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1. Introduction to KRAS
1.1 KRAS structure and function

The Kirsten rat sarcoma oncogene (KRAS) homologue stands out as a prominent oncogene,
distinguished by its notably elevated mutation rate compared to other oncogenes. This genetic
anomaly is intricately linked to several highly lethal cancer types such as pancreatic ductal
adenocarcinoma (PDAC), non-small cell lung cancer (NSCLC), and colorectal cancer (CRC) (L. Huang et
al., 2021).
The KRAS gene is a member of the rat sarcoma viral oncogene family (RAS), alongside two other human
isoforms: the Harvey and neuroblastoma rat sarcoma viral oncogenes (HRAS, NRAS). RAS proteins are
small GTPases that transit between an active (GTP-bound) and an inactive (GDP-bound) state; and play
a crucial role in regulating essential cellular processes by transducing signals originating from cell
surface receptors.
In 1982, Weinberg and Barbacid isolated a gene from human bladder cancer cell lines, which was later
identified as the human homologue of the RAS gene, known as HRAS, situated on the short arm of
chromosome 11 (11p15.1-11p15.3) (Barbacid, 1987). Concurrently, another homologue, KRAS, was
discovered in human lung cancer cells, positioned on the short arm of chromosome 12 (12p11.1-
12p12.1) in the same year. The third member, NRAS, was detected in human neuroblastoma and
resides on the short arm of chromosome 1 (1p22—-1p32) (Chang et al., 1982; Mcbride et al., 1983).
The KRAS gene encodes two closely related protein isoforms, KRAS-4B and KRAS-4A, with 188 and 189
amino acids respectively, resulting from distinct cleavage patterns in the fourth exon (Karnoub &
Weinberg, 2008), being KRAS-4B the predominant splice form of KRAS, henceforth referred to simply
as KRAS. The crystallographic analysis of RAS elucidates two prominent domains: the catalytic G
domain and the hypervariable region (HVR) (Vetter & Wittinghofer, 2001). The G domain of RAS,
comprised of residues 1-166, forms the basis of biological functionality of the RAS GTPase proteins
(Wittinghofer & Vetter, 2011). Furthermore, the G domain encompasses three pivotal regions, switch
I, switch Il, and the P loop (Figure 1A). Also, it contains the allosteric lobe for non-effector interactions
(residues 87-166). The HVR, a flexible C-terminal structural element, is characterized by a membrane
targeting domain housing the CAAX motif, where C denotes cysteine, A signifies any aliphatic amino

acid, and X represents any amino acid (Figure 1B) (Bourne et al., 1991).
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Based on homology with other RAS genes, KRAS can be delineated into three segments. The initial
segment comprises the first 85 amino acid residues, constituting a highly conserved region. The
subsequent 80 amino acid residues, referred to as the second segment, exhibit an 85% homology
between any pair of human RAS genes. Finally, the last segment constitutes the HVR, a highly variable
region, displaying a mere 8% homology (Figure 1B) (Huang et al., 2021).

As mentioned above, the switch regions | and Il, within the G-domain, are essential for RAS function.
These regions constitute the binding interface for effector proteins and serve as interaction sites for
RAS regulators, including GTPase-activating proteins (GAPs) and guanine nucleotide exchange factors
(GEFs) (detailed in 1.3.1). It is noteworthy that the characterization of switch regions in the literature
involves several residue definitions, marked by a degree of arbitrariness stemming from the intrinsic
flexibility of these regions. For instance, in the context of switch-Il definitions, the initiation spans
residues 58—60 and concludes within residues 67—76, encompassing or excluding the helix a2 either
partially or in its entirety. For illustrative purposes in this context, the switch-I definition adopts
residues 30—40, switch-Il is defined by residues 58—72, and the P loop is outlined by residues 10-14. It
is important to acknowledge that P-loop, also recognized as the Walker A motif, extends to the Serl7
and is an integral part of these intricate regulatory sequences (Walker et al., 1982). Emphasizing the
significance, it is crucial to note that the hotspot mutations associated with cancer predominantly

occur within the P-loop and switch Il regions (Figure 1C).
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Figure 1: (A) Crystal structure of GDP-bound wild type KRAS. Adapted from (Pantsar., 2020). (B)
Comparative structure of RAS isoforms. Adapted from (L. Huang et al., 2021). (C) The sequence of KRAS4B. Key

structural regions in colours, and prominent mutations marked by arrows. Adapted from (Pantsar., 2020).
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1.2 KRAS localisation in cell membranes
KRAS plasma membrane localization and recycling
The plasma membrane (PM) is an intricate and heterogeneous lipid bilayer, organised through a
network of lipid-lipid, lipid-protein, and cytoskeleton interactions. This complexity is biologically
significant, providing an appealing mechanism for regulating the lateral segregation and functional
output of membrane-anchored signalling proteins (Simons & Toomre, 2000).
As previously mentioned, NRAS, HRAS, and KRAS are small GTPases that undergo cycling between
inactive GDP-bound and active GTP-bound states to intricately regulate cell growth. In order to
exhibit biological activity, RAS proteins do not only need to locate to the PM but also to organize
precisely spatially within protein-lipid assemblies referred to as nanoclusters. This spatial
arrangement is crucial for orchestrating and fine-tuning cellular processes associated with RAS-
mediated signalling (Nan et al., 2015; Plowman et al., 2005; Tian et al., 2007; Zhou et al., 2018a;
Zhou & Hancock, 2015). For biological activity, RAS proteins must localise to the PM using carboxy-
terminal membrane anchor (Hancock et al., 1989). The RAS plasma membrane anchor comprises
two essential components. The initial anchor component, shared across all RAS isoforms, is a
carboxyl-terminal S-farnesyl cysteine carboxylmethyl ester. This ester is formed through a series of
sequential, irreversible posttranslational modifications of the conserved carboxy-terminal CAAX
motif found in the nascent RAS proteins as it will be detailed in 1.3.2 (Zhou et al., 2018a). The
second anchor component encompasses monopalmitoylation in NRAS, duopalmitoylation in HRAS,
combination of cysteine palmitoylation across cysteine and lysine residues in KRAS4A (Laude &
Prior, 2008; F. D. Tsai et al., 2015) and a polybasic domain (PBD) featuring six consecutive lysins in
KRAS4B (KRAS) (Figure 2). (Silvius et al., 2005).

Figure 2: Carboxy-terminal PM
anchor component in RAS
isoforms. Adapted from (Zhou
& Hancock., 2023).
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Palmitoylation is facilitated by palmitoyltransferases localized in the endoplasmic reticulum (ER) and
Golgi apparatus. It's worth noting that this bipartite membrane anchor structure is a common feature
among various RAS superfamily proteins (Michaelson et al., 2001). Following the completion of anchor
assembly on the cytosolic surface of the ER, HRAS and NRAS reach the PM via the exocytic pathway
through the Golgi (Apolloni et al., 2000). In contrast, KRAS is transported to the PM bypassing the Golgi,
utilizing the recycling endosome rout (Figure 3, left) (Apolloni et al., 2000).

To maintain the spatial localisation of RAS proteins, the cell employs active transport and removal
processes, ensuring RAS proteins reach their intended destinations and are removed before diffusion
occurs (Schmick et al., 2015). HRAS and NRAS undergo cycles of depalmitoylation on the cytosolic
surface of endosomes, facilitated by yet-to-be-fully-characterised thioesterases after internalisation.
This is followed by repalmitoylation in the ER and Golgi, enabling vesicular transport back to the PM
(Goodwin et al., 2005). Similarly, KRAS is released from endosomes immediately after internalisation
due to the loss of anionic lipid asymmetry. It is then captured by the chaperone protein PDES. The
KRAS-PDES complex is subsequently dissociated by binding the small GTPase Arl2 in the spatial vicinity
of the ER. This allows KRAS to bind the cytosolic surface of ER vesicles for forward transport back to
the PM (Figure 3, right) (Schmick et al., 2014). Inhibition of PDES hindered oncogenic signalling and

tumorigenic growth (Dharmaiah et al., 2016).
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Plasma membrane spatial organization of KRAS in nanoclusters

Advanced techniques have delved into the exploration of raft domains within intact cells. For instance,
electron microscopy (EM) and fluorescence recovery after photobleaching analyses reveal that HRAS
exhibits transient interactions with lipid rafts when bound to GDP, but clusters in cholesterol-
insensitive, galectin-1-dependent, nonraft domains when bound to GTP. Similarly, KRAS forms clusters
in cholesterol-insensitive nonrafts domains that are spatially distinct from the activated HRAS
microdomains (Niv et al., 2002). These findings are further substantiated, in part, by FRET microscopy,
illustrating the segregation of peptides to different domains on the inner surface of the PM based on
distinct lipid anchors (Zacharias et al.,, 2002). Posterior studies, employing immune-electron
microscopy (immune-EM), have revealed a previously unappreciated spatial mechanism governing the
biological function of RAS. Specifically, RAS proteins were identified to assemble into 5-to-6-membered
nanoclusters, serving as signalling scaffolds for recruiting and activating downstream effectors such as
RAF and PI13K on the cell membrane (Figure 4) (Abankwa et al., 2007). This spatial mechanism presents
a promising avenue for targeting mutant RAS in human cancers. Nevertheless, the immune-EM studies
encountered limitations, such as the necessity to isolate membrane sheets from living cells to visualise
RAS proteins on the inner leaflet of the membrane. Additionally, there was need to overexpress RAS

to offset the low labelling efficiency associated with gold conjugated antibodies (Plowman et al., 2005).
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Figure 4: Spatial organization of RAS proteins in nanoclusters on the PM. RAS proteins are found in monomers,

oligomers, and nanoclusters. Adapted from (Zhou et al., 2018b).

These constraints raise uncertainties regarding the nature, molecular organisation, and biological
significance of the observed RAS nanoclusters. Advanced super-resolution light microscopy
techniques, like photoactivated localisation microscopy (PALM), overcomes these constraints and

empowers the imaging of intact biological samples with remarkable spatial resolution ranging from 10
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to 20 nanometres and single-molecule sensitivity (Betzig et al., 2006), making it an ideal tool for
investigating RAS nanoclusters (Durisic et al., 2014). In another study, PALM was combined with
biochemical analysis, providing compelling evidence to indicate that, in addition to binding to GTP, RAS
may also need to form dimers for the activation of the RAS-RAF-MEK-ERK effector pathway (MAPK

kinase pathway) (Nan et al., 2015).

KRAS localization at cell endomembranes

Unsurprisingly, this compartmentalisation of RAS proteins is exploited for dynamically regulating RAS
signalling. A critical observation is that RAS can signal from various domains, including the PM, Golgi
apparatus (GA), and endoplasmic reticulum (ER), activating different signalling pathways from distinct
subcellular locations (Bivona et al., 2003; Chiu et al., 2002; Santra et al., 2019). Coordinated waves of
differential signalling can be envisioned emanating from distinct sites of RAS activation. For instance,
PLCy signalling induces fast and transient RAS activation at the PM and delayed but sustained RAS
activation at the GA. This dynamic interplay is coordinated by PLCy translocating the GEF RASGRP1 to
the GA while activating GAP CAPRI at the PM (Bivona et al., 2003). The integration of signalling kinetics
and differential pathway activation through subcellular compartmentalised and timed activation offers

an attractive mechanism for controlling biological process with sequential activation events.

1.3 Regulators of KRAS
1.3.1 KRAS activity cycle: GAPs and GEFs
The functionality of RAS hinges on the switch | and switch Il regions, serving as a guanosine diphosphate
(GDP)/triphosphate (GTP) binary switch that orchestrates crucial signal transduction pathways from
activated membrane receptors to intracellular molecules (Roman et al.,, 2018). Two classes of
regulatory proteins govern this binary switch: guanine nucleotide exchange factors (GEFs), exemplified
by son of sevenless (SOS), and GTPase-activating proteins (GAPs), being neurofibromin 1 (NF1) the
most studied (Drugan et al., 2000). Broadly speaking, GEFs activate signalling pathways by catalysing
the exchange from GTPase-protein-bound GDP to GTP, while GAPs bring about the termination of
signalling by promoting GTP hydrolysis (Figure 5). These multifaceted regulatory proteins, GEFs and
GAPs, consist of multiple domains and are subject to intricate regulation by extracellular signals and
localised cues (Bos et al., 2007). This dynamic regulation enables them to precisely control cellular

events both temporally and spatially.
21



Figure 5: GTPase cycle of KRAS. Extracted from (P. Liu et al.,
2019).

