑡ℎ𝑒 𝐷𝑀𝑆𝑂 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑐𝑒𝑙𝑙 𝑙𝑖𝑛𝑒
 

 

Additionally, a ratio of the amount of GTP-loading in rKRas G12V or rKRas G12D relative to the amount 

of GTP-loading in rKRas WT proteins was calculated as follows: 

Equation 12. GTP-loading in rG12V KRas or rG12D KRas relative to rWT KRas 

𝐺𝑇𝑃 − 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑖𝑛 𝑟𝐺12𝑉 𝐾𝑅𝑎𝑠 𝑜𝑟 𝑟𝐺12𝐷 𝐾𝑅𝑎𝑠 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑊𝑇 𝐾𝑅𝑎𝑠  

 

=
𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑟𝐾𝑅𝑎𝑠 − 𝐺𝑇𝑃 𝑖𝑛 𝑟𝐺12𝑉 𝑜𝑟 𝑟𝐺12𝐷 𝐾𝑅𝑎𝑠 𝑐𝑒𝑙𝑙𝑠

𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑟𝐾𝑅𝑎𝑠 − 𝐺𝑇𝑃 𝑖𝑛 𝑟𝑊𝑇 𝐾𝑅𝑎𝑠 𝑐𝑒𝑙𝑙𝑠 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
 

 

5.2.4.3 Analysis of Clonogenic Assays 

Images scanned using the Typhoon scanner were analyzed using Fiji ImageJ (294) distribution Fiji 

(293).  

Images were thresholded by intensity and background excluded to limit the counting areas to pixels 

corresponding to the area stained by cell colonies. From this a binary 8-bit mask was created and 

watershed areas were separated using the Watershed function in Fiji. The Analyze Particles command 

on Fiji was used to measure the area of the mask and obtain values for colony count and total occupied 

area relative to the area of the well. The area occupied per colony was calculated for each condition, 

and the results were graphically represented using GraphPad Prism. 
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5.2.4.3.1 Fiji Macro for Quantifying Clonogenic Assays once the ROI (circular border of 1 well from a 

6-well plate) had been selected using the Oval/elliptical selection tool. 

 

run("Duplicate...", " "); 

setBackgroundColor(0, 0, 0); 

run("Clear Outside"); 

run("Duplicate...", " "); 

setAutoThreshold("Default"); 

//setThreshold(43, 255); 

setOption("BlackBackground", false); 

run("Convert to Mask"); 

run("8-bit"); 

run("Watershed"); 

run("Analyze Particles...", "  circularity=0.00-1.00 show=Outlines display exclude clear summarize"); 

 

Outcome measures from quantifying the clonogenic assay plates yielded values for total area, 

percentage occupied area, and the number of colonies counted. The area occupied per colony was 

then calculated as follows: 

Equation 13. Area occupied per colony 

𝐴𝑟𝑒𝑎 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑝𝑒𝑟 𝑐𝑜𝑙𝑜𝑛𝑦 =  
𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
 

 

5.2.4.4 Statistical tests 

Statistical tests were performed according to the type of data obtained and are specified in the figure 

legends for each figure, detailing the test, the number of independent samples (N) and the significance 

value (p). GraphPad Prism (versions 9 and 10.0.2 (232)) was used for these analyses. 

Averages were expressed as either mean ± Standard deviation or mean ± Standard error of the mean. 

Data were assessed for normality using a test for normality on GraphPad Prism. Unless strongly 

suggesting that data were normally distributed, a non-parametric statistical test was used to assess 

the data depending on the number of repeats and the number of types of variables for each 

experiment.  
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6 Results 
 

Oncogene-induced senescence occurs when oncogenic Ras proteins are heterogeneously expressed 

with wild-type Ras isoforms (238), (241), (239), (240). The mechanism by which this happens involves 

constant MAPK signaling and is mediated by p53, p16 INK4a (238), (244), (246), (247). With studies 

suggesting different roles of oncogenic and wild-type Ras isoforms in tumor initiation and 

maintenance (257), (258),(250), more research is needed to further elucidate the complex interplay 

between Ras isoforms and their roles in cancer formation. Our research aimed to shed light on this 

relationship by spatially controlling the localization of KRas to the plasma membrane (PM), and 

assessing signaling responses.  

 

6.1 A Chemically-Induced Dimerization system to control KRas localization  
We employed an orthogonal, reversible, chemically induced dimerization (CID) adapted from Liu et al. 

(285) to control the plasma membrane localization of KRas-4B. Our efforts focused on the human 

KRas-4B splice variant, as KRas-4B is the most commonly mutated Ras isoform in cancer (66). Briefly, 

recombinant KRas-4B (henceforth referred to as KRas) was separated into the membrane-localizing 

polybasic tail end of KRas (tKRas) containing the hypervariable region (HVR), and the cytosolic catalytic 

G-domain of KRas without the HVR (KRas G-domain) (Figure 7).  

 

 

 

Blue fluorescent protein (tagBFP) and two moieties of eDHFR (Escherichia Coli Dihydrofolate 

Reductase) were linked to the tKRas moiety, while the G-domain was coupled with two moieties of 

FKBP37-V and monomeric teal fluorescent protein mTFP. This design allows for the controlled 

translocation of KRas G-domain to the plasma membrane-anchored tKRas by the addition of the 

bivalent dimerizer molecule, SLF’-TMP (Synthetic Ligand of FKBP – Trimethoprim), as SLF’ and TMP are 

high-affinity ligands for FKBP and eDHFR respectively (Figure 7) (285). The KRas G-domain can 

subsequently be released from the plasma membrane by the addition of TMP as a competitor to the 

SLF’-TMP. This is schematically shown in (Figure 7). Thus, the cytosolic and plasma membrane 

localization of recruitable KRas can be chemically controlled. The recruitable KRas (rKRas) constructs 

Figure 7. Schematic of the reversible recruitable KRas CID system.  
Plasma membrane translocation of the recombinant recruitable KRas G-domain by the dimerization of the 2x-FKBP and 2x-
eDHFR moieties using SLF’-TMP (synthetic ligand of FKBP-trimethoprim). Addition of TMP (trimethoprim) competitively binds 
to the 2x-eDHFR domains, displacing the SLF’-TMP dimerizer, thus displacing the KRas G-domain from the plasma membrane. 
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were then validated in these stably-transfected MDCK cell lines to verify their functionality by confocal 

fluorescent microscopy, and then by western blot analysis to confirm adequate expression. 

 

6.2 Validation of recruitable KRas translocation by live-cell imaging 
To assess the functionality of the construct in stably-transfected MDCK cells, cells were exposed to 

2µM of SLF’-TMP for 60 minutes whilst observing mTFP (D2-G-domain) and TagBFP (D1-tKRas) 

fluorescence. Before exposure to SFL’-TMP, mTFP (mTFP-D2-KRas G-domain) was evenly distributed 

in the cytoplasm, while the tagBFP-D1-tKRas fluorescence was located at the plasma membrane. Upon 

the addition of 2µM SLF’-TMP, the accumulation of mTFP-tagged G-domain of KRas at the plasma 

membrane was evident, in contrast to no movement upon the addition of DMSO only (Figure 8 A-C). 

This was not observed when DMSO was added in all cells. A mask created from plasma membrane-

associated Tag-BFP was used to detect and measure the changes in plasma membrane-associated 

mTFP fluorescence over time (See 5.2.4.1 Page 37). In this way, changes in PM-associated mTFP-D2-

KRas G-domain for recruitable wild-type (rWT), recruitable G12V (rG12V) and recruitable G12D 

(rG12D) KRas expressing cells were quantified (Figure 8 D). On average, the PM-associated increase in 

mTFP fluorescence across the cells was 1.6 times higher than the baseline. Translocation was observed 

to be stable over 60 minutes, with PM-association half-lives (calculated as half-life t1/2 = ln(2)/K on 

GraphPad Prism) of 6.76 minutes, 2.42 minutes and 2.52 minutes calculated for rWT, rG12V, and 

rG12D KRas cells respectively (Figure 8 D).  