GTP

Inactive form

GDP

Active form

In its resting state, KRAS typically associates with GDP, maintaining an inactive state attributed to the
intrinsic GTPase activity of KRAS, which facilitates the hydrolysis of GTP to GDP (Bos et al., 2007a).
Upon exposure to relevant stimuli, such as the interaction between EGF (epidermal growth factor) and
EGFR (EGF receptor), the KRAS-GDP complex exhibits reduced affinity for GDP in the presence of GEFs.
GEFs association with KRAS cause a conformational change that results in an enhancement in the GDP
ejection rate. Consequently, GDP is displaced by GTP, which boasts a higher affinity and a cellular
concentration approximately tenfold greater than GDP (lversen et al., 2014). GTP binding to KRAS
induces a conformational change in switch | and Il of the G-domain allowing binding to KRAS effectors.
Subsequently, KRAS engages downstream molecules, initiating a series of signalling cascades.
Conversely, GAPs binding to KRAS accelerates the slow intrinsic GTPase activity of KRAS, thereby
leading to the inactive state of KRAS-GDP (Pamonsinlapatham et al., 2009). While both switch regions
interact with GEFs, GAPs, and downstream effector proteins, switch | predominantly facilitate GTP
hydrolysis by binding with GAP. On the other hand, switch Il plays a substantial role in interacting with
GEF, promoting nucleotide exchange (M. H. Yang et al., 2022).

Oncogenic RAS mutations commonly hinder GTP hydrolysis, affecting both intrinsic and GAP-mediated
phosphate cleavage reactions. As will be further emphasized in section 1.5, the majority of oncogenic
mutations (~97%) are concentrated at three major hot spots: G12 and G13 at P-loop and Q61 in switch
Il region, all in proximity to the reaction site (Papke et al., 2020). These oncogenic mutations can impair
the GTPase activity of the RAS-GAP complex, though precise mechanisms that are yet to be fully
established. Notably, different GAPs can exhibit varying hydrolysis rates on specific RAS mutants. For
instant, NF1 shows higher activity on RAS G13D compared to p120GAP (Rabara et al., 2019), and RGS3,

a non-canonical GAP, retains significant activity on RAS G12C (Li et al., 2021).

22



1.3.2 KRAS post-translational modifications (PTMs)
KRAS post-translational modifications (PTMs) (Figure 6) include phosphorylation, acetylation,
ubiquitination, glycosylation, sumoylation, nitrosylation, and ADP-ribosylation; as well as

farnesylation, proteolysis and carboxyl methylation.

B KRAS4A
Ubiquitination (ADP-ribosylation|

i |Lys5,Lys104,117,147 Argd1,Argi28 | | e Proteolysis
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5 Second signal "~ CAXX
G domain(aa 1-165) Hypervariable region (aa166-189/188)

Figure 6: PTMs of KRAS (KRAS-4B) and KRAS-4A. The ones contained in the G-domain and in the HVR are shown
separated. Adapted from (Wang et al., 2021).

Prenylation, proteolysis, and methylation

As mentioned in section 1.2, RAS proteins harbour a CAAX tetrapeptide in the C-terminus, undergoing
a series of modifications collectively known as CAAX processing, which facilitate their attachment to
specific proteins and membranes (Wright & Philips, 2006). The CAAX motif serves as the substrate for
cytosolic prenyltransferases, namely farnesyltransferase (FTase) and geranylgeranyltransferase 1
(GGTasel), enabling weak affinity for plasma membranes (Seabra et al., 1991). While CAAX prenylation
is generally considered immediate and unregulated, the guanine nucleotide exchange factor SmgGDS
has been identified as a regulator of the farnesylation of multiple small GTPases (Berg et al., 2010).
Additionally, interactions with noncoding, small nucleolar RNAs SNORD50A and SNORD50B have been
reported to influence KRAS prenylation (Siprashvili et al., 2016). Notably, in the presence of an FTase
inhibitor, KRAS can undergo modification by GGTasel, allowing for its full biological function (Whyte
et al., 1997). Following prenylation, RAS relocates to the surface of the ER and interact with RAS-
converting enzyme 1(RCE1). Prenylation appears to be a prerequisite for this step, as membrane
transport mediates the colocalization of RAS with RCE1, ensuring substrate specificity (Otto et al.,

1999). RCE1 then catalyses the removal of the last three amino acids (AAX) by proteolysis, converting
23



prenylcycteine into the new C-terminus (Manolaridis et al.,, 2013). Finally, the C-terminal
prenylcysteine serves as a substrate for isoprenylcysteine carboxyl methylation catalysed by ICMT. The
result of this processing is the remodelling of the globular hydrophilic region in the C-terminus of RAS

proteins into the PM, fulfilling their biological activity.

KRAS phosphorylation

As shown in Figure 6, Tyr32 and Tyr 64 of KRAS are found to be phosphorylated (by SRC family kinases)
in the G-domain. These modifications are involved in KRAS-effector interactions and in the KRAS GTP-
cycle (Kano et al., 2019). These phosphorylations increase GAP binding and KRAS deactivation (Kano et
al., 2019). This inhibitory phosphorylation is subsequently removed by the SHP2 phosphatase (Bunda
et al., 2015). SHP2 also plays a pivotal role in developing resistance to KRAS G12C-specific inhibitors
(G12C is a specific mutation deeply mentioned below) by facilitating receptor tyrosine kinase (RTK)-
mediated feedback activation of wild-type KRAS. Combining KRAS G12C with SHP2 inhibitors disrupts
this feedback loop, resulting in sustained KRAS inhibition (Ryan et al., 2019).

In the HVR of KRAS, the residue Ser181 is phosphorylated by protein kinase C (PKC) (Ballester et al.,
1987). This PTM has been widely studied and some controversial models about its role in KRAS
functionality and localization have been proposed. It has been showed that PKC phosphorylation at
Serl81 interferes with the interaction of KRAS with calmodulin (CaM) favouring KRAS activity
(Villalonga et al., 2002) (Alvarez-Moya et al., 2010). In Alvarez-Moya (2011) the authors present a
model based on their experimental data demonstrating the role of Ser181 phosphorylation in the KRAS
localization at the plasma membrane. Therefore, phosphorylated and non-phosphorylated KRAS would
segregate in different PM signalling nanoclusters. Other investigation proposed that phosphorylation
of Ser181 of KRAS would enable the translocation of KRAS from the PM to the ER, GA and mitochondria,
where it would bind to Bcl-XL, promoting apoptosis (Bivona et al., 2006).

Thus, phosphorylation at Ser 181 has emerged as crucial regulatory mechanism influencing the normal
and also the oncogenic properties of KRAS, although the exact role is not yet known. Relevant to this
point, it has been shown that phosphorylation at Ser181 is required for KRAS to bind hnRNPA2/B1
protein favouring the activation of PI3K/AKT signalling in pancreatic cancer cells and for tumour growth
in a xenograft mouse model (Barceld, et al., 2014). In CRC, KRAS phosphorylation at Ser 181 regulates

gene expression (Cabot et al., 2021) and also the phosphorylation cycle of KRAS in this residue is shown
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to be necessary to maintain the polarized phenotype of epithelial cells and as consequence is required
for tumour growth in xenograft mouse models (Barcelé et al., 2014a; Cabot et al., 2021).

Other studies indicate that KRAS phosphorylation at Ser181 inhibits tumour initiation by blocking the
interaction with calmodulin, consequently abrogating the suppression of noncanonical Wnt signalling
(M.-T. Wang et al., 2015).

It’s also been shown that cGMP-dependent protein kinase 2 (PKG2) can phosphorylate KRAS at Ser181
triggering KRAS accumulation in the cytosol and on endomembranes thus impeding the proper KRAS

recycling to the PM (Cho et al., 2016).

Acetylation- mediated regulation of KRAS

Recent findings have unveiled acetylation as a crucial posttranslational modification for KRAS,
particularly at Lys104. Acetylation at this site was observed to result in a decrease nucleotide exchange
facilitated by GEFs, leading to an elevated level of inactive GDP-bound state. This acetylation event
effectively attenuated the transforming activity of KRAS (M. H. Yang et al., 2012a). Molecular dynamics
modelling provided insights into the mechanism, revealing that acetylation at Lys104 perturbed the
switch Il region through electrostatic interactions, thereby disrupting the interaction between KRAS
and GEFs (Baker et al., 2013). Histone deacetylase 6 (HDAC6) and sirtuin 2 (SIRT2) were identified as
deacetylases responsible for regulating the acetylation status of KRAS. Interference with either enzyme
significantly impaired the survival of cancer cells expressing mutant KRAS (M. H. Yang et al., 2013).
Furthermore, a subsequent study identified Lys147 as a novel substrate for SIRT2-mediated
deacetylation, highlighting the significant impact of its acetylation status on the oncogenic properties
of KRAS (Song et al., 2016). Notably, Lys104 and Lys147, in addition to their roles in acetylation, also
serve as a site for mono/diubiquitination, raising intriguing questions about potential competitive
relationship between acetylation and ubiquitination that warrant further exploration. Beyond the C-
terminus, recent mass spectrometric characterization and structural analysis revealed acetylation
events in the N-terminus of KRAS. The acetylation of the N-terminus was found to contribute to the
stability of the switch regions and the N-terminus, adding a layer of complexity to the regulatory

landscape of KRAS (Dharmaiah et al., 2019).
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Ubiquitination-mediated regulation of KRAS

PTM modification of proteins by ubiquitin, known as ubiquitination, is a tightly regulated process
involving ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), ubiquitin ligase (E3),
and deubiquitylation enzymes. This process holds considerable significance for the stability, activity,
and localization of proteins (Mansour, 2018). Recent studies have identified Lys104, Lys117, and
ILys147 as critical sites for mono/diubiquitination, acting as reversible triggers for signal initiation in
KRAS. Mono-ubiquitination at Lys147 of KRAS has been shown to impair GAP-mediated GTP hydrolysis,
leading to increase GTP loaded and enhanced affinity to downstream effectors such as PI3K. Similarly,
mono/diubiquitination at Lys117 accelerates nucleotide exchange, thereby enhancing KRAS activation
(Sasaki et al., 2011). In contrast, mono-ubiquitination at Lys104 does not alter GAP-mediated GTP
hydrolysis of nucleotide exchange (Baker et al., 2013). Considering the proximity of Lys104 to the GEF
binding region and results from point mutation experiments, it is plausible that ubiquitination at
Lys104 may influence GEF-mediated catalysis (Yin et al., 2017). The identification of the E3 ubiquitin
ligases responsible for ubiquitination at Lys147, Lys117, and Lys104 in KRAS remains an ongoing area
of investigation. Recently, the inactivation of leucine zipper-like transcription regulator 1 (LZTR1) was
discovered to inhibit KRAS ubiquitination, introducing an unexpected layer of KRAS regulation
(Bigenzahn et al., 2018a). This finding highlights the dynamic and intricate nature of ubiquitination-
mediated regulation of KRAS, offering new avenues for exploration in understanding the underlying

molecular mechanisms.

1.4 KRAS-mediated signalling pathways
Upon normal activation, Ras initiates a multitude of mitogenic signalling cascades that synergistically
promote cell proliferation. The frequent aberrant activation of Ras in human tumours underscores its
pivotal role in tumorigenesis (Prior et al., 2012). Intriguingly, alongside its potent pro-growth and
transformation functions, Ras possesses the capability to induce apoptosis and senescence, suggesting
a feedback mechanism to counteract prolonged survival with excessive RAS activity (Karnoub &
Weinberg, 2008). The mitogenic pathways mediated by Ras involve multiple effectors, and similarly,

the pathways leading to cell death are diverse.
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1.4.1 The Mitogen-Activated Protein (MAP) kinase signalling pathway (RAF/MEK/ERK)
The RAF/MEK/ERK signalling pathway activated by RAS plays a pivotal role in regulating cellular
proliferation, differentiation, and survival (Kolch et al., 1991). Originating from the identification of RAS
small GTPases as the first oncogenes from viruses in the 1970s-1980s (Bonner et al., 1986; Rapp &
Todaro, 1978), subsequent investigation on viral oncogenes revealed a N-terminal truncated version
of the RAF Ser/Thr kinase (RAF1, CRAF) (Kozak et al., 1984; Rapp & Todaro, 1978). In the 1990s, the
other two components of this pathway, MEK (or MAP kinase kinase (MAPKK)) and ERK (MAP kinase
(MAPK)), were recognized as cytosolic protein kinases activated by mitogens (Kozak et al., 1984).
Following these seminal discoveries, RAF (thus being the MAP Kinase Kinase Kinase (MAPKKK)) was
identified as the upstream kinase of MEK in 1992 and the first direct effector of RAS in 1993 (Moelling

et al., 1984), marking a milestone in understanding how cells sense external stimuli.

RAF kinase (MAPKKK)

Three RAF isoforms (CRAF, BRAF, and ARAF) and two closely related pseudokinases (KSR1 and KSR2)
have been identified so far. The RAF isoforms share highly homologous sequences and similar
structures, featuring three conserved regions (Figure 7): conserved region 1 (CR1) housing the RAS-
binding domain (RBD) and a Cys-rich domain (Fischer et al., 2007), conserved region 2 (CR2)
characterized by a Ser/Thr-rich sequence, conserved region 3 (CR3) comprising a putative kinase
domain with a N-terminal acidic motif (NTA) (Koéhler & Brummer, 2016); and a C-terminal regulatory
tail (A. S. Dhillon et al., 2009; Kondo et al., 2019a). Despite these similarities, RAF isoforms exhibit
variable kinase activities, with the order being BRAF > CRAF > ARAF. This variability is attributed to
distinct NTA motifs and APE (Ala-Pro-Glu) motifs that contribute to dimerization-driven transactivation

of RAFs (Beck et al., 1987; Hu et al., 2013; Huleihel et al., 1986; Yuan et al., 2018).
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In contrast to RAF, KSR proteins replacing the RBD at the N-terminus with a coiled-coil fused sterile a-
motif and Pro-rich stretch, play a role in recruiting proteins to the PM upon stimulation. Importantly,
they lack the catalytic Lys in the VAIK motif of the kinase domain, which impairs their catalytic activity
(Rajakulendran et al., 2009). Historically, due to their associations with MEK and ERK, along with low
kinase activity, KSR proteins have been considered scaffold proteins. However, recent studies
challenge this perception, suggesting that KSR proteins can also function as allosteric activators,
stimulating the catalytic activity of RAF proteins through dimerization (J. Hu et al., 2013; Rajakulendran
et al., 2009; Yap et al., 2019). The side-to-side dimerization of RAF/KSR family kinases is crucial not only
for their activation but also for their catalytic activity towards downstream kinases (Kondo et al., 2019;
Park et al., 2019).

RAS- dependent CRAF activation is a very complex process that includes other RAF-protein interactions
and chemical modifications such as phosphorylation and dephosphorylation of critical residues within
the kinase (Riaud et al., 2024). Moreover, Nan et al. (2015) in conjunction with prior reports on RAF
dimerization (Poulikakos et al., 2010) proposed a unified dimer model for RAS-RAF signalling (Figure
8). This model sheds new light on earlier observations of RAS-dependent formation of RAF dimers
under both physiological and pharmacological conditions. Significantly, given the crucial role of the
RAS-RAF-MEK-ERK signalling axis in human cancer, there is a potential avenue for targeting mutant

RAS through the disruption of RAS dimers (Nan et al., 2015).
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Figure 8: Dimer model for RAS-mediated activation of RAS/MAPK cascade. Adapted from (Nan et al., 2015).
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MEK (MAPKK)

MEK1 and 2 are the MAPKK of ERK1 and 2, but the MAPKK serine/threonine kinase family is more
extensive and includes other kinases activated in response to diverse signals. Its activation facilitates
cell survival and apoptosis through various mediators besides ERK, such as JNK, SAPK, 14-3-3, and NF-
KB (Figure 9) (Y. Guo et al., 2020; Schlesinger et al., 1998). Moreover, there are several cross talks
between multiple signalling pathways and several negative feedback loops. Notably, MAPKKs are
implicated in apoptosis induction by dysregulating pathways like ERK, JNK, and p38 (Karandikar et al.,
2000).

ERK (MAPK)

The two ERK isoforms, ERK1 and 2, possess a central kinase domain flanked by short N- and C-terminal
tails, exhibiting redundant functions with different expression patterns (Boulton et al., 1991). In
contrast to RAFs and MEKs, which have limited substrates, ERKs recognize and phosphorylate
numerous substrates, including transcription factors, protein kinases and phosphatases, as well as

other functional proteins (Panka et al., 2006).
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1.4.2 The PI3K/AKT pathway
The phosphatidylinositol 3-kinase (PI3K)-AKT-mTOR signalling pathway, activated by various cellular
stimuli or toxic insults, in which KRAS has been identified as a participant, plays a crucial role in
regulating fundamental cellular functions, including transcription, translation, proliferation, growth,
survival, apoptosis, glucose transport, and the development of tumour resistance (Fruman et al., 2017,
Vivanco & Sawyers, 2002) . In the depicted Figure 10, PI3Ks exist as heterodimers comprising a
catalytic subunit (p110) and an adapter/regulatory subunit (p85). Activation of PI3K occurs by direct
binding of the regulatory subunit to receptors with protein tyrosine kinase activity (Receptor Tyrosine
Kinase, RTK) or to G protein-coupled receptors (GPCR). RTKs can also indirectly activate PI3K via RAS
activation, which in turn activates PI3K by direct binding to p110 (Cuesta et al., 2021). Subsequently,
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Figure 10: Model for the regulation of the RAS-PI3K-AKT signalling pathway. Adaptedfrom (Cuesta et al., 2021)

PI3K converts the plasma membrane lipid PI (4,5) P2 to PI (3,4,5) P3, allowing the inactive cytosolic AKT

to be recruited to the plasma membrane by direct binding to PIP3 through a PH binding domain. As a
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consequence, AKT is phosphorylated at Thr308 by phosphoinositide-dependent kinase-1 (PDK1), and
at Serd73 by mTORC2, leading to its complete activation (Kilic et al., 2017). Activated AKT modulates
various downstream pathways, regulating cell proliferation, survival and metabolic processes (Hoxhaj
& Manning, 2020). Moreover, AKT phosphorylates and activates Bcl-XL-2-associated death promotors
(BADs), promoting the binding of BAD to the companion protein 14-3-3 rather than Bcl-XL, ultimately
inhibiting apoptosis (She et al., 2005).

Other RAS effectors

Although RAF is the most extensively studied effector, several other RAS effector complexes have been
resolved, including afadin, RALGDS, byr2, GRB14, PLCy, PDEdJ, shank3, and SIN1. Typically, only the
RAS-binding domain (RBD) of effectors is resolved, with PI3K being a notable exception (Pacold et al.,
2000). Transient binding interfaces with regulatory roles have been proposed for some effectors, such
as the atypical SIN1-RBD in SIN1, and an additional interface suggested to modulate effector binding
(Castel et al., 2021). Titration experiments indicate that oncogenic mutations can both enhance and
diminish effector-RAS binding (Zheng et al.,, 2022). Recently, focus has shifted towards synthetic
constructs (Guillard et al., 2017) and non-natural partners (Haza et al., 2021), some of which reveal
binding interfaces beyond the biological switch | and Il regions. However, a comprehensive and
functionally competent structure of RAS remains elusive. This is primarily due to the lack of information
on membrane-bound assemblies, the native cellular environment of RAS involving its dimerization

and/or oligomerization.

1.4.3 The RAS/RASSF family pathway
A key group of Ras death effectors is the RASSF (Ras Association Domain Family) proteins. In 1998,
Vavvas et al. identified a Novel Ras Effector (NORE1A) with a consensus Ras Association (RA) domain
that binds to activated Ras (Karnoub & Weinberg, 2008). While initial controversy surrounded whether
RASSF1 proteins formed complexes with Ras (Vos et al., 2000) or not (Ortiz-Vega et al., 2002),
subsequent investigations supported RASSF1A as a physiological KRAS effector (Donninger et al.,
2007a). In silico homology searches led to the discovery of four additional RASSF family members, all
of which interact with activated KRAS in exogenous expression systems. Various isoforms of RASSF
proteins, produced through splicing or differential promoter usage, exhibit down-regulation through

epigenetic inactivation in human tumours (Donninger et al., 2007a). Lacking obvious enzymatic activity,
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RASSF proteins function as scaffolding or sub-cellular targeting proteins. They are now recognized to
link Ras to pathways regulating apoptosis, senescence, autophagy, inflammation, and DNA repair.
These proteins interact with tumour suppressors, establishing connections between Ras and the
precise control of two of them: p53 and retinoblastoma (pRb). RASSF1A and NORE1A (RASSF5) emerge

as potential tumour suppressor hubs.

RASSF1A and RAS driven apoptosis

The MST kinases, identified as direct binding partners of RASSF proteins through two-hybrid studies
(Khokhlatchev et al., 2002b), emerge as pro-apoptotic candidates for mediating RASSF-driven
apoptosis. Particularly, RASSF1A plays a crucial role in the activation of MST kinases (Figurell),
stabilizing their active, phosphorylated forms by inhibiting dephosphorylation through PP2A (C. Guo et
al., 2011). MST kinases exhibit apoptotic effects through various substrates, including H2B and JNK
(Cheungetal., 2003), but it is their involvement in the Hippo pathway that garners significant attention.
In the Hippo pathway, MST kinases phosphorylate and activate LATs kinases, leading to the
phosphorylation of the transcriptional regulators YAP and TAZ. This phosphorylation event regulates
the localization of YAP/TAZ, restricting their oncogenic activity and influencing the stability of YAP (Pan,
2010; B. Zhao et al., 2007, 2010). RASSF1A further promotes the formation of a complex between YAP
and p73in the nucleus, enhancing the transcription of pro-apoptotic genes like PUMA (Yee et al., 2012).
Seminal work from the Kolck group demonstrated that activated KRAS controls the Hippo pathway by
binding to RASSF1A and promoting MTS activation (Matallanas et al., 2011). While subsequent studies
supported this finding, siRNA studies revealed that the most critical target for RAS/RASSF1A/Hippo
growth suppression might be the master tumour suppressor p53, rather than YAP (Matallanas et al.,
2011). RASSF1A impacts p53 stability through its interaction with MDM?2, forming a complex that
promotes MDM?2 auto-ubiquitination and subsequent proteasomal degradation. Additionally, MDM2,
in association with LATS2, suppresses its ubiquitin ligase activity in a kinase-dependent manner, leading
to enhanced p53 stability. The KRAS/RASSF1A interaction is implicated in inducing these regulatory

actions (Matallanas et al., 2011).
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NORE1A (RASSF5) induces apoptosis

Novel Ras effector 1 (NORE1), also known as RASSF5, was initially identified as the first member of the
RASSF family through a yeast two-hybrid screen using activated RAS as bait (Vavvas et al., 1998).
NORE1, closely homologous to RASSF1, exhibits multiple isoforms, with the primary ones being NORE1
A and NORE1B, or RAPL (Hesson et al., 2003). While NORE1A demonstrates ubiquitous expression (Vos
etal., 2003), NORE1B appears to have a more specific function in lymphocytic cells (Avruch et al., 2009).
Compelling evidence supports NORE1A’s role as a tumour suppressor. Exogenous expression of
NORE1A robustly inhibits tumour cell growth (Vos et al., 2003), and its inhibition enhances cell
proliferation (Calvisi et al., 2009). NORE1A’-MEFs are more susceptible to RAS-induces transformation
than wild type MEFs, which necessitate p53 or pRb inactivation for RAS transformation (J. Park et al.,
2010a). Despite not being as extensively epigenetically silenced as RASSF1A in primary tumours
(Donninger et al., 2007b), NORE1A is frequently inactivated in many human cancers through promoter
methylation. Loss of NORE1A is associated with a more malignant phenotype and heightened RAS
activity in primary tumours (Calvisi et al., 2008). Furthermore, NORE1A inactivation through a
translocation event is linked to the development of clear cell renal carcinomas, a rare form of familial
cancer (Chen et al., 2003), confirming its role as a tumour suppressor in vivo. Crucially, NORE1A is a
bona fide RAS effector, binding activated RAS directly both in vitro and in vivo, and executing its growth
inhibitory function in RAS-dependent manner.