Once plasma membrane translocation was successfully replicated, the reversibility of the CID system 

in MDCK cell lines was tested. After exposure to 2 µM SLF’-TMP and observation for 20 minutes, 2 µM 

TMP was added to the cells and the observation continued for another 30 minutes. (Figure 9). As 

before, the mTFP fluorescence was evenly distributed across the cells before the addition of the 

dimerizer. The addition of the SLF’-TMP dimerizer followed by TMP was associated with an increase 

followed by a decrease back to the baseline of plasma membrane-associated mTFP respectively in all 

cells expressing recruitable WT, G12V, and G12D KRas (Figure 9 A-C). The plasma membrane 

association half-lives, in this case, were 1.51 minutes, 4.56 minutes, and 4.82 minutes for the rWT, 

rG12V, and rG12D KRas cells respectively, whereas the respective plasma membrane dissociation half-

lives were 5.86 min, 4.07 min, and 4.83 min (Figure 9D). Together, these data show that ectopic, stably-

expressed recruitable KRas in MDCK cells translocates to the plasma membrane and back into the 

cytosol upon the addition of 2µM SLF-TMP and equimolar TMP respectively, with similar kinetics in all 

three variants tested. 
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Figure 8. Plasma membrane translocation of recruitable KRas. 
(A-C) Live-cell confocal fluorescence micrographs depicting a time series for non-serum deprived, stably-transfected MDCK 
cells expressing recruitable KRas before and after the addition of 2 µM SLF’-TMP. The upper panels show mTFP fluorescence 
of the KRas G-domain (mTFP-D2-X-KRas) whereas the lower panels show the Tag-BFP fluorescence (Tag-BFP-D1-tKRas) of 
tKRas in the cells. Scale bar: 10 µm. Images on the left show the effect of adding 2 µM SLF’-TMP dimerizer, while images on 
the right show the accompanying controls where only the DMSO driver was added to the cells. 
(D) The quantification of the mean fluorescence of mTFP-tagged KRas G-domain at the plasma membrane (PM) at each time 
point, when 2 µM SLF’-TMP dimerizer (green) and the DMSO (grey) were added to the cells for 60 minutes. mTFP fluorescence 
at the PM was obtained from a mask of the PM associated Tag-BFP-D1-tKRas. The dashed line indicates the addition of the 
SLF’-TMP or DMSO at time 0 minutes. PM association half-lives are shown for each cell line below its respective graph. Values 
were expressed as mean ± SEM for N = 3 independent experimental repeats (n = 9 micrographs in total). Statistical significance 
was calculated using a Repeated Measures One-Way ANOVA with the Geisser-Greenhouse correction, and with Dunnett’s 
test for multiple comparisons, with individual variances computed for each comparison. 
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Figure 9. Plasma membrane translocation of recruitable KRas is reversible. 
(A-C) Live-cell confocal fluorescence micrographs depicting a time series for non-serum deprived, stably-transfected MDCK 
cells expressing recruitable KRas before and upon exposure to 2 µM SLF’-TMP for 20 minutes, followed by exposure to 2µM 
TMP for 30 minutes. The upper panels show mTFP fluorescence of the KRas G-domain (mTFP-D2-X-KRas) whereas the lower 
panels show the Tag-BFP fluorescence (Tag-BFP-D1-tKRas) of tKRas in the cells. Scale bar: 10µm. Images on the left show the 
effect of adding 2 µM SLF’-TMP dimerizer followed by 2 µM TMP, and images on the right show the accompanying controls 
where only the DMSO driver was added to the cells followed by 2 µM TMP. 
(D) The quantification of the mean fluorescence of mTFP-tagged KRas G-domain at the plasma membrane (PM) at each time 
point, when 2 µM SLF’-TMP dimerizer (green) and the DMSO (grey) were added to the cells for 20 minutes before reversal 
with 2 µM TMP. mTFP fluorescence at the PM was calculated as in (Figure 8). The first dashed line indicates the addition of 
the SLF’-TMP or DMSO at time 0 minutes and the second dashed line indicates the addition of 2 µM TMP at 20 minutes. PM 
association half-lives are shown for each cell line below its respective graph. Values were expressed as mean ± SEM for N = 3 
independent experimental repeats (n = 9 micrographs in total). Statistical significance was calculated using a Repeated 
Measures One-Way ANOVA with the Geisser-Greenhouse correction, and with Dunnett’s test for multiple comparisons, with 
individual variances computed for each comparison. 
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6.3 Stably-transfected recruitable KRas is overexpressed in MDCK cell lines 
Once the functionality of the KRas CID system was shown via live-cell confocal fluorescence 

microscopy, a biochemical assay to assess the effects of rKRas PM translocation was tested. In an initial 

western blot, whole cell lysates of WT MDCK cells, and MDCK cells stably expressing rWT, rG12V, and 

rG12D KRas (Figure 10). Using a pan Ras antibody for all Ras proteins, both eRas and rKRas were 

detected and could be differentiated by their molecular weights of 21 and 72 kDa respectively. From 

this initial blot it was clear that rKRas was overexpressed in all MDCK cell lines stably expressing rKRas. 

The double-band of Ras seen on western blots is due to post-translational modifications (43), (295), 

(296). The differences in molecular weights between the endogenous Ras isoforms (21 kDa) and the 

recruitable KRas (72 kDa) are due to the additional mass of mTFP (27 kDa) (297), and the two FKBP37V 

domains (12 kDa each) (298), (299) 

 

 

 

6.4 Characterization of the EGF temporal response of Wild-Type MDCK cells – Ras 

Signaling Responses 
Given the importance of EGF-EGFR mediated activation of KRas signaling in cancer, the response of 

EGF stimulation in MDCK cells was tested. First, the aim was to characterize the signaling dynamics of 

wild-type (WT) MDCK cells to provide a knowledge basis and control for later comparison of the effects 

of PM translocation of rKRas on endogenous Ras and signaling. To characterize the EGF response in 

WT MDCK cells, the cells were stimulated with low (10 ng/ml) and saturating (160 ng/ml) doses of EGF 

(100) and incubated for increasing time durations of up to 60 minutes to resolve the Ras-GTP, pERK, 

and pAKT responses. A GST-3x-Raf-RBD pulldown for active Ras-GTP was performed on the cell lysates. 

These lysates, as well as whole cell lysates, were assessed by quantitative western blots analysis 

(Figure 11 and Figure 12).  

At a high, saturating EGF concentration (160 ng/ml), a sharp rise in eRas-GTP was seen, peaking at 5 

minutes post-stimulation, and sharply decreasing back to baseline within 30 minutes (Figure 11). This 

was similar to the eRas-GTP curve in the presence of low, 10 ng/ml EGF concentration. However, the 

Figure 10. Recruitable Kras (rKRas) is expressed in stably-transfected MDCK 
cells.  
The figure shows representative western blot bands from whole cell lysates of 
stable MDCK cells expressing rWT, rG12V and rG12D KRas proteins compared 
to WT MDCK cells. A pan-Ras antibody was used for staining all Ras isoforms, 
and Tubulin was the housekeeping protein stained (N = 1). 
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rise and fall in eRas-GTP in the 10 ng/ml EGF case was not as sharp as in the 160 ng/ml EGF, despite 

the average peak also being observed at 5 minutes post EFG stimulation (Figure 11 B). 