Similar to RASSF1A, NORE1A lacks enzymatic activity and executes its growth inhibitory functions be
serving as a scaffold, regulating multiple pro-apoptotic pathways (Figure 11). NORE1A, akin to
RASSF1A, forms complexes with the MTS kinases, thereby linking RAS to the Hippo pathway
(Khokhlatchev et al., 2002a). However, in contrast to RASSF1A, NORE1A does not seem to activate the
MTS kinases (Praskova et al., 2004), and the interaction between NORE1A and the MTS kinases is
dispensable for NORE1A-mediated growth inhibition (Aoyama et al., 2004). This suggests that NORE1A
exerts its growth suppressive effects independently of canonical Hippo signalling. NORE1A regulates
various apoptotic pathways, including death receptor-mediated apoptosis (ElImetwali et al., 2016). It
sensitises cells to TNF-a and TRAIL-mediated apoptosis, both in vitro and in vivo, with this effect being
mediated by the stress-response MAP kinases (J. Park et al., 2010b). TNF-a treatment induces
activation of p38 and JNK but not ERK. In NORE1A-depleted cells, TNF-a induced activation of p38 and
JNK is significantly reduced (J. Park et al., 2010b). Similar findings were observed with another member

of the TNF-receptor superfamily, CD40. In bladder cancer cells, NORE1A serves as a crucial mediator of
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CD40/CD40- induced cell death, dependent on JNK signalling rather than ERK (EImetwali et al., 2016).
These results imply that NORE1A regulation of death receptor-mediated apoptosis may be RAS-

independent.

Hippo
Signaling

Figure 11: Summary of the major biological processes modulated by RASSF1A and NORE1A. Adapted from
(Donninger et al., 2016).

1.5 KRAS mutations and cancer
1.5.1 Mutation characteristics of oncogenic KRAS
The KRAS gene is frequently mutated in various cancer types, including non-small cell lung cancer
(NSCLC), colorectal cancer (CRC), and pancreatic ductal adenocarcinoma (PDAC) (Zhang et al., 2022).
Predominantly, KRAS mutations manifest as single-base missense mutations, with approximately 98%
occurring at codon 12 (G12), codon 13 (G13), or codon 61 (Q61) (Wood et al.,, 2016). Despite the
prevalence of KRAS mutations across diverse cancers, there exists significant heterogeneity in
mutation frequencies and subtypes. According to the Cancer Genome Atlas (TCGA) database, KRAS
mutations are identified in about 11.6% of all carcinomas, with substantial variability in mutation rates
and subtypes observed among different tumour types. PDAC exhibits the highest frequency of KRAS

mutations, affecting 81.72% of patients, with G12D as the most frequent subtype.
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In CRC, the mutation frequency of KRAS is 37.97%, while in NSCLC, it is approximately 21.20%. KRAS
mutations are also found, albeit less frequently, in cholangiocarcinoma, uterine endometrial
carcinoma, testicular germ cell cancer, and cervical squamous cell carcinoma, with mutation
frequencies of about 12.7%, 14.1%, 11.7%, and 4.3%. The spectrum of KRAS mutations predominantly
comprises 21 missense mutations, with G12D (29.19%), G12V (22.97%), and G12C (13.43%) being the
most common. In CRC, the most common mutant subtypes are G12D and G12V. In NSCLC, G12C is the
most prevalent subtype, constituting approximately 45% of all KRAS mutations, followed by G12V and
G12D (Osta et al., 2019). In rare tumours, the overall mutations rate is 8.7%, with G12D, G12V, and
G13D as the most common subtypes.
Understanding the landscape of KRAS mutations is crucial, as different mutant subtype and co-
alterations may influence the clinicopathological features and prognoses of cancer patients. A
summary of KRAS mutation frequency and subtype distributed in common cancers is provided in
Tablel.
Table 1. KRAS mutation rates and subtypes in most common cancers.

Cancer type KRAS Mutation

Top 3 subtypes

N o | G ) (Proportion of all KRAS mutations, %)
Samples
Pan-cancer 87.606 11.60 G12D G1l2v G12C (13.43)
(29.19) (22.97)
Pancreatic 990 81.72 G12D G12v G12R (17.10)
adenocarcinoma (40.20) (31.96)
Colorectal 3853 37.97 G12D G12v G13D (18.10)
carcinoma (28.04) (18.50)
Non-small lung 4584 21.20 G12D G1l2v G12D (13.03)
cancer (45.42) (15.78)

Data acquired from cBioPortal.org. G12: codon 12 encoding glycine; G13: codon 13 encoding glycine. Adapted

from (Y. Yang et al., 2023a).
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Association of KRAS mutations with clinicopathological characteristics

KRAS mutations exhibit distinct association with clinicopathological features across various tumour
types. In CRC, a study focusing on left-sided, microsatellite-stable CRC revealed a higher proportion of
KRAS-mutant patients in the lung-metastatic cohort, while the liver-metastatic cohort displayed a
lower prevalence (Z. Wang et al.,, 2021). Another investigation in metastatic CRC indicated that
regression of the KRAS mutation correlated with improved prognosis and oligo-metastatic status
(Ottaiano et al.,, 2021). In NSCLC, KRAS mutations are observed in approximately 30% of lung
adenocarcinomas and 5% of squamous lung cancers. These mutations are identified in 26% of Western
and 11% of Asian populations, with a higher prevalence in smokers (30%) compared to non-smokers
(10%) (Ceddia et al., 2022). Studies on lung adenocarcinoma patients revealed a significant association
between KRAS mutations and older age (>45 years old) at diagnosis (Y. Yang et al., 2023a). Additionally,
NSCLC patients with KRAS mutations exhibited a higher incidence of liver metastasis and brain
metastasis compared to wild-type KRAS patients (Macerelli et al., 2014). KRAS mutation also serves as
a biomarker for lower differentiation in neuroendocrine tumours (NETSs).

A wealth of studies has investigated the influence of KRAS mutations on the prognoses of cancer
patients. Yet findings across different studies often present contradictions in their specificimpacts. The
prevailing trend in current research suggests an association with a poor prognosis, acknowledging that

specific subtypes and co-mutations may further contribute to varied outcomes.

1.5.2 Mutations co-existing with oncogenic KRAS
Diverse mutations patterns and co-mutations impacting KRAS function in cancer.
Beyond the varying levels and subtypes of mutations observed in different cancer tissues, KRAS
mutations exhibit diverse co-mutation patterns that can influence KRAS function and contribution to
the initiation and progression of tumours. The co-existence of genomic aberrations in oncogenic
drivers and tumour suppressor genes has become a fundamental principle shaping molecular diversity
in non-small lung cancer (NSCLC). This intricate co-mutation landscape is integral to understanding
processes such tumorigenesis, metastasis, immune microenvironment dynamics, and therapeutic
vulnerabilities (Skoulidis & Heymach, 2019). Alterations in STK11 and KEAP1 exhibit a higher
frequency in KRAS-altered tumours compared to wild-type (WT) tumours, while driver alterations in
various disease types generally demonstrate mutual exclusivity with KRAS. Notably, an increased

occurrence of co-alterations in MAPK/PI3K pathway genes is observed in KRAS G13D-mutated CRC and
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endometrial cancers compared to G12D-mutated tumours (Lee et al., 2022). This finding further
suggests that KRAS G13D-mutated tumours may manifest distinct biochemical and clinical mechanisms
(Johnson et al., 2019). The variable responses to KRAS inhibitors in NSCLC, CRC and other solid tumours
underscore the necessity for understanding the diverse genomic landscape of KRAS mutant cancers,
both before treatment initiation and upon acquired resistance to therapies. As will be explained in the
next section, ongoing combination trails involving KRAS, and other MAPK pathway (SHP2/MEK/ERK)
inhibitors aim to enhance outcomes in patients with KRAS-mutated cancers, leveraging the presence
of targetable co-alterations. Specifically, in NSCLC and other solid tumours, several KRAS G12C
inhibitors are being evaluated in combination with immune checkpoint inhibitors (ICls), SHP2
inhibitors, EGFR inhibitors and Bevacizumab (the vascular endothelial growth factors (VEGF) inhibitor
(Leonard et al., 1997)) in clinical trials (Palma et al., 2021). Encouraging preliminary results have been
reported in CRC trials exploring KRAS G12C inhibitors combined with anti-EGFR therapies, such as the
combination of Adagrasib and Cetuximab, which demonstrated a 100% disease control rate (Weiss et
al., 2021). The investigation of co-alterations in programmed death-ligand 1 (PD-L1) expression and
mutational signatures, as prognostic and predictive markers for targeted therapies and
immunotherapies in NSCLC and other KRAS-mutant tumour types, is a crucial area for future research.
In the context of KRAS-driven lung adenocarcinoma (LUADs), intrinsic heterogeneity is evident, leading
to classification into three predominant subgroups characterised by co-mutations in TP53, STK11 and
CDKN2A/B (Skoulidis et al., 2015). Notably, KRAS/TP53 co-mutations correlate with an inflamed
immune microenvironment and heightened tumoral PD-L1 expression (Jiao et al., 2020; Skoulidis et
al., 2015). Conversely, LAUDs with KRAS/STK11 co-mutations exhibit an “immune-inert” profile,
featuring fewer tumour-infiltrating T cells and lower PD-L1 expression (Jiao et al., 2020; Skoulidis et al.,
2015, 2018). Furthermore, the characterisation of tumours with KRAS/STK11 co-mutation reveals a
tumour microenvironment (TME) marked by a deficient immune response, notably deficient in CD8+
tumour-infiltrating lymphocytes while exhibiting an abundance of T regulatory cells. Conversely, in the
TME associated with KRAS/TP53 co-mutation, there is a prevalence of CD8+ tumour-infiltrating
lymphocytes and activated dendritic cells, with a notable scarcity of T regulatory cells (Bange et al.,
2019). Clinical observations have also substantiated that patients harbouring ALK or EGFR/KRAS co-
mutations exhibit poor responses to tyrosine kinase inhibitor therapy (Schmid et al., 2017). These
intricate associations between co-mutation patterns and the immune landscape shed light on the

potential challenges and opportunities in tailoring therapeutic strategies based on the specific genetic
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context of NSCLC. The contrasting immune-related characteristics resulting from the different co-
occurring mutations in KRAS-LAUDs underscore the significant impact of these interactions. This
emphasizes the potential for enhancing prediction algorithms for cancer immunotherapy through a
comprehensive understanding of co-mutation dynamics in NSCLC. The identification of these distinct
immune profiles emphasizes the need for personalised approaches to treatment based on the intricate

genomic makeup of individual tumours.

1.5.3 KRAS mutations and inflammatory tumour microenvironment (TME)
The tumour microenvironment (TME) is a dynamic network comprising not only tumour cells but also
various non-tumour cell types, including stromal cells such asimmune cells (macrophages, neutrophils,
dendritic and natural killer cells, myeloid-derived suppressor cells (MDSCs), B and T cells), fibroblasts,
adipocytes, endothelial cells, neurons, osteoblasts, osteoclasts, and the extracellular matrix (ECM).
This non-cellular component, along with tumour and non-tumour cells forms a dynamic and
challenging microenvironment that can be modulated and, in turn, modulates cancer cell activities,

significantly influencing tumour progression (Figure 12) (Hamarsheh et al., 2020).
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Figure 12: KRAS-driven immune evasion in the tumour microenvironment. Extracted from (L. Huang et al.,
2021)
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KRAS mutations have been closely linked to the modulation of tumour inflammation, increasingly
recognised as a key contributor to tumorigenesis by impacting the immune response and treatment
efficacy (M.-J. Tsai et al., 2014). Therefore, it is crucial to investigate how cancer cells harbouring
oncogenic KRAS mutations may initiate the inflammatory TME, leading to chronic inflammation and
stroma remodelling (H. Cheng et al., 2019).

Remarkably, the concept of tumour-promoting inflammation is closely linked to KRAS mutation
(Hamarsheh et al., 2020). Notably, in CRC, instances with a high prevalence of KRAS mutations often
coincide with chronic inflammatory conditions (Fu et al., 2020). KRAS, along with its downstream
interactors, is recognised for its ability to shape the immune microenvironment by triggering NF-kB
signalling. This, in turn, leads to the transcriptional activation of various cytokines and chemokines,
including interleukin (IL)-1b, IL-6, tumour activation factor-o. (TNF- o), Cys-X-Cys chemokine (CXCL)-
1,2,5, and 8, monocyte chemoattractant protein 1 (MCP-1 or CCL2), inducible nitric oxide synthase
(iNOS), intracellular adhesion molecule 1 (ICAM-1), and endothelial leukocyte adhesion molecule 1
(ELAM1) (Cullis et al., 2018). In addition to NF-kB, downstream partners like RAF/MAPK and PI3K may
also independently induce the expression of IL-10, transforming growth factor-b TGF-b), and
granulocyte-macrophage colony-stimulating factor (GM-CSF) (Cullis et al., 2018).

Paradoxically, tumours with KRAS mutations are also linked to an immunosuppressive and anti-
inflammatory microenvironment, as highlighted by numerous studies demonstrating that KRAS
mutations are associated with the release of anti-inflammatory cytokines like IL-10 and TGF-3. This
contributes the maintenance of an immunosuppressive TME. However, while ICAM-1 and IL-18 have
commonly been associated with pro-inflammatory roles, IL-6 has been reported to exert an anti-
inflammatory function in the context of KRAS mutations (Caetano et al., 2016). Studies using the CRC
cell line C26 demonstrated that KRAS knockdown led to upregulation and secretion of IL-18 into the
medium. The inhibition of C26 tumour growth in the liver was attributed to the production of IL-18 by
hepatocytes, suggesting that KRAS-G12D mutation may supress IL-18 chemokine production,
potentially aiding evasion of the local immune system during tumour development (Smakman et al.,
2005). While there are no reported findings regarding the pro-inflammatory functions mediated by
KRAS in lung cancer, existing research underscores its versatile role in shaping the immune
microenvironment across various cancer types. In colon cancer, KRAS- G12V mutants are reported to

facilitate the differentiation of pro-inflammatory T cells into immunosuppressive T regulatory cells
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(Tregs), promoting their infiltration in a KRAS-driven lung tumorigenesis mouse model (H. Cheng et al.,
2019).

In pancreatic cells, oncogenic mutant KRAS-transfected normal acinar cells express elevated levels of
ICAM-1, which is subsequently converted into a soluble form known as sICAM-1 (Storz, 2015). This
sICAM-1 acts as a chemoattractant for pro-inflammatory M1-like macrophages, but not for anti-
inflammatory M2-like macrophages. The attracted pro-inflammatory macrophages engage directly
with acinar cells, providing enzymes for ECM degradation and releasing inflammatory cytokines and
chemokines, such as TNF-a.. This process is implicated in contributing to acinar cell metaplasia and
initiating precancer lesions, ultimately progressing to pancreatic cancer (G. Liu et al., 2014; Storz,
2015). Moreover, in pancreatic cancer, it has also been reported that the effects of KRAS mutations
could be mediated through exosomes. Exosomes containing KRAS-G12D, released by dead, dying, or
stressed cells, such as cancer cells, are taken up by macrophages through an AGR (advanced
glycosylation end product-specific receptor)-dependent mechanism. This process leads to the
differentiation of macrophages into an M2-like pro-tumour/anti-inflammatory phenotype, facilitated
by the signal transducer and activator of transcription 3 (STAT3)-dependent fatty acid oxidation
mechanism (Jiang et al., 2015). KRAS mutations also influence the TME through IL-18, an inflammatory
cytokine. Additionally, pancreatic cancer cells with KRAS-G12D mutations secrete high levels of anti-
inflammatory mediators TGF-3 and IL-10, crucial chemokines for maintaining an immunosuppressive
environment and facilitating cancer cell immune escape (H. Cheng et al., 2019). IL-10 is well-known for
inhibiting T cell activation, while TGF-f inhibits T cell activation and proliferation and promotes
epithelial-to-mesenchymal transition, favouring cancer cell migration and invasion. Moreover, the
released IL-10 and TGF-3 by pancreatic cancer cells suppress the cytotoxic activity of CD8+ T cells (H.
Cheng et al., 2019).

In lung cancer, KRAS mutations, particularly the KRAS-G12D mutation, are associated with elevated
levels of Treg infiltration. This mutation induces apoptosis in CD3+ T cells and hinders the activation of
cytotoxic CD8+ T cells (H. Cheng et al., 2019).

The influence of KRAS mutation on tumour immune evasion and progression is evident, yet their
potential contribution to therapeutic efficacy remains ripe for further exploration in the near future.
To this end, comprehensive investigations into the interplay between KRAS mutation and therapeutic

response are essential for advancing and improving treatment outcomes.
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1.6 KRAS inhibition

KRAS has been extensively validated as therapeutic target in CRC, in lung and pancreatic cancers.

Targeting oncogenic KRAS has been always a central goal (as explained in Figure 13), but it is not until

recently that all these efforts starte
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Figure 13: Potential targeting strategies developed against of oncogenic KRAS. Adapted from (Y. Yang et
al., 2023b)

Oncogenic KRAS activates proliferative signalling pathways downstream and independently of EGFR
stimulation (Bellio et al., 2021). For this reason, despite the specificity and the effectivity of therapies
targeting EGFR (ex.: specific antibodies), it is not surprising that oncogenic KRAS mutations serve as a
predictive factor for the inefficacy of targeted therapies directed against the EGFR.

1.6.1 Indirect strategies of targeting KRAS
The main strategies to indirectly minimize oncogenic KRAS activity developed so far include: (i)

addressing KRAS post-translational modifications; (ii) targeting synthetic lethal interactors of KRAS; (iii)
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inhibiting KRAS plasma membrane association; (iv) blocking downstream signalling pathways; and (v)

exploring immunotherapy (Dias Carvalho et al., 2019a; Zeitouni et al., 2016).

Targeting post-translational modifications of KRAS

RAS proteins undergo a continuous series of post-translational modifications, as previously discussed,
some of them regulating their attachment to the plasma membrane and subcellular localisation. These
processes in turn, modulate the activity and oncogenic capacity of KRAS and consequently, each step
of the “maturation” of the KRAS protein represents a potential target for therapy.

Farnesylation, functioning as a prerequisite for subsequent modifications, has been a focus of intense
research for anti-KRAS therapy (Kato et al., 1992). Inhibiting farnesylation can be achieved through two
approaches: one involves using mimetic polypeptides of the CAAX motif to compete with KRAS for the
enzyme farnesyl transferase (FTase), and the other utilises an analogy of farnesyl pyrophosphate (FPP)
involved in the farnesylation reaction to compete for binding FTase (Basso et al., 2006). Peptides or
small molecule inhibitors used to impair FTase’s catalytic activity during KRAS farnesylation are
collectively termed farnesyltransferase inhibitors (FTIs). But, when FTls were proved, cells reacted with
the addition of a geranylgeranyl group by GGTase-I in KRAS (as a prenyl group) resulting in a failure of
the clinical trials with FTls. This finding supported the notion of combining FTIs with GGTlIs to effectively
inhibit KRAS prenylation.

Following prenylation, KRAS proteins undergo postprenylation processes involving RCE1 and ICMT,
which mediate proteolysis and methylation. Since both farnesylated and geranylgeranylated KRAS
undergo these postprenylation processes, concerns about selectivity may be less pronounced.
Targeting prenylated KRAS can be achieved by inhibiting RCE1 and ICMT (Winter-Vann & Casey, 2005).
Notably, deletion of RCE1 in a mouse model resulted in incorrect cellular localisation of the KRAS
protein. However, the reduction of KRAS driven fibroblast transformation with conditional elimination
of RCE1 was relatively small compared to FTls treatment (Bergo et al., 2008).

Inhibition of other post-translational modifications of KRAS such as acetylation, ubiquitination, or

phosphorylation, has not undergone extensive pre-clinical or clinical studies.
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Targeting KRAS effector pathways

Given their pivotal role in mediating the proliferation, survival, and metabolic effects of the KRAS
oncogene, considerable attention has been focused on the MAPK and PI3K pathways. Inhibitors
targeting MEK and ERK kinases downstream in the MAPK pathway have demonstrated success in
impeding MAPK pathway signalling. The efficacy of various targeted inhibitors in disrupting this
pathway has been explored. Notably, the MEK1/2 inhibitors Trametinib (GSK1120212), Selumetinib
(AZD6244) and RDEA119 have proven effective in preventing MEK activation (Gilmartin et al., 2011;
Iverson et al., 2009; Yeh et al., 2007). While these targeted drugs effectively block the phosphorylation
of MEK by RAF, MEK inhibition unexpectedly impacts the activation of other RAS signalling arms,
particularly PI3K (Hoeflich et al., 2009; Mirzoeva et al., 2009; Sos et al., 2009) . Interestingly, targeting
ERK may present a viable therapeutic strategy, especially for malignancies resistant to MEK inhibition.
Notably, SCH772985 and BVD-523 are effective ERK1/2 inhibitors. But responsive cells treated with
SCH772985 exhibited elevated levels of P-MEK and P-AKT (Hatzivassiliou et al., 2012). Several inhibitors
targeting PI3K, AKT, and mTOR have been developed to impede the PI3K pathway. Despite the
promising anti-tumour effects observed in preclinical models of KRAS mutant cancers, MAPK and PI3K
pathway inhibitors have not demonstrated significant therapeutic benefits in patients with KRAS
mutant tumours, especially in pancreatic cancer (C.-S. Lee et al., 2019; T. L. Yuan et al., 2018). One
explanation is that because KRAS interacts with numerous effector pathways, blocking only one or two
of them is insufficient to halt its carcinogenic activity. Interestingly, SCH772985 (ERK1/2 inhibitor) in
combination with the PI3K inhibitor AZD8186, synergistically enhanced the growth inhibitory effects
and prevented AKT activation (Hatzivassiliou et al., 2012). Another argument is that effector pathway
inhibitors possess a smaller therapeutic window, limiting the administration of higher doses due to on-
target toxicity in normal tissue. Thirdly, KRAS mutant tumours even those originating from the same
tissue, may vary in their sensitivity to the inhibition of specific RAS effector pathways. This variability
is attributed to the heterogenous and context-dependent manner in which mutant KRAS utilizes
effector pathways in cancer (C.-S. Lee et al., 2019; T. L. Yuan et al., 2018). Collectively, these studies
emphasize that achieving a lasting impact on tumour growth involves targeting various RAS signalling

pathways.
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KRAS synthetic lethal inhibition and collateral dependence partners

Synthetic lethal partners of the KRAS oncogene exhibit highly effective interactions in RAS mutant
cancer cells. The specific suppression of these synthetic lethal partners in KRAS mutant cells induces
targeted toxicity. Many of the genes identified as synthetically lethal through RNAi and CRISPR-based
genetic screens represent druggable targets (Aguirre & Hahn, 2018). Two noteworthy themes have
surfaced from these investigations. Firstly, synthetically lethal interactions with KRAS frequently rely
on the cellular environment and mirror the inherent genetic heterogeneity of cancer cell lines.
Consequently, a particular synthetic lethality interaction is often observed only in a subset of KRAS
mutant cancer cell lines. In general, blocking these pathways increases the susceptibility of KRAS
mutant cells to oncogenic stress, reducing their viability (Luo et al., 2009). A study has identified the
mitochondrial cation channel proteins VDAC2/3, which are not directly associated with RAS signalling
but serve as targets for the compound Erastin, selectively inducing cell death in RAS mutant cells. Thus,
inhibiting these proteins constitutes a form of synthetic lethality with the RAS oncogene (Yagoda et al.,
2007).

These partners have a valuable roadmap for clinical studies exploring combinations of medications in

KRAS mutant tumours.