 

 

 

Figure 11. Active eRas-GTP signal in response to low and high EGF doses in time.  
(A) Representative western blot following 3x-RafRBD-GST pulldown showing changes in active GTP-bound endogenous Ras 
(eRas-GTP) in time as a response to low (10 ng/ml) [top] and high (160 ng/ml) [bottom] EGF concentrations in WT MDCK cells. 
Samples stained with a pan Ras antibody.  
(B) Graphical representation of the eRas-GTP signal in (A) for WT  MDCK cells stimulated with 10 ng/ml EGF (black, N = 4) and 
160 ng/ml EGF (red, N = 4) displayed as mean ± SEM. P-values calculated using an unpaired t-test with a Welch correction. 
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The average trends for phosphorylated ERK and AKT observed corresponded with the trend seen in 

eRas-GTP, in that they also peaked by 5 minutes after EGF addition (Figure 12 B and C). Interestingly, 

pERK responses showed a dampened oscillatory behavior upon EGF stimulation, most clearly in the 

saturating dose of 160 ng/ml (Figure 12 B). In the high EGF concentration case of 160 ng/ml, the first 

peak was observed at 5 minutes, with a second, smaller peak at 20 minutes and an overall decrease 

to baseline reached by 60 minutes after growth factor stimulation. The oscillations in the 10 ng/ml 

EGF case, however, appeared more sustained over 60 minutes with at least 3 peaks seen on average. 

The 10 ng/ml EGF pERK response also did not completely return to baseline levels within 1 hour.  

The pAKT responses to EGF stimulation were similar in both low and high EGF concentrations (Figure 

12 C). However, the amplitude of the peak was approximately 3.5 times higher than the baseline in 

the 160 ng/ml EGF case compared to an 8-fold increase in pAKT with 10 ng/ml EGF stimulation. 

Additionally, the pAKT levels returned to baseline at 60 minutes with 160 ng/ml EGF stimulation,  

whereas the more gradual decrease in pAKT in the 10 ng/ml EGF stimulation did not reach baseline 

levels by 60 minutes. Despite the differences, both pAKT peaks reached their maxima within 3-5 

minutes on average and maintained this for up to 40 minutes before starting to decrease. 

Collectively, these results show that the eRas-GTP, pERK, and pAKT response signals in WT MDCK cells 

reached an initial peak within 5 minutes of stimulation by both low and high EGF concentrations. While 

the eRas-GTP levels declined quickly to baseline after the peak, pERK showed oscillatory behavior that 

was dampened in the high EGF condition, and pAKT showed more sustained behavior before 

decreasing. 

Figure 12. Responses in phosphorylation of ERK and AKT upon stimulation of  WT MDCK with EGF.  
(A) shows examples of western blots of the whole cell lysates of serum-deprived WT MDCK with 10 ng/ml (left) and 160 ng/ml 
(right) EGF. Samples were stained with pAKT, pERK and Tubulin antibodies. 
 (B) shows the changes in pERK with time upon stimulation of the cells with 10 ng/ml  (black, N = 4)) and 160 ng/ml (red, N ≥ 
3) EGF doses displayed as mean ± SEM. P-values calculated using an unpaired T-test with a Welch correction. 
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6.5 Changes in rKRas- and eRas-GTP levels upon plasma membrane translocation of 

rKRas 
After characterizing EGF-mediated Ras and effector temporal signaling dynamics in WT MDCK cells, 

we investigated whether the translocation of rKRas to the plasma membrane affects endogenous Ras 

activity and subsequent downstream signaling. From western blot data of stably-transfected MDCK 

cells that were exposed to 2 µM SLF’-TMP for up to one hour, the changes in both active rKRas-GTP 

and eRas-GTP could be assessed after performing a GST-3x-RafRBD pulldown assay for active, GTP-

bound Ras as before (Figure 13 A). 

On average, the rWT KRas-GTP levels at baseline were comparable to the GDP-loaded samples 

(negative control for 3x-Raf-RBD pulldown) of the same cell line (Figure 13 B). Conversely, both rG12V 

and rG12D KRas-GTP each had a factor of 31.3 and 66.8 times higher GTP-binding respectively at time 

0 minutes compared to the GDP-loaded samples (Figure 13 B). There were no statistically significant 

changes in the rKRas-GTP levels across the 3 cell lines from baseline over a period of 60 minutes after 

SLF’-TMP stimulation. However, there was a minimal decrease in the case of rG12D KRas-GTP (Figure 

13 B).  

Interestingly, in the case of eRas-GTP (Figure 13 C), the baseline samples at time 0 minutes had a GTP 

loading 2.18, 1.98, and 2.30 times higher than the average GDP-loaded samples for the rWT, rG12V, 

and rG12D KRas expressing cells respectively. In all three recruitable KRas cell lines, there was an 

increase in eRas-GTP that peaked at time 10 minutes and decreased back to baseline (or slightly lower 

than baseline in the rWT KRas case) by time 60 minutes after SLF’-TMP addition.  

Comparing the trends between the rKRas variants, there were no significant differences in rKRas GTP-

loading in time within all three cell lines (Figure 13 D). However, the average decrease in eRas-GTP 

after the peak at 10 minutes post PM translocation of rKRas was slower in the oncogenic rG12V and 

rG12D KRas expressing cells compared to the rWT KRas cells (Figure 13).  

In summary, SLF’-TMP addition to translocate rKRas to the plasma membrane over a duration of 60 

minutes was associated with no overall change in rKRas-GTP levels. However, a transient peak in eRas-

GTP levels was observed, with a peak at 10 minutes that decreased to baseline at a slower rate in the 

rG12V and rG12D KRas cells than in the rWT KRas cells. 
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Figure 13. Changes in Ras-GTP levels upon plasma membrane translocation of recruitable KRas. 
(A) representative western blots showing temporal changes in active GTP-Ras levels from 3x-RafRBD pulldown assays 
comparing levels in MDCK cells stably expressing rWT KRas and recruitable oncogenic (rG12V on the left, and rG12D on the 
right) KRas upon plasma membrane translocation of the recruitable KRas construct with 2 µmM SLF’-TMP up to 60 minutes. 
The upper panels show the recruitable KRas-GTP (rKRas-GTP), whereas the lower panels show the endogenous Ras-GTP (eRas-
GTP), all stained with pan Ras antibody. Also shown are the GDP-loaded and GTPγS-loaded controls for each stable cell line 
for the pulldown, as well as a positive control of WT MDCK cells stimulated with 100 ng/ml EGF for 5 minutes, and a negative 
control of rWT KRas MDCK cells exposed to the same volume (as the dimerizer) of DMSO for 10 minutes.  
(B) shows the quantified temporal changes in rKRas-GTP levels in comparison to the GDP-loaded controls for MDCK cells stably 
expressing rWT KRas (left), rG12V KRas (middle) and rG12D KRas (right).  
(C) shows the quantified temporal changes in endogenous eRas-GTP up to 60 minutes, in comparison to GPD-loaded samples 
for MDCK cells stably expressing rWT (left), rG12V (middle) and rG12D (right) KRas.  
(D) shows the comparison of the relative, peak-normalized levels of GTP-bound Ras with time amongst the MDCK cells 
expressing rWT (orange), rG12V (red) and rG12D (brown) KRas, showing the trends in rKRas-GTP (left) and eRas-GTP (right N 
= 5, N = 4, and N = 3 experiments for rWT, rG12V and rG12D KRas expressing cells. Values represented as Mean ± SD. Statistical 
significance calculated using the unpaired T test with a Welch correction. Statistical significance calculated using the unpaired 
T test with a Welch correction. 
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6.6 ERK and AKT responses upon plasma membrane translocation of recruitable KRas 
Following the observed PM translocation of rKRas and the associated increase in eRas-GTP levels, the 

whole cell lysates from the same cells were used to evaluate downstream effector signaling. Whole 

cell lysates were used to quantify phosphorylated ERK and AKT (Figure 14), as well as total Ras 

expression via western blot (Figure 15).  

In all cell lines, the pulse in eRas-GTP activity upon PM translocation of rKRas was associated with an 

adaptive response in both pERK and pAKT under serum-deprived conditions (Figure 14). A peak in 

pERK levels occurred 10 minutes after the addition of SLF’-TMP and returned to an average level just 

above baseline across all three cell lines (Figure 14 B and D). Relative to the mean baseline level, there 

was a 6.46, 20.8, and 7.38 fold increase in pERK levels in the rWT, rG12V, and rG12D KRas-expressing 

cells respectively.  Despite the differences in magnitude, the average pERK trend was consistent across 

all 3 cell lines (Figure 14 D). 