Immunotherapy and combined therapeutic approaches in KRAS mutated cancers

Immunotherapy directed at immune checkpoint molecules, including PD-1, PD-L1 and CTLA-4, has
emerged as a highly promising strategy in cancer treatment, exhibiting encouraging outcomes in KRAS
mutated cancers (Dias Carvalho et al., 2019b; Uras et al., 2020). Particularly, for individuals with
advanced-stage NSCLC, monoclonal antibodies targeting PD-1 and its primary ligand PD-L1
demonstrated notable survival benefits, highlighting the advantageous clinical prospects of anti-PD-
1/PD-L1 immunotherapy (Figure 14) (C. Liu et al., 2020). In the context of CRC, anti-PD-1/PD-L1
therapy, exemplified by Permbrolizumab, has gained approval for a specific patient subset, notably
those with mismatch repair deficient tumours characterised by heightened PD-L1 expression
compared to mismatch repair proficient carcinoma (S. Liu et al., 2018; Uras et al., 2020). In pancreatic
cancer, the clinical success of these immunotherapies has been constrained, resulting in their exclusion
from the current clinical guidelines for this malignancy (Dias Carvalho et al., 2019a). Furthermore, it
has been established that not all KRAS mutations confer benefits from immunotherapy, revealing

divergences in immunotherapy efficacy among distinct KRAS mutant subtypes, particularly the KRAS
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G12D mutation (Gao et al., 2020). While these findings may appear disheartening, the intricate impact
of KRAS mutations on the TME could offer insights into the inefficacy of immunotherapy treatments.
Therefore, delving into the influence of KRAS mutations on the TME could provide a fresh perspective
on combined therapeutic strategies to surmount the therapeutic inefficiency and/or resistance
associated with KRAS mutations.

Encouragingly, innovative strategies have been proposed to address acquired resistance and/or
ineffectiveness, focusing on targeting both oncogenic signalling pathways and the microenvironment
(Dias Carvalho et al., 2019a). Despite occasional limited clinical relevance, the exploration, in a murine
KRAS-mutant CRC model, of combined therapies involving MEK inhibitors with antibodies targeting PD-
1, PD-L1 or CTLA-4 has shown higher anti-tumour effects compared to monotherapy (Poon et al.,
2017). The MEK inhibitor Selumetinib demonstrated the ability to attenuate anti-CTLA-4-mediated-T-
cell activation and infiltration into tumours. Specifically, Selumetinib reduced CD11b+ Ly6G+ tumour-
infiltrating neutrophils or Granulocytic-Myeloid-derived suppressor cells (gMDSC) and hindered
monocyte differentiation into anti-inflammatory macrophages. MEK inhibitors were also observed to
reverse the anti-CTLA-4-medicated induction of two key immunosuppressive factors, Argl and cyclo-
oxygenase-2 (Cox-2) (Poon et al., 2017). Therefore, MEK inhibition, particularly with Selumetinib,
confers beneficial effects to the TME in the context of CTLA-4 blockade (Poon et al., 2017). The
combination of MEK inhibitors with CTLA-4 blocking antibodies effectively re-educates the TME,
transforming it from an immunosuppressive to an immune-alert status and expanding the scope of

therapeutic intervention (Figure 14) (Poon et al., 2017).
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Figure 14: A comprehensive therapeutic strategy for cancers with KRAS mutations involves combining

immunotherapy and MEK inhibitors. Adapted from (Pereira et al., 2022).

1.6.2 Direct strategies of targeting KRAS
Directly targeting KRAS has proven challenging due to the unique features of its molecular structure.
Despite these challenges, the strategy to target KRAS directly remains an active area of investigation,

with various approaches being explored.

Targeting the formation of the KRAS-GTP complex

In this strategy, competing GTP analogues were designed to compete for nucleotide binding to RAS.
However, the effectiveness of these analogues in inhibiting KRAS activation was lower than
anticipated, attributed to the high affinity of GTP to KRAS and elevated cellular GTP concentrations
(Becher et al., 2013). An alternative strategy to impede KRAS-GTP complex formation is to inhibit the
interaction of KRAS with GEFs. Among these, SOS1 is a well-known GEF, leading to the synthesis of
SOS1 inhibitors to disrupt the KRAS-SOS1 interaction. Studies have demonstrated that these inhibitors

suppress SOS1-mediated nucleotide exchange, thereby inhibiting RAS activation. This, in turn results
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in the inhibition of cell proliferation and the downregulation of RAS signalling (Hillig et al., 2019).
However, the binding activity of these inhibitors to KRAS is relatively weak, and it remains uncertain

whether the inhibitors exert similar effects in the context of KRAS mutations (Maurer et al., 2012).

Disruptors of protein-protein interactions between KRAS and RAS effectors

Inhibiting KRAS's enzymatic function, specifically hydrolysing GTP to GDP, would counterproductively
impede the transition from its on to off state, thus undermining the interruption of heightened
signalling in the cancer setting. Instead, some KRAS inhibitors operate by disrupting the protein-protein
Interaction (PPI) between KRAS and its downstream effectors, with RAF being extensively studied in
this context. PPI inhibitors function by binding to the surface of one protein and competitively
hindering the binding of the natural partner protein.

Specifically, the majority of KRAS-targeted inhibitors acting in the RAS/MAPK pathway bind to a cryptic
pocket beneath the switch-Il loop, rendering KRAS incapable of binding to RAF (J. M. Ostrem et al.,
2013), and consequently disrupting downstream signalling. Notably, recent research by Hallin et al.
emphasizes that this inhibitory effect is independent of the nucleotide state (Hallin et al., 2022). For
example, the KRAS-G12D-targeted binder, MRTX1133, exhibits the ability to bind KRAS-G12D in both
the GTP-bound and GDP-bound states, with X-ray crystal structures confirming the perturbation of the
switch-1l loop even in the GTP-bound state, rendering it incapable of binding RAF (Figure 15).

A distinct class of compounds operates differently by binding to the protein’s exterior, akin to
traditional PPl inhibitors. These compounds impede the binding of KRAS effector proteins. Specifically,
they target a pocket situated between switch-l and switch-1l loops on RAS. One of the earliest mentions
of this class emerged from scientists at Genentech, who demonstrated the indole fragment’s capability
to bind KRAS, thereby obstructing SOS1 binding and concurrent nucleotide exchange (Maurer et al.,
2012). In a SOS1 nucleotide exchange assay, the compound exhibited an IC50 of 342uM. Concurrently,
the Fesik laboratory, during the same timeframe, identified several fragment-size compounds with
binding affinity for multiple KRAS mutants, including G12D, G12V, and wild-type (Sun et al., 2012). A
collaborative effort between the Fesik group and Boehringer Ingelheim subsequently resulted in the
discovery of BI-2852. This compound demonstrated the disruption of KRAS binding to SOS1 nucleotide-
exchange site, SOS1 allosteric activation site, C-RAF, and PI3K, with IC50 ranging from 100 to 770 nM
across KRAS-G12D and KRAS-G12C and KRAS WT. The authors observed that BI-2852 could inhibit P-

ERK, P-AKT, and proliferation in cellular assays in a dose-dependent manner.
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KRAS*MRTX1133*GMPPCP Complex

Active KRAS

Figure 15: On the left, the X-ray crystal structure (PDB: 6VJJ) showcases the RAS binding domain of CRAF
(depicted in orange) intricately bound with GMPPNP-KRAS (light blue), with GMPPNP serving as an analogue of
GTP. In the middle, the structure of KRASG12D-MRTX1133-GMPPCP (PDB: 7T47, depicted in a cyan ribbon) is
superimposed onto the KRAS-GMPPNP-RAF1 complex (depicted with light blue and orange ribbons). Here,
GMPPCP also acts as an analogue of GTP. On the right, the KRAS-CRAF complex is rotated by 90 degrees, and a
sectional view reveals clashes with the surface of KRAS-G12D-MRTX1133-GMPPCP depicted in cyan. Adapted
from (Harwood et al., 2023).

Successfully targeting KRAS G12C

Small-molecule inhibitors were designed to directly target the G12C variant of KRAS in a conformation-
specific manner (Xue et al., 2020). Distinct from other KRAS alleles like G12D and G12V, KRAS-G12C
despite having an increased interaction with downstream effectors, maintains an active cycling
between a GDP-bound and a GTP-bound state (Hunter et al., 2015). Targeting cysteine residues on
KRAS-G12C can immobilize it in an inactive conformation, preventing reactivation by nucleotide
exchange, interrupting the cycling phenomenon, and disrupting downstream signals (Xue et al., 2020).
Following the successful proof-of-concept demonstration, ARS-853 emerged as a selective, covalent
KRAS-G12C inhibitor and, at the time of its characterization, stood out as the first direct KRAS inhibitor
with cellular potency in the range of a drug candidate (Patricelli et al., 2016). However, ARS-853 faced
challenges related to poor bioavailability (Goebel et al., 2020). The inaugural direct KRAS-G12C
inhibitor to progress into clinical trials was Amgen’s Sotorasib, formerly known as AMG510. Later,

Mirati Pharmaceuticals introduced Adagrasib, formerly known as MRTX849, as another covalent and
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potent KRAS-G12C inhibitor. Additional promising KRAS-G12C allele-specific inhibitors, with potential
therapeutic effects, include ARS-1620, SML-8-73-1, and ASP2453 (Goebel et al., 2020; Hallin et al.,
2020; Nakayama et al., 2022; Patricelli et al., 2016).

Sotorasib (AMG510)

Sotorasib, a pioneering and selective KRAS inhibitor developed by Amgen, represents a first-in-class
therapeutic agent (Blair, 2021). Specifically designed for the G12C mutant form of the protein,
Sotorasib specifically and irreversibly binds to Cys12 in the inducible switch-1l pocket and locks KRAS-
G12Cprotein in an inactive status (Canon et al., 2019). Preclinical studies demonstrated its efficacy in
inducing regression of KRAS- G12C tumours. Notably, it exhibited synergistic effects when combined
with chemotherapy and other targeted agents, particularly the MEK inhibitor Trametinib (Canon et al.,
2019). Sotorasib was found to induce a proinflammatory environment, either alone or in combination
with immune checkpoint inhibitors targeting PD-1. This observation prompted further investigation
through in-human studies, focusing on these combinations (Canon et al., 2019). In 2019, Fakih et al.
reported outcomes of a phase | trial assessing the safety, tolerability, and efficacy of Sotorasib in adults

with locally advanced or metastatic KRAS- G12C mutant solid tumour.

Adagrasib (MRTX849)

Adagrasib emerged as the second approved KRAS inhibitor following the path paved by Sotorasib (S.
Dhillon, 2023). The continuous clinical investigation of MRTX849 presents a promising avenue for the
effective targeting of KRAS-G12C proteins (Fell et al., 2020). On a conceptual level, MRTX849 boasts
theoretical advantages, including a prolonged half-life (23h), dose-dependent pharmacokinetics, and
penetration into the central nervous system (CNS) (Sabari et al., 2022). In December 2022, it received
approval for adult patients with KRAS-G12C-mutated locally advanced or metastatic NSCLC based on
encouraging results from the NSCLC cohort in the registrational study KRYSTAL-1 (S. Dhillon, 2023;
Janne et al., 2022). KRYSTAL-1, a multicohort phase I/1l study, explored Adagrasib as monotherapy or
in combination regimens for patients with advanced solid tumours harbouring a KRAS-G12C mutation.
The ongoing phase Il trial KRYSTAL-10 (NCT04793958) investigates Adagrasib with Cetuximab versus
standard fluoropyrimidine-based chemotherapy in second-line metastatic KRAS-G12C-mutated colon

cancer.
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1.7 Allosteric regulatory sites in KRAS potentially accelerate drug development
As mentioned before, KRAS has been identified as an oncoprotein four decades ago (Tsuchida et al.,
1982), with tens of thousands of scientific publications and over three hundred published structures
of KRAS (Parker et al., 2022), the approval of clinical inhibitors for KRAS has only recently been
achieved. The development of atlases highlighting allosteric sites holds the potential to significantly
expedite drug discovery, particularly for proteins deemed “undruggable” due to the absence of an
appropriate active site or their alliance on challenging to inhibit protein-protein interaction interfaces.
Allosteric drugs, among their various advantages, often exhibit higher specificity compared to
orthosteric drugs targeting conserved active sites (Changeux, 2013; J. Liu & Nussinov, 2016).
Focusing on residues where multiple mutations exert substantial allosteric effects, major allosteric
sites were defined as those where the mean absolute change in binding free energy with the
interaction partners upon mutation, equal or exceeds that in the binding interface (Weng et al., 2023).
This approach identified a total of 18 major allosteric sites, with 10 located within the physiological
allosteric site-the nucleotide binding pocket (Weng et al., 2023). The remaining 8 major allosteric sites
encompass residues Val7, Gly10, Asp54, Thr58, Ala59, Pro110, Phel41, and Ile163. Additionally, KRAS
exhibits four active surface pockets (including the effector binding domains) influenced by different
mutations in its surface residues, as described below:
Pocket 1, also known as the switch /Il pocket, is situated behind switch Il, positioned between the
central b sheet and a helix 2. This pocket serves as the binding site for numerous inhibitors that have
shown efficacy in pre-clinical models (Kessler et al., 2019; J. M. L. Ostrem & Shokat, 2016). The
allosteric impact of mutations in pocket 1 is observed in 10 residues, aligning with the demonstrated
ability of engaging pocket 1 to inhibit effector binding (Weng et al., 2023).
Pocket 2, also referred to as the switch Il pocket, is positioned between switch Il and a helix 3, serving
as the binding site for Sotorasib (Canon et al., 2019). Allosteric inhibition of CRAF binding is observed
in 9 residues affected by mutations that contact Sotorosib. Consequently, mutations and small
molecules binding to pocket 1 and pocket 2 demonstrate the ability to allosterically inhibit KRAS
activity (Weng et al., 2023).
Pocket 3 in KRAS is situated in the C-terminal lobe of the protein, representing the most distant pocket
from the CRAF binding interface. While the effects of pocket 3 engagement have not been extensively

documented (Grant et al.,, 2011), and this pocket has garnered limited attention for therapeutic
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development (J. M. L. Ostrem & Shokat, 2016), recent insights revealed that pocket 3 is allosterically
active, with 20 mutations identified in 6 residues within pocket 3 that inhibit KRAS binding to CRAF
(Weng et al., 2023). Despite its spatial separation from the effector binding interface, a study
underscores the importance of prioritising pocket 3 as a site for the development of KRAS inhibitors
(Weng et al., 2023).

Lastly, pocket 4, situated immediately behind the flexible effector binding loop, encompasses 105
allosteric mutations distributed across 9 residues that do not directly contact CRAF.

All four surfaces’ pockets of KRAS have been confirmed as allosterically active, with significant
inhibitory effects on CRAF binding, observed following perturbations in all pockets (Weng et al., 2023).
This compelling evidence supports the rationale for developing molecules that target all four pockets

as potential KRAS inhibitors.
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2. HYPOTHESIS AND OBIJECTIVES
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Our hypothesis inclusively posits that a promising avenue for combating oncogenic KRAS involves the
targeted interaction with either the effector binding domain or the allosteric region of KRAS. By
selectively binding to these regions, novel compounds, a peptidomimetic (P1.3) and a small molecule
(P14B) have the potential to modulate the interaction between KRAS and effector or non-effector
proteins, respectively, ultimately triggering apoptotic pathways leading to cell death. Through a
comprehensive understanding of the mechanisms by which these compounds operate, we anticipate
the refinement of therapeutic approaches and the development of enhanced treatment strategies.
This deeper insight is crucial for optimizing clinical trial outcomes and ultimately improving patient

prognosis.

Peptidomimetics binding to the effector domain of KRAS.

The objectives of this project are the following:

1. Building upon the experimental findings from P1.3 treatment of cells concerning KRAS downstream
signalling and the binding dynamics between KRAS and its main effectors, CRAF and PI3K, our
objective is to investigate the direct interaction between P1.3 and KRAS-GTP, and specifically, we
aim to discern whether treatment with P1.3 influences the levels of KRAS-GTP.

2. To assess the toxicity profile of P1.3 through experimentation involving athymic mice. This
investigation will provide valuable insights into the safety and tolerability of P1.3 in an in vivo model

system.

Small compounds binding to the allosteric domain of KRAS.
The objectives of this project encompass a comprehensive investigation into the effects of P14 and its
derivatives in both Colorectal Cancer (CRC) cells and Pancreatic Ductal Adenocarcinoma (PDAC) cells.
To achieve this, we delineate the following steps:
1. Exploration of P14 and P14B effects in cultured cell lines:
a. Assess the impact of P14 and P14B treatment on KRAS downstream signalling in CRC and
PDAC cells.
b. Investigate the effects of various P14 derivatives (P14A, P14B, P14C, P14D, P14E, P14F,
P14G, P14H, and P14l) in CRC cells.
c. Examine the differential influence of P14B on KRAS downstream signalling in cell lines with

wild-type KRAS compared to those with oncogenic KRAS.
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d. Analyse the impact of P14B on the binding affinity between oncogenic KRAS and its main
effectors: CRAF, BRAF, and ARAF.
e. Study the effect of P14B on the survival of CRC cells growing in 2D or 3D (Matrigel and CRC
patients-derived organoids).
2. Characterization of P14B Interactions in vitro:
a. Conduct surface plasmon resonance analysis to elucidate the potential direct interaction
of P14B with oncogenic KRAS.
b. Employ in vitro calmodulin (CaM)-pulldown assay to investigate the effect of P14B on the
CaM binding to KRAS.
3. Determine the protein interactions of KRAS affected by P14B treatment utilizing the

proximity-dependent biotinylation technology (UltralD).
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3.

MATERIALS AND METHODS
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3.1 Antibodies.
Primary Antibody

AKT

C-RAF

B-RAF

A-RAF

Cleaved Caspase-3
(Asp175)

KRAS

Pan-RAS

MEK

Phospho-MEK1/2 Ser221
p44/42 MAPK (ERK1,2)
Phospho-AKT Ser473
Phospho-C-RAF Ser338

Phospho-p44/42 MAPK
Thr202/Tyr204
Phospho-MEK Ser221

o-Tubulin

RAS GAP120
PI3K-p110a

Myc-tag

Reference
Cell signalling 9272
BD Transduction 610151
Cell signalling 14814
Cell signalling 75804

Cell signalling 9661

AbCam 196630
CalbioChem OP40

Cell signalling 9122
Cell signalling 2338

Cell signalling 9102
Cell signalling 4060

Cell signalling 9427

Cell signalling 9101

Cell signalling 9121

Sigma-Aldrich T9026

Santa Cruz sc-63
Cell signalling 4249

Cell signalling 2276

Rabbit

Mouse

Rabbit

Rabbit

Rabbit

Rabbit

Mouse

Rabbit
Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Mouse

Mouse

Rabbit

Mouse

Source

Dilution/concentration
1:1000

1:500

1:1000

1:1000

1:1000

1:500
0.3 pg/ml

1:1000
1:2000

1:2000
1:1000

1:500

1:2000

1:1000

1:2000

1:1000
1:1000

1:8000

Table 2. Primary antibodies: commercial companies, reference number, and the dilution used.
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Table 3. Secondary antibodies: commercial companies, reference number, and the dilution used.

Secondary antibodies

Anti-mouse IgG (H+L) HRP
Conjugate
Anti-Rabbit IgG (H+L) HRP
Conjugate

Alexa 488 anti-mouse green  Invitrogen A212

3.2 Reagents and kits
Table 4. Reagents: manufacturer and reference number.

Reagent
Acrylamide/Bis-Acrylamide (37:1) 30% (w/v)
Aprotinin
Bovine Serum Albumin (BSA)
DAPI
DH5a cells
DMEM high glucose
DMSO
Dithiothreitol (DTT)

Epidermal Growth Factor (EGF)
Foetal Bovine Serum (FBS)
Folin-Ciocalteau

F12(HAM's) Nutrient mixture

HA-tag antibody crosslinked to agarose
beads clone HA-7
Igepal CA-630 (Nonidet-P40)

Reference

BioRad 170-6516

BioRad 170-6515

Dilution
1:3000
1:3000
02 1:500
Reference

Bio Basic AO0O11

Sigma-Aldrich A1153
Sigma-Aldrich A7906

Sigma-Aldrich AD9564

Life technology 18265-017
Biological industry 01-055-1A

Sigma-Aldrich D2650

Sigma-Aldrich D0632
Sigma-Aldrich E4127

Biological Industries 04-007-1A
Merck 109001

Biological Industries 01-0951A

Sigma-Aldrich A20956

Sigma-Aldrich 13021
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Immobilon ®-P transfer membranes
Leupeptin

L-Glutamine

Lipofectamine®2000 reagent

Matrigel

MEM Non-Essential Amino Acids Solution
Mowiol

Paraformaldehyde (PFA)
Penicillin-streptomycin
Phenylmethylsulphonyl Fluoride (PMSF)
Ponceau

Precision Plus protein™ Unstained Standards

Pyruvic Acid

Sodium fluoride

Sodium Orthovanadate

TEMED

Trypsin

Guanine Triphosphate (GTP)

Dynabeads My One Streptavidin C1 Beads
Triton X-100

pSF-UltralD bacteria

Myc-BiolD vector system

Biotin

Merck Millipore IPVHO0010
Sigma-Aldrich CL-2884
Sigma-Aldrich G8540
Invitrogen 11668-019
Corning 356237

Biological industries 01-340-1
Sigma-Aldrich 81381

Electron Microscopy Science 15710
Biological Industries AAL-107
Sigma-Aldrich S6508
Sigma-Aldrich P7170

BioRad 161-0363

Sigma-Aldrich P5280
Sigma-Aldrich $7920
Sigma-Aldrich S6508
Sigma-Aldrich S6508
Gibco 15400-054

Roche 10106399001
ThermoFisher #65001
Sigma-Aldrich 102532625
Addgene #172878
Addgene #35700

Sigma #B4501
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Tween ® 20

IPTG

Coomassie stain
Glutathione-Sepharose™ 48
CaM-Sepharose beads

Raf-1 RBD, agarose

EGTA

EDTA
HEPES

2-Mercaptoethanol

Table 5: Kits: manufacturer and reference number.
Kits
CellTiter 96 ® Aqueous One Solution Cell
Proliferation Assay
EZ-ECL (Enhanced chemiluminescence
Detection Kit for HRP)
Nucleo Bond ®Xtra Midi

High Purity Plasmid Miniprep kit

MyFi DNApol kit
NucleoSpin Gel and PCR Clean-up kit
CM5 Series S Chip

Slide-A-Lyzer™ Mini Dialysis Device

Sigma-Aldrich P1379
Sigma-Aldrich 16758-1G
Sigma-Aldrich BO770-25G
Cytiva 17075601

Merck GE17-0529-01
Sigma-Aldrich 14-278

Sigma-Aldrich E4378-25G

Sigma-Aldrich E5134-1KG
Promega GX12485

Sigma-Aldrich M3148-250ML

Reference

Promega G3580

Biological Industries 20-500-120

Macherey-Nagel 740410

Neo Biotech NB-03-0001

Bioline BIO-21117
Macherey-NAGEL 740609.50
Cytiva 29104988
ThermoFisher 69588
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3.3 Solutions and Buffers
Table 6: Solutions and buffers composition

Solution
Electrolyte buffer

Laemmli Sample buffer 4X
Phosphate-Buffered Saline (PBS) 10X
PBS-T

PBS cell culture

Ponceau Protein Stain Solution

Ras Extraction Buffer (REB)

Sodium dodecyl sulphate (SDS) lysis
buffer

Gel preparation solutions

Lowry assay solutions

Tris Buffer Saline (TBS) 10X

TBS-T

Transfer buffer

Composition
25mM Tris-HCl pH8.3, 192mM glycine and 0.2% SDS
30mM phosphate buffer, 30% glycerol, 7% SDS, 0.15%
DTT, and 0.05 % Bromophenol blue.
145mM NaCl, 6mM NazHPO4, 2.5 mM NaH;POq
0.05% Tween in PBS 1X
131 mM Nacl, 1.54 mM KH2PO4 and 5.06 mM
NazHPO4
0.1% Ponceau reagent and 5% Acetic acid.
20 mM Tris-HCl pH 7.5, 2 mM EDTA, 100 mM Nacl, 5
mM MgCly, 1%Triton X-100 and 10% Glycerol
2% SDS and 67 mM Tris-HCI (pH 6.8)

Solution 1: 0.75 M Tris-HCI pH 8.8 and 0.2% SDS.
Solution 2: 30% acrylamide and 0.8% bis-acrylamide
Solution 3: 0.25% Tris-HCl pH 6.8 and 0.2% SDS

Solution 1: 2% Na>CO3 and 0.1 N NaOH
Solution 2: 0.5% CuSOa4
Solution 3: 1% Sodium potassium tartrate

50 mM Tris-HCI pH 7.5 and 150 mM NaCl.