The peak in pAKT abundance (Figure 14 C) was on average observed to occur at 20 minutes post-

addition of the dimerizer in rWT KRas cells, but occurred at 10 minutes post-addition of the dimerizer 

in the rG12V and rG12D KRas variant cells. However, the average pAKT levels at 10 minutes in the rWT 

KRas cells were close to the levels at 20 minutes. The mean decrease in pAKT after the peak was starker 

in the rWT KRas cells compared to the oncogenic KRas cells. There was a higher, more sustained pAKT 

level 60 minutes after SLF’-TMP addition in the oncogenic rKRas-expressing cells, especially in the 

rG12V KRas cells (Figure 14 D).  

When looking at total Ras expression, the expression of rKRas relative to eRas was most homogeneous 

in the rG12V KRas-expressing cells and was also the lowest of the three cell lines (Figure 15). 

Furthermore, the rG12D KRas expression relative to eRas expression was the highest for this 

experimental cell line. 

These results show that plasma membrane translocation of overexpressed rWT, rG12V, and rG12D 

KRas was associated with a peak in endogenous Ras-GTP and transient signals of pERK and pAKT that 

peaked at 10 minutes after initiation of PM translocation. All responses were adaptive, that is, they 

decreased towards baseline within a time duration of 60 minutes. This occurred regardless of 

differences in the expression of rKRas relative to eRas. 
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Figure 14. Changes in phosphorylated ERK and AKT in time upon plasma membrane translocation of recruitable KRas. 
(A) Representative western blots showing changes in active pERK and pAKT levels comparing samples from MDCK cells stably 
expressing rWT KRas and recruitable oncogenic (rG12V on the left, and rG12D on the right) KRas with time upon plasma 
membrane translocation of the recruitable KRas construct with 2 µM SLF’-TMP up to 60 minutes. The upper panels show pAKT 
and pEkr levels, whereas the lower panels show the total alpha Tubulin levels. Also shown are the GDP-loaded and GTPγS-
loaded control samples for the pulldown, which in this case are additional point for time 0 minutes, as well as a positive 
control of WT MDCK cells stimulated with 100 ng/ml EGF for 5 minutes, and a negative control of rWT KRas MDCK cells 
exposed to the same volume of DMSO for 10 minutes.  
The quantified changes in pERK (B) and pAKT (C) with time in rWT (left), rG12V (middle) and rG12D (right) KRas expressing 
cells.  
(D) shows the comparison of the trends in pERK (left) and pAKT (right) with time amongst the MDCK cells expressing rWT 
(orange), rG12V (red) and rG12D (brown) KRas. N = 5, N = 4, and N = 3 experiments for rWT, rG12V and rG12D KRas expressing 
cells. Values represented as Mean ± SD. Statistical significance calculated using the unpaired T test with a Welch correction. 
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6.7 The effect of plasma membrane translocation on recruitable KRas GTP-loading 
Upon confirming the overexpression of rKRas in stably-transfected MDCK cell lines, we quantified this 

further and assessed the GTP-loading of the rKRas proteins. This was achieved by performing a 

reversal experiment which also allowed us to investigate whether rKRas-GTP levels are influenced by 

plasma membrane localization. Stably-transfected MDCK cells were serum-deprived, following which 

plasma membrane translocation of rKRas was performed. Reversal of plasma membrane translocation 

of rKRas was also carried out. Exposure to 2 µM SLF’-TMP for PM translocation or 0.02% v/v DMSO as 

a control was carried out for one hour, while recruitment with 2 µM SLF’-TMP for 30 minutes followed 

by equimolar TMP for a further 30 minutes was carried out for the reversal. Western blots of whole 

cell lysates were used to assess total endogenous Ras (eRas) and total rKRas expression (Figure 16). 

Additionally, in the same samples, GTP-bound Ras levels were assessed by western blots after GST-3x-

Raf-RBD pulldown assay for active, GTP-bound Ras (Figure 17).  

Quantification of western blots for whole cell lysates (Figure 16 A) revealed that the expression levels 

of eRas isoforms were consistent across all cell lines for each of the independent (color-coded) 

experiments (Figure 16 B). Mean eRas/Tubulin expression was the lowest at 0.17 in rG12D KRas cells 

and highest at 0.27 in the rG12V KRas cells. This was similar to the average value of 0.19 for 

eRas/Tubulin expressed in Wild-type (WT) MDCK cells (Figure 16 B). Recruitable KRas expression 

however was varied when comparing the different rKRas variants (Figure 16 C). The mean 

rKRas/Tubulin values were 0.5121, 0.3962, and 0.7558 for the rWT, rG12V, and rG12D KRas cells 

respectively (Figure 16 C). Therefore, it follows that the mean expression levels of the rKRas relative 

to the eRas (rKRas/eRas) of 4.76, 2.68, and 4.35 for the rWT, rG12V, and rG12D KRas cells respectively 

Figure 15. Total rKRas expression relative to total eRas expression. 
Representative western blots of whole cell lysates showing total rKRas, Tubulin, and total eRas expression for PM recruitment 
experiments involving rG12V KRas (A) and rG12D KRas (B).  
(C) shows the total rKRas/total eRas expression ratio for the whole cell lysates of stable MDCK cell lines expressing rWT, rG12V 
and rG12D KRas. N = 5 (n = 30), N = 4 (n = 24), and N = 3 (n = 18) experiments for rWT, rG12V and rG12D KRas-expressing 
cells. Values were expressed as Mean ± SD. Kruskal-Wallis test (nonparametric one-way ANOVA) with Dunn’s test for multiple 
comparisons was used for statistics. 
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were quantified (Figure 16 D). Collectively, the average expression of rKRas was higher than the 

expression of eRas in all stable cell lines, with Total rKRas / Total eRas in rG12V KRas expression about 

50% lower than rWT KRas- and rG12D KRas-expressing cells. 

 

 

 

Following this, we assessed the activity state of the recruitable KRas proteins. A 3x-Raf-RBD pulldown 

for active GTP-bound Ras was performed on cell lysates from the same reversal experiments and 

assessed by quantitative western blotting (Figure 17 A). Translocation of rWT KRas to the PM and 

reversal, that is translocation back into the cytosol, had no significant changes in the amount of GTP 

bound to the rWT KRas (Figure 17 B). However, in the case of the oncogenic rKRas variants, rG12V and 

rG12D, PM recruitment of the rKRas by SLF’-TMP was associated with a significant (p = 0.0286) albeit 

Figure 16. Endogenous Ras (eRas) and recruitable Kras (rKRas) expression levels in MDCK cells stably expressing recruitable 
WT, G12V, and G12D KRas.  
(A) shows representative western blot bands from whole cell lysates of MDCK cells stably expressing rWT, rG12V, and rG12D 
KRas constructs compared to WT MDCK cells. Tubulin was used as a loading control.  
The total eRas (B) and total rKRas (C) expression relative to Tubulin, as well the ratio of total rKRas to total eRas expression 
(D) are displayed. N = 4 (n ≥ 14). Data expressed as mean ± SD, with significance calculated using the Kruskal-Wallis test (non-
matched, non-parametric analysis) with Dunn’s multiple comparison test. 
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marginal decrease in rKRas-GTP to 0.7417 and 0.7608 of the DMSO levels respectively (Figure 17 C 

and D). This decrease in bound GTP was recovered in the Reversal condition wherein after TMP 

addition, rKRas-GTP was increased to DMSO control levels in the rG12V and rG12D KRas cells (Figure 

17 C and D). This was only statistically significant in the rG12D KRas cells. TMP addition alone without 

prior PM translocation with SLF’-TMP showed no significant effect on GTP binding of rKRas in all cell 

lines, although there was a minimal increase in the rWT KRas-GTP in comparison to the DMSO control 

condition (Figure 17B-D). 

Comparing the GTP-loading of rKRas, it was evident that the oncogenic rG12V and rG12D KRas were 

bound to higher amounts of GTP compared to the rWT KRas (Figure 17 E). Interestingly, even with 

about 50% lower expression of rG12V KRas compared to rWT and rG12D KRas, the GTP-loading of 

rG12V KRas was similar to that of rG12D KRas, and both were on average 4 times higher than in the 

rWT KRas (Figure 17 E).  

Overall, these data show that all rKRas constructs are highly expressed within the stably-transfected 

MDCK cell lines and that the oncogenic variants bind more GTP than the wild-type rKras variant. 

Additionally, translocation of rG12V and rG12D KRas to the PM was associated with a slight decrease 

in GTP binding, which was restored upon reversal of translocation from the PM using TMP. GTP-

binding in rWT KRas on the other hand remained largely unaffected by PM translocation and reversal. 
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Figure 17. Changes in rKRas-GTP upon plasma membrane recruitment with SLF’-TMP and reversal with TMP. 
(A) Representative western blot bands showing rKRas and Tubulin expression from whole cell lysates in the upper and middle 
bands. The lower band shows the rKRas-GTP levels after 3x-Raf-RBD pulldown of active GTP-bound Ras stained with panRas 
antibody.  
(B-D) shows the changes in rKRas-GTP in rWT (B), rG12V (C) and rG12D (D) KRas cells upon recruitment with 2 µM SLF’-TMP, 
2 µM TMP alone, or Reversal (initial recruitment with 2 µM SLF’-TMP then de-recruitment with 2 µM TMP) normalized to the 
DMSO control.  
(E) shows the rG12V and rG12D KRas normalized to rWT KRas-GTP. N = 4, mean ± SD, and significance calculated using the 
unpaired, nonparametric Mann-Whitney U test. 
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6.8 Effects of long-term localization of rKRas to the plasma membrane on proliferation 
Until this point, the effects of plasma membrane translocation of rKRas were assessed on short time 

scales of up to an hour. We next investigated the effect of plasma membrane localization of recruitable 

KRas on proliferation over one week using clonogenic assays. The stability of plasma membrane 

translocation of rKRas over 7 days was validated by confocal microscopy (Figure 18). Images were 

captured on days 2 and 7 after seeding the stably-transfected MDCK cells and growing them in full 

growth medium (FGM), FGM containing 2 µM SLF’-TMP dimerizer, or FGM containing an equivalent 

volume of DMSO (0.02% v/v). Plasma membrane translocation of rKRas was stable at 2 and 7 days of 

incubation with FGM containing dimerizer as the plasma membrane localization was visible with mTFP 

fluorescence at these time points when compared to the FGM and the DMSO conditions (Figure 18). 

 

 

 

Upon successfully culturing the stably-transfected MDCK cell lines with constant exposure to DMSO 

and SLF’-TMP for a week, we determined to carry out clonogenic assays for the same time period. 

Figure 18. Stability of plasma membrane recruitment over 7 days. 
Confocal microscopy images showing the tag-BFP-tKRas (A) and mTFP-G-domain (B) of stably-transfected MDCK cells 
grown in full growth medium (FGM), 0.02% v/v DMSO and 2 µM SLF’-TMP at day 2 after seeding 100 cells.  
Confocal microscopy images of the tag-BFP-tKRas (C) and mTFP-G-domain (D) of stably-transfected MDCK cells grown in full 
growth medium DMSO and 2 µM SLF’-TMP at day 7 after seeding 100 cells. Scale bar: 50µm. 
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Initially, WT MDCK cells were seeded at increasing densities of 100, 200, 500, and 1000 cells per well 

of a 6-well plate to determine the optimum seeding density for a clonogenic assay experiment (Figure 

19 A). As the proliferation potential of the stably-transfected cell lines was unknown, it was decided 

that the lowest seeding density of 100 cells would be optimal after 7 days, since the 500 and 1000 

cells/well density could yield high confluency that could increase the difficulty of distinguishing 

individual colonies. There was higher variation in the 200 cells/well density, and no statistical 

difference between the 100 cells/well seeding density (Figure 19 B) as colonies could easily be 

delineated at the end of the assay. 

 

 

 

Following this, clonogenic assays were performed on the MDCK cell lines stably expressing rKRas to 

assess the effects of prolonged plasma membrane localization on proliferation (Figure 20). Recruitable 

KRas was maintained at the plasma membrane for one week with 2 µM SLF’-TMP. Reversal of PM 

translocation of rKRas was carried out by maintaining rKRas at the plasma membrane for 4 days, 

followed by a washout with PBS and incubation for 2 days FGM containing 2 µM TMP). Visually, the 

colonies for the WT MDCK and the rWT KRas-expressing cells appeared to be of similar size and 

number, whereas the colony sizes in the oncogenic rG12V and rG12D KRas-expressing cells appeared 

to be smaller (Figure 20 A). Upon quantification, there was no difference in mean area per colony 

between FGM and the DMSO conditions in all 4 cell lines (Figure 20 B). In WT MDCK cells, SLF’-TMP 

was associated with an insignificant decrease in the mean area per colony of about 28% compared to 

the FGM and DMSO conditions. However, SFL’-TMP was associated with an insignificant increase in 

mean area per colony in rG12V KRas cells compared to the FGM and DMSO conditions (Figure 20 B). 

Figure 19. Determination of the seeding density for clonogenic assays. 
(A) Representative image of the final growth after culture in full growth media for 7 days of WT MDCK cells seeded at 100, 
200, 500 and 1000 cells per well of a 6-well plate.  
(B) Quantified percentage of the occupied area of the well for each seeding density of WT MDCK cells (from A) after 7 days 
of growth. Statistics were calculated using the Brown-Forsythe and Welch ANOVA test with Dunnett’s T3 multiple 
comparisons test. 
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Overall, there were no significant changes in mean area per colony between conditions within each 

cell line (Figure 20 B). 

Under FGM and DMSO growth conditions, there were no differences in mean area per colony between 

the WT MDCK and rWT KRas expressing cells (Figure 20 C). The only difference observed was an 

insignificant increase in the mean area per colony in rWT KRas cells compared to the WT MDCK in the 

SLF’-TMP condition. This was obliterated in the Reversal condition.  

Interestingly, in the FGM and DMSO conditions, the mean area per colony for the oncogenic variant 

cells (rG12V- and rG12V KRas-expressing cells) was almost identical. The oncogenic variant cells 

displayed about a 50% lower mean area per colony in both the FGM and DMSO conditions compared 

to the wild-type variant cells. However, the rG12D KRas cells displayed the lowest mean area per 

colony in the SLF’-TMP condition of all the cell lines.  

Notably, the reversal condition after 4 days of plasma membrane localization was observed to have 

no effect in all cell lines. There was no difference when compared to the SLF’-TMP condition, especially 

in the G12D KRas cells where the mean area per colony was the lowest (Figure 20 C). Altogether, these 

data show that oncogenic KRas-expressing cells grew small colonies compared to WT MDCK and rWT 

KRas cells regardless of plasma membrane localization. 
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Figure 20. Differences in the average occupied area per colony. 
(A) Representative images of the end growth state of WT MDCK cells, and MDCK cells stably expressing rWT, rG12V and 
rG12D KRas seeded at 100 cells per well, and grown for 7 days in Full Growth Medium (FGM), 0.02% v/v DMSO, 2 µM SLF’-
TMP dimerizer, or a Reversal condition of 4 days with 2 µM SLF’-TMP followed by a washout with PBS then 3 days of 2 µM 
TMP in FGM.  
(B) Shows the average occupied area per colony for WT MDCK, rWT KRas, rG12V KRas and rG12D KRas expressing cells 
cultured in FGM, FGM + 0.02% v/v DMSO, FGM + 2 µM SLF’-TMP and FGM + 2 µM TMP for 7 days (see Figure X).  
(C) Shows graphs comparing the different cell lines to each other under each culture with FGM, DMSO, (2 µM) SLF’-TMP and 
(2 µM) TMP respectively. All statistics were calculated using the Brown-Forsythe and Welch ANOVA test with Dunnett’s T3 
multiple comparisons test. 
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7 Discussion 
 

7.1 Control of KRas localization using a CID system 
The applied CID system was used to control the concentration of KRas G-domain at the PM using 

micromolar concentrations of the bivalent dimerizer SLF’-TMP and its competitor TMP. Plasma 

membrane translocation of rKRas was confirmed in all 3 stable cell lines of MDCK cells expressing rWT, 

rG12V, and rG12D KRas constructs when exposed to SLF’-TMP (Figure 8). With half-lives under 10 

minutes in all cases, maximum translocation was achieved in all cell lines by 40 minutes post SLF’-TMP 

addition (Figure 8). The translocation was stable over days, as observed in the clonogenic assay 

experiments where the dimerizer was included in the culture medium for 1 week (Figure 18). The 

reversibility of the system was also shown in confocal fluorescence microscopy where cells were 

exposed to the SLF’-TMP for 20 minutes before being exposed to TMP for 30 minutes (Figure 9). 

Dissociation half-lives were below 10 minutes in all cell lines, with return of the KRas-G-domain to the 

cytosol achieved within 30 minutes of exposure to TMP (Figure 9). However, movement of rKRas from 

the plasma membrane to the cytosol was slower than translocation to the plasma membrane. Thus, a 

higher concentration of TMP may enhance this. 

This CID technique to control the localization of proteins within a cell is slower than light-induced 

dimerization techniques, where translocation to targeted cellular compartments occurs on a seconds 

time-scale. (288), (291), (280). However, the translocation kinetics were similar to those of a previous 

study where the CID system was tested in HeLa cells using 1µM SLF’-TMP and 10 µM TMP. (285).  

 

7.2 Characterization of Wild-Type MDCK cells signaling responses to EGF stimulation 
It was important to have an insight into growth factor-mediated signaling in MDCK cells, to offer a 

comparison for later experiments with the rKRas. Thus, we characterized the standard behavior of 

active, GTP-bound eRas activity and downstream signaling through pERK and pAKT in response to low 

(10 ng/ml) and high (160 ng/ml) EGF concentrations in WT MDCK cells (Figure 11 and Figure 12). The 

results showed that eRas-GTP peaked 5 minutes after exposure to EGF with both concentrations 

(Figure 11). An EGF concentration of 10 ng/ml is within the physiological range for humans (98), 

suggesting that ligand-bound EGFR is recycled to the PM as it is likely monomeric (99), (57). This might 

suggest that the eRas-GTP peak would have been sustained, however, this was not observed. 

Internalization of dimeric EGFR receptors likely mediated the faster decrease in eRas-GTP seen when 

MDCK cells were stimulated with 160 ng/ml EGF compared to 10 ng/ml (57), (180). 

The increase in eRas-GTP observed correlated with the peak in pERK, which also occurred 5 minutes 

after EGF stimulation. This is consistent with data for MCF7 and MCF 10A cells (300). The pERK signal 

persisted beyond the decrease in eRas-GTP seen. This suggests that pERK regulation is uncoupled from 

Ras signaling after the initial peak in pERK, and after deactivation of active Ras-GTP. This is likely due 

to negative feedback mechanisms regulating ERK activity such as ERK negative feedback on Raf (301), 

(182), (175). There was likely a stronger negative feedback effect in the 160ng/ml EGF case which 

accounted for the sharper decrease in pERK. The dampened oscillations, more clearly visible in the 

160 ng/ml EGF case had a period of about 15 minutes on average, similar to when human mammary 

epithelial cells were stimulated with EGF (182). In both cases, an increase in MAPK phosphatases likely 

mediated the dampening of pERK (302). 

As with pERK, the peak in pAKT also occurred after 5 minutes of EGF stimulation. However, it was 

maintained for about 35 minutes before starting to decrease (Figure 12). This 5-minute peak was also 
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consistent with data for MCF7 and MCF 10A cells (300). Phosphorylated AKT levels were more 

sustained than pERK levels, with the gradual decrease observed likely mediated by AKT negative 

regulators such as PP2A and PHLPPs AKT (153), (186), (161). The extended pAKT signal duration 

suggests delayed feedback mechanisms at play after the initial pulse of increased eRas-GTP. That is, 

pAKT is also uncoupled from Ras activity, likely with self-sustaining, time-limited mechanisms. The 

negative feedback mechanisms acting on pAKT are likely stronger in the case of the higher EGF dose 

(160 ng/ml), explaining the steeper, more regulated return to baseline of pAKT as with pERK (Figure 

12). 

As the pERK response was measured by quantitative western blots, experimentally phase-matching 

the experiments proved challenging, however, this likely resulted in the variation of responses seen 

at each time point, especially in the case of pERK. Temporal confounding factors may be mitigated by 

using a fluorophore-tagged ERK reporter such as EKAREV to measure pERK responses.  

 

7.3 Cytosolic oncogenic KRas is GTP-loaded  
With the CID system, we could assess the average GTP state of rKRas in the cytosol and when localized 

to the plasma membrane. Differences in rKRas-GTP observed corroborate what is known, that 

mutated oncogenic Ras variants are constitutively active, as the rG12V and rG12D KRas variants had 

higher GTP-loading compared to rWT KRas (Figure 13 and Figure 17). This was the case regardless of 

cytosolic or plasma membrane localization. This is likely because intrinsic GTP hydrolysis of oncogenic 

Ras variants is much lower than in wild-type Ras protein.  

When comparing KRas-GTP levels upon SLF’-TMP mediated PM translocation to DMSO control, there 

was a small decrease in rG12V and rG12D KRas, but not in rWT KRas (Figure 17). This was in contrast 

to the time-resolved PM translocation experiment where comparison was to a baseline of serum-

deprived cells before rKRas translocation, that is, without the dimerizer and DMSO (Figure 13 and 

Figure 14). In this case, there was no change in rWT KRas-GTP and rG12V KRas-GTP levels, but there 

was still a small decrease in rG12D KRas-GTP seen (Figure 17). The use of DMSO solvent is beneficial 

for increased membrane permeability to other molecules (303). However, it was recently shown that 

DNA methylation, as well as the transcriptome and proteomes of cardiac and liver cells were altered 

by DMSO concentrations as low as 0.1% (304). Although a low DMSO concentration of 0.02% v/v was 

used in our experiments, it might still affect cells and membrane-associating proteins such as Ras. 

Additionally, GAPs such as NF-1 are cytosolic (92), and are recruited to the PM to modulate Ras 

activity. Interestingly, neither intrinsic nor GAP-mediated hydrolysis is completely abolished in 

mutated Ras and may play a role in the hydrolysis of GTP in oncogenic Ras variants (71). This would 

also explain why no change in rWT KRas-GTP was observed upon translocation to the plasma 

membrane, but a small decrease in rG12V and rG12D KRas-GTP was seen. As no change in rWT KRas-

GTP was observed upon plasma membrane translocation (Figure 13 and Figure 17), it suggests that an 

equilibrium between GTP-binding, intrinsic GTPase activity, and GAP activity was reached. Simply 

translocating to the PM does not change the equilibrium of GTP-loading in rWT KRas. Thus, GAPs likely 

regulate cytosolic Ras-GTP activity, and an increase in WT Ras-GTP in the absence of mutant Ras can 

only occur by growth factor stimulation or GEF-mediated mechanisms at the plasma membrane. The 

maintenance of high oncogenic Ras-GTP levels upon plasma membrane translocation can be explained 

by oncogenic KRas being constitutively on and having resistance to GAPs (73). 

The presence of GTP-loaded cytosolic KRas begs the question of whether active, non-membrane-

bound KRas has signaling capabilities. As Ras proteins can localize to cellular compartments such as 
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the endoplasmic reticulum and Golgi apparatus via the CAAX box motifs, it has been suggested that 

they can activate Raf in these compartments (114), (35). However, the KRas G-domains in the CID 

system are cytosolic and not bound to endomembranes as they do not possess the KRas tail. 

 

7.4 Oncogenic KRas has an activating interaction with wild-type Ras at the plasma 

membrane 
We translocated rKRas to the PM using SLF’-TMP to assess the initial effects of PM localization of 

oncogenic KRas on other wild-type Ras isoforms (Figure 13). Our results showed that all 3 rKRas 

variants in our study were GTP-bound regardless of PM localization. However, the oncogenic rG12V 

and rG12D KRas always had higher amounts of bound GTP compared to the rWT KRas. This presumably 

explains why PM translocation of oncogenic rG12V and rG12D KRas, as well as rWT KRas, activated 

endogenous wild-type pan Ras upon translocation to the plasma membrane in the absence of growth 

factor (Figure 13). This activating interaction of rKRas-GTP on eRas is assumed to occur via allosteric 

activation of SOS, potentiating its action on the endogenous wild-type Ras. This is consistent with the 

findings that oncogenic Ras can activate wild-type Ras without growth factor stimulation (253), (87). 

The concentration of GTP-bound rWT KRas in our study was likely sufficient, due to its overexpression, 

to also activate eRas. Additionally, it has been shown that GDP-bound Ras can also activate SOS, 

however, at a much lower level (83). Interestingly, the change in eRas-GTP upon PM translocation of 

rKRas ranged from 1.6 – 2.4 fold compared to the 5-fold increase when WT MDCK cells were 

stimulated with low and saturating EGF doses. This suggests that full activation of eRas requires 

growth factor stimulation and that oncogenic KRas plays a role in maintaining baseline Ras activity 

while wild-type Ras isoforms mediate growth factor-induced signaling (250). Following the activation 

of eRas, the decrease in eRas-GTP at the PM was likely mediated by the action of GAPs. 

A question that remains open is how the baseline levels of the endogenous wild-type Ras-GTP are also 

high or visible on pull-down of active GTP-bound Ras, before translocation of rKRas to the plasma 

membrane. This might be explained by mass action as the G-domain of the rKRas in all cell lines is 

highly concentrated, albeit in the cytoplasm. However, this high concentration may be sufficient for 

interaction with Ras signaling cascade molecules in the periphery of the PM by diffusion. Alternatively, 

eRas may be activated by paracrine and juxtacrine signaling cascades (305), (306), (307). Additionally, 

other GEFs may also play a small role in activating cytosolic oncogenic KRas (308). The robust nature 

of MDCK cells may also allow for signaling in the 0.1% FBS-containing medium used during serum 

deprivation. 

 

7.5 Plasma membrane translocation of rKRas initiates Ras-MAPK and Ras-PI3K 

signaling independent of growth factor  
The activation of endogenous wild-type Ras isoforms by PM translocation of rKRas was associated 

with signaling responses in ERK and AKT (Figure 14). These pERK and pAKT signals were observed in 

all rKRas-expressing cell lines. This gives further evidence that Ras-mediated MAPK and PI3K signaling 

occur at the plasma membrane. Deactivation of the pERK signal after the peak at 10 minutes in all 

three cell lines can be explained by the negative feedback regulation of pERK on MAPK signaling (175), 

(170), (170). This likely occurs at the levels of Raf and MEK, and less likely at the level of SOS-Ras in 

the case of oncogenic rKRas (175), (170), (160). This adaptive pERK signal was conserved in all three 

cell lines, regardless of the KRas mutation (Figure 14 B and D). This suggests that there is a standard, 

all-or-nothing pERK response upon Ras activation, and gives evidence to the notion of fold-change 



64 
 

detection, that cells respond to changes in signal (309), (310). The adaptive response of pERK is 

interesting because the negative feedback response to mutated Ras and Raf proteins has been 

proposed as a mechanism for oncogene-induced senescence rather than tumor progression (245). 

This differs from the results of a study that suggested that negative feedback regulation of MAPK 

signaling in cells expressing oncoproteins may be weaker than in WT cells (160). 

The return to baseline of pERK in all cases poses the question of how much baseline ERK activity is 

influenced by PM localized oncogenic KRas. Baseline fluctuations in Ras-GTP signaling may occur as 

oncogenic KRas is cycled through the cytosol and shuttled back to the PM to maintain its localization 

(57). This maintenance may drive a baseline activation of MAPK signaling mediated by oncogenic KRas 

when oncogenic KRas is expressed at isogenic levels. 

Considering AKT responses, phosphorylated AKT levels peaked quickly at 10 minutes post initiation of 

PM translocation of rKRas in rG12V and rG12D KRas cells, compared to 20 minutes in rWT KRas cells. 

The signal was also more sustained in the oncogenic KRas cells. Downregulation of the pAKT response 

that we observed likely occurred through protein phosphatase 2A (PP2A) and the PH domain leucine-

rich repeat protein phosphatases (PHLPP) 1 and 2, which are known negative regulators of active 

phosphorylated AKT (153), (186), (161). 

The more sustained pAKT signal observed in the oncogenic rKRas variants compared to the wild-type 

variant suggests that the downregulation pAKT signals is linked, in part, to oncogenic KRas activity. 

This prolonged pAKT signal also suggests a higher survival response which would favour 

tumorigenesis. This is in line with studies showing that Ras-mediated PI3K signaling is important in 

tumor formation and maintenance (208), (152). The similar responses in pERK and pAKT seen in our 

results between rG12V and rG12D KRas-expressing cells contrast what was suggested previously, that 

in non-small cell lung carcinoma cell lines, it was observed that G12D mutations activated pAKT and 

pERK more than G12V (187). Our results also contrast the notion that isogenic SW48 human colon 

cancer cell lines expressing G12 mutations of Ras did not activate AKT and ERK signaling in the absence 

of growth factors, in a study by Hood et al. (311).  

There is likely cross-talk between ERK and AKT signaling as they can compensate for each other’s 

inhibition in pancreatic cancer cell lines (157), (158), (159). In the case that pERK is down-regulated 

more strongly or for longer in the presence of oncogenic Ras, a faster more prolonged pAKT response 

may be compensatory. This would support the quick and sustained pAKT responses we observed upon 

plasma membrane translocation of rG12V and rG12D KRas in comparison to rWT KRas. 

 

7.6 Reduced proliferation in cells harboring overexpressed rG12V and rG12D KRas  
As the cell lines were created with the PiggyBac transposon system, copy numbers can vary, and this 

was evident in the differences in rKRas expression within the same cell lines across different 

experimental replicates (Figure 15 and Figure 16). However, this ensured effective, stable transfection 

of the construct with rKRas expression up to 5 times higher on average than the endogenous Ras 

expression within each pooled group of cells. This is important as oncogene-induced senescence 

occurs in heterogeneous cells containing over-expressed oncogenic KRas (238), (241), (239), (240). 

The culturing of cells under constant exposure to the dimerizer SLF’-TMP was confirmed by live-cell 

confocal microscopy for 7 days (Figure 18). Additionally, we determined a seeding density suitable for 

performing clonogenic assays in MDCK cells stably expressing rKRas (Figure 19). Following this, 

clonogenic assays revealed that exposure to very low concentrations of DMSO (0.4 µl/2 ml or 0.02% 

v/v) did not affect proliferation potential (Figure 20).  
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The addition of SLF’-TMP to WT MDCK cells was associated with a decrease in proliferation compared 

to WT MDCK cells cultured in full medium or with DMSO added (Figure 20 B). This suggests that 

although the CID system is stable over 7 days, the dimerizer may have off-target effects in MDCK cells 

that limit proliferation. Thus, this CID system may not be completely bioorthogonal as previously 

described (285). Cytosolic oncogenic KRas on the other hand appeared to inhibit clonogenicity when 

cultured in full growth medium and DMSO, suggesting that cells can detect and respond to cytosolic 

oncogenic KRas. Plasma membrane translocation of the oncogenic KRas and reversal back into the 

cytosol had no significant effect on clonogenicity compared to no translocation (DMSO condition).  

Together, these data suggest that oncogene-induced senescence can occur regardless of oncogenic 

KRas cellular localization. It also confirms the notion of oncogene-induced senescence occurring only 

in over-expressed oncogenic KRas, as this effect was not observed in the rWT KRas-expressing cells, 

which also had overexpressed rKRas in all western blots analyzed (Figure 20). Oncogene-induced 

senescence may therefore be a protective mechanism of cells against carcinogenic aberrations. 

Repeating the experiment in isogenic or low-expressing cells may help to elucidate whether low 

expression of oncogenic KRas (or expression at physiological levels) is also implicated in oncogene-

induced senescence. 

 

8 Limitations 
 

Tuveson et al., 2004 (241) suggested that endogenous expression of oncogenic Ras at physiological 

levels, as opposed to high expression from ectopic oncogenic Ras, would lead to increased 

proliferation as opposed to cell senescence. Currently, our study cannot give evidence regarding this 

due to overexpression of rWT, rG12V, and rG12D KRas in the stably-transfected MDCK cell lines (Figure 

15 and Figure 16). The use of a less aggressive promoter in the CID construct would be one avenue to 

explore. Finally, there was no discrimination biochemically between different Ras isoforms in our 

experiments, which is possible by using isoform-specific Ras antibodies. It is therefore challenging to 

ascertain how much downstream signaling was due to endogenous Ras, and how much of it was 

attributed to the recruitable KRas. Additionally, a few of the western blots showed some pre-activation 

of ERK and AKT at time 0 minutes, before the addition of SLF’-TMP. This suggests that the rKRas CID 

system may be leaky, in that a small proportion of the expressed rKRas is not split by the P2A ribosomal 

skipping site. This would result in plasma membrane localization of a small proportion of full-length 

ectopically-expressed rKRas that could increase baseline levels of phosphorylated ERK and AKT. 

 

9 Conclusions and Future Considerations 
 

The significance of KRas oncoproteins in the pathophysiology of cancer is unquestionable as they 

influence processes such as proliferation, differentiation, survival, and migration, which are 

dysregulated in cancer. However, the complexities of the roles of the wild-type and oncogenic variants 

of Ras proteins in cells, and their effect on tumor formation via altered Ras signaling require further 

study. The primary research question of this thesis was to assess whether oncogenic KRas activity 

affects wild-type Ras activity and signaling responses using a chemically inducible dimerization 

technique to temporally modulate plasma membrane translocation of KRas. Using pulldown assays 



66 
 

and western blots to assess changes in Ras-GTP and effector levels, some insights on the wild-type 

Ras–oncogenic KRas interaction could be gained. 

The results shown in this thesis show that a reversible, chemically induced dimerization system can 

effectively be used to control the localization and dose of KRas proteins at the plasma membrane in 

MDCK cells. It was shown that cytosolic oncogenic rKRas already had a higher GTP loading in 

comparison to cytosolic wild-type rKRas, before translocation to the plasma membrane. Upon 

movement to the plasma membrane, both oncogenic KRas and over-expressed wild-type KRas 

resulted in transient, adaptive responses in eRas-GTP, pERK, and pAKT, suggesting an activating link 

between oncogenic KRas and wild-type Ras. The likely mechanism is through allosteric activation of 

wild-type Ras by the oncogenic and overexpressed wild-type rKRas. Additionally, the presence of 

overexpressed oncogenic G12V and G12D KRas, regardless of cytosolic or plasma membrane 

localization,  was associated with decreased proliferation, pointing towards oncogene-induced 

senescence. Thus, this reduction in proliferation would need to be overcome for tumorigenesis to 

occur. 

Future work can focus on delineating if indeed the activating link between recruitable oncogenic KRas 

and endogenous wild-type Ras isoforms is through allosteric activation of SOS by disrupting allosteric 

bind using a W729E mutation of SOS (81), (254). The effect of plasma membrane-localized oncogenic 

KRas on EGF signaling responses can be assessed by performing EGF dose-response experiments and 

comparing outcomes between cytosolic and plasma membrane-localized recruitable KRas. Initial 

results for this suggest that the plasma membrane localization of oncogenic rKRas causes an 

ultrasensitive response in endogenous Ras, ERK, and AKT, at lower  EGF concentrations compared to 

WT MDCK cells and cells expressing rWT KRas proteins (Supplementary Figure 1Supplementary Figure 

1. Changes in Ras-GTP levels in response to increasing EGF doses with (2µM SLF’-TMP) and without 

(DMSO) plasma membrane translocation of rKRas. and Supplementary Figure 2). This would suggest 

that oncogenic KRas enhances growth factor sensitivity by a wild-type Ras-activating interaction. This 

would not corroborate previous research suggesting that oncogenic Ras decreases the sensitivity of 

cells to growth factors, but when expressed at isogenic levels (250), (160). Furthermore, changes in 

the morphology or migration capacity of cells can also be assessed as described in other studies (300), 

(100), as morphological changes and migration capability are linked to cancer progression and 

metastasis. Finally, using the reversibility function of the CID may help to elucidate whether cells have 

memory of plasma membrane-localized KRas and whether targeting Ras localization may be a viable 

target for cancer therapies. 
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10 Supplementary Figures 
 

 

Supplementary Figure 1. Changes in Ras-GTP levels in response to increasing EGF doses with (2µM SLF’-TMP) and without 
(DMSO) plasma membrane translocation of rKRas.  
(A) Representative western blot images of 3x-RafRBD Pulldown samples showing the levels of rKRas-GTP and eRas-GTP for 
Wild-type MDCK (top band only), rWT KRas cells with DMSO and SLF’-TMP, and rG12V KRas cells with DMSO and SLF’-TMP 
from top to bottom.  
(B) shows the quantified average changes in eRas-GTP in WT MDCK cells.  
(C) and (D) show the quantified changes in rKRas-GTP and eRas-GTP respectively, with rWT KRas expressing cells (Left) and 
rG12V KRas expressing cells (Right). Changes in Ras-GTP the presence of DMSO are in black, while Ras-GTP changes in the 
presence of SLF’-TMP are in teal. N = 4 for WT MDCK cells, N = 3 for rWT KRas cells, N = 3 for rG12V KRas cells in DMSO (black) 
and N = 4 for rG12V KRas cells in SLF’-TMP (teal). Data displayed as mean ± SD for 3-point moving averaged data points 
normalized to the point at 80 ng/ml EGF Least square line fitted with output as 95% confidence interval of the parameters.  
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Supplementary Figure 2. Changes in the levels of phosphorylated Erk and Akt in response to increasing EGF doses with (2µM 
SLF’-TMP) and without (DMSO) plasma membrane recruitment of rKRas.  
(A) Representative western blot showing pAkt) and pErk changes with increasing EGF dose in Wild-type MDCK cells. Tubulin 
and endogenous panRas expression is also shown.  
(B) and (C) show the same changes in pAk and pErk as in (A), but for rWT KRas expressing cells (B) and rG12V KRas expressing 
cells (C) respectively, with the left images showing results in DMSO exposed cells, and results on the right showing the same 
for SLF’-TMP exposed cells. Samples 0’1 and 0’2 are extra baseline samples used for the positive (GTPγS-loaded) and negative 
(GDP-loaded) controls of the Pull Downs.  
(D) shows the quantified average changes in pErk and (E) shows the quantified average changes in pAkt in WT MDCK cells 
(left), and in rWT KRas (middle) and rG12V KRas (right) expressing cells. Responses in DMSO are in black, while responses in 
SLF’-TMP are in teal. For pErk, N = 2 for WT MDCK, N = 1 for rWT KRas cells in DMSO, N = 4 for rWT KRas cells in SLF’-TMP, N 
= 3 for rG12V KRas cells in both DMSO and SLF’-TMP. For pAkt, N = 2 for WT MDCK, N = 3 for rWT KRas cells in DMSO, N = 4 
for rWT KRas cells in SLF’-TMP, N = 3 for rG12V KRas cells in both DMSO and SLF’-TMP. Data displayed as mean ± SD for 3-
point moving averaged data points normalized to the point at 80 ng/ml EGF. Least square line fitted with output as 95% 
confidence interval of the parameters.   
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