0.05% Tween in TBS 1X
25 mM Tris-HCl pH 8.8, 192 mM glycine, 0.2% SDS and

20% Ethanol or Methanol.
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CaM-pull down buffer

Tissue extraction buffer (TEB)

Magnesium-containing lysis buffer (MLB)

Bacterial lysis
buffer

50mM Tris-HCl pH 7.5, 150mM NaCl, and 0.1% Triton
X-100

20mM Tris pH 7.5, 2mM EDTA, 25mM NacCl, 5mM
MgClz, ImM DTT, and 0.1%SDS

25mM HEPES pH 7.5, 150mM NacCl, 1% lIgepal, 0.25%
sodium deoxycholate, 10% glycerol, 10mM MgCl, and
1mM EDTA

50mM Tris HCI pH 7.5, 100mM NaCl, 1ImM EDTA,
5mM MgCly, 10% glycerol, 1% triton X-100, and 0.5%
B-mercaptoethanol

Solutions for protein Exchange buffer

purification from

bacteria

20mM Tris HCl pH 7.5, 50mM NaCl, 5% glycerol, and
0.1% Triton X-100

Dialysis buffer

10mM Tris HCIl pH7.5, 150mM NaCl, 2mM MgCl,, 10%
glycerol, and 0.1mM DTT

Running buffer for Surface Plasmon

Resonance assay (SPR)

NaCl 150 mM, Tris-HCI 50 mM (pH 7.6), and MgCl,
2mM

Cell lysis buffer

50 mM Tris pH7.5, 500 mM NaCl, 0.2% SDS, and 1mM
EDTA

Solutions for
Wash buffer 1

streptavidin pull

2% SDS

Wash budder 2
down assay

0.5% Triton X-100, 1ImM EDTA, 500mM NaCl, and
50mM Tris pH 7.5

Wash buffer 3

0.5% IPEGAL, 1mM EDTA, 50mM Tris pH 7.5
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3.4 Cell culture
3.4.1 Cell lines and maintenance

DLD-1KRASWT/KRASG13D (DLD-1): The DLD-1 cell line, initially isolated by D.L.Dexter et al. in 1977, serves as
a valuable model for human colorectal adenocarcinoma research. These cells carry a unique genetic
profile, with one wild type (WT) allele of KRAS and another allele harbouring a G13D mutation in KRAS.
Notably, the DLD-1 cell line’s tumorigenic properties are reliant on the expression of this oncogenic
KRAS allele, particularly under serum-limiting conditions. In addition to the KRAS-G13D mutation, DLD-
1 cells exhibit mutations in crucial colorectal cancer (CRC) genes. TP53 contains an S241F mutation,
and PIK3CA carries both E54K and D549K mutations. These genetic alterations contribute to the cell
line’s cancerous characteristics. DLD-1 cells are further characterised as CMS1, a specific subtype
within the CRC classification, and they display microsatellite instability (MSI), among other distinctive
features. Horizon Discovery Ltd. is the source from which the DLD-1 cell line was originally obtained,
making it a valuable resource for research in the field of oncology and cancer biology.

DLD-1KRASWT/- (DLD-1 KO): The DLD-1 cell line features a heterozygous knockout of the mutant KRAS
allele and was sourced from Horizon Discovery Ltd., specifically clone D-WT7 (#HD105-002). The

acquisition details can be found at http://www.horizondiscovery.com. These DLD-1 knockout (KO) cells

were engineered through the utilization of Horizon Discovery's proprietary adeno-associated virus
(AAV) gene targeting technology, known as GENESIS. This advanced technology enabled the precise
genetic modification of the cells to achieve the desired KRAS allele knockout, making them an
invaluable resource for studies related to KRAS and cancer research.

DLD-1 S2-6: DLD-1 KO cells stably expressing HA-KRAS-G12V were previously established in our
laboratory (Cabot et al., 2021).

MPANC-96: Human pancreatic tumour cell line derived from metastatic site of pancreatic ductal
adenocarcinoma (PDAC). This cell line features a notable heterozygous KRAS-G12D mutation and
exhibits a dependency on KRAS, especially under serum-limiting conditions.

HPAF-1I: Human pancreatic tumour cell line derived from a metastatic site of PDAC. This cell line is
distinguished by its heterozygous KRAS-G12D mutation and a significant reliance on KRAS, particularly
evident under serum-limiting conditions.

PA-TU 8902: Human pancreatic tumour cell line originating from PDAC. Notably, this cell line carries a
heterozygous KRAS-G12V mutation and display a substantial dependency on KRAS, particularly evident

under serum-limiting conditions.
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SW1990: Human pancreatic tumour cell line that was established from a metastatic site in the spleen,
specifically originating from PDAC. This cell line carries a notable heterozygous KRAS-G12V mutation.
Interestingly, it exhibits independence from KRAS, evident under low serum conditions.

PA-TU 8988-T: Human pancreatic tumour cell line that was derived from a metastatic site in the liver,
specifically originating from PDAC. Notably, this cell line carries a significant heterozygous KRAS-G12V
mutation. What sets it apart is its remarkable independence from KRAS, evident under low serum
conditions.

PANC-1: Human pancreatic tumour cell line established from PDAC. Distinguishing this line is its
heterozygous KRAS-G12D mutation. Notably, it demonstrates a remarkable independence from KRAS,
evident under low serum conditions.

hTERT-RPE: Human retinal pigmented epithelial normal cell line immortalised with hTERT. It was

obtained from American Type Culture Collection (ATCC).

PDAC cell lines were kindly provided by Prof. Dr. Kimmelman (Harvard Medical School, Boston USA).

DLD-1, DLD-1 KO, DLD-1 S2-6, and hTERT-RPE cell lines were cultured in DMEM-HAM’'S F12 (1:1)
medium, whereas PDAC cell lines were cultured in DMEM medium. All culture media were enriched
with 10% foetal bovine serum (FBS), 2 mM L-glutamine, 50 pg/ml penicillin, 50ug/ml streptomycin,
1mM pyruvic acid, and 1% nonessential amino acids. To maintain sterility, supplements were

meticulously filtered before incorporation into the medium.

3.4.2 Cryopreservation

To ensure long-term cell preservation, the cell lines were cryopreserved in liquid nitrogen with
complete medium containing 10% dimethyl sulfoxide (DMSO), a cryoprotective agent that mitigates
the formation of ice crystals.

The procedure involved the following steps: cells from 75cm? or 150cm? cell culture flasks (T75 and
T150) were subjected to three washes with cell culture Phosphate-Buffered Saline (PBS). Subsequently,
2 ml or 4 ml of trypsin 1X was added, depending on the flask size. After trypsin inactivation with
complete medium (containing 10% FBS), cells were detached from the flask, collected in sterile
centrifuge tubes, and centrifuged at 650 g for 5 minutes at 4°C. Supernatants were then carefully
removed, and the cell pellets were resuspended in 3 ml or 5 ml of complete medium. For T75 flasks,

three cryotubes were labelled, while for T150 flasks, five were used. In each cryotube, 0.9 ml of the
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cell suspension was transferred, and 100 pl of DMSO were added to achieve a final volume of 1 ml. The
cryotubes were promptly agitated and transferred to dry ice, followed by storage in a liquid nitrogen
container. When needed, frozen cells in cryotubes were gently thawed by adding small volumes of
fresh complete medium. Subsequently, they were collected in a tube containing 10 ml of freshly
supplemented medium to dilute DMSO. After centrifugation at 650 g for 5 minutes at 4°C, the
supernatants were removed, and the cell pellets were resuspended in 5 ml or 10 ml of complete
medium. Finally, these cell suspensions were transferred to 25cm? or 75cm? cell culture flasks,

respectively.

3.5 Organoids establishment
3.5.1 Human colorectal processing for organoids culture

The tissue specimen was placed into a Petri dish designed for the tissue chopper. Any undesired fat or
muscle tissue was removed, and depending on the size of specimen, small sections were precision-cut
for histology blocks and fresh frozen samples. Employing the tissue chopper, the specimens were finely
sliced into minuscule pieces, and subsequently, they were transferred and resuspended and
reconstituted within a Falcon tube containing DMEM++ (composed of DMEM, 1/100 of penicillin-
streptomycin (10,000 U/ml), and 1/500 of Primocin (50 mg/ml). Following this, a brief centrifugation
at 1150 rpm for 3 minutes at 4°C allowed for the separation of the supernatant, which was then
carefully discarded, while the pellet underwent a gentle wash with 10 ml of DMEM++. The
centrifugation was repeated under the same conditions, and once again, the supernatant was removed
without disturbing the pellet.

For specimens intended for tissue culture plates, the pellet was thoughtfully resuspended in Matrigel

(at 40 pl per well) and subsequently plated into 24-well culture plates.

3.5.2 Cryopreservation of organoids culture
Cryopreservation of organoids culture: optimal timing, process, and essential steps
Note: Organoid cultures are best cryopreserved approximately seven days post-passage when they are
in the early stages of re-establishment and still relatively small, without complex structures or budding.
Step 1: Prepare Cryopreservation Solution
- Prepare 1 ml of freeze mix for each vial to be stored. This freeze mix should consist of 50% FBS,

40% Advanced DMEM, and 10% DMSO. Place the solution in the freezer to cool.
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Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Organoid preparation

Remove the culture medium from the organoids.

Replace it with 500 pL of Advanced DMEM.

Mechanically dissociate the organoids and collect them into a 15 ml tube.

Rinse the culture well with additional Advanced DMEM, collecting the rinsed solution in the
same tube.

Centrifugation

Centrifuge the tubes at 1500 rpm for 5 minutes at 4°C.

Vial labelling

While the tubes are spinning, label cryovials with the organoid number, passage number, freeze
date, and your initials. Write the organoid number on the vial lids. Place the labelled vials on
ice.

Resuspension

Remove the supernatant from the centrifuged tubes and resuspend the pellet in an appropriate
volume of the previously prepared freeze mix. Typically, the content from three wells of a 24-
well culture should be cryopreserved into one vial.

Vial preparation

Aliquot 1 ml of the organoid suspension into each pre-labelled vial.

Place the vials into a cool cell freezing container. Ensure that the cool cell is at room
temperature before use.

If there are any spare spaces, use dummy vials to fill them in.

Promptly transfer the cool cell freezing container into a -80°C freezer. It's crucial to maintain

the optimal temperature for successful organoid cryopreservation.

3.5.3 Organoid thawing

To initiate the organoid thawing process, retrieve the cryovial from liquid nitrogen storage and

transport it back to the laboratory while keeping it on dry ice. Subsequently, gently agitate the vial in

a 37°C water bath for a rapid thawing process, ensuring it is removed from the water bath as soon as

the content have thawed, with some ice remaining. The entire vial content is then transferred into 10

ml of cold Advanced DMEM+RKi (at a 1/1000 dilution). Following this, centrifuge the tube for 5 minutes

at 1500 rpm at 4°C. Remove the supernatant and resuspend the pellet in Matrigel. The resuspended
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organoids in Matrigel are seeded into a 24-well plate and incubated in a CO; incubator for
approximately 10 minutes until the Matrigel solidifies. Finally, overlay the organoids with media

supplemented with RKi and return the plate to the incubator for further cultivation.

3.5.4 Organoids passaging

In the context of organoid passaging, the process unfolds as follows: firstly, remove the existing media
from the well, and replace it with 500 uL of Advanced DMEM. Subsequently, employing a P1000
pipette, gently scrape the tip back and forth across the well to lift the gel, and then pipette the media
up and down to further disintegrate the gel and facilitate the release of the organoids, ensuring no gel
adheres to the well's bottom. Next, collect the dislodged organoids into a properly labelled 15 ml tube.
Wash the wells again with fresh Advanced DMEM to retrieve any residual gel/organoids, adding them
to the 15 ml tube.

Centrifuge the contents at 1500 rpm for 5 minutes at 4°C. Carefully aspirate the media and gel while
keeping the cell pellet intact. Proceed to add 1 ml of Triple Express, pipetting up and down a few times
to resuspend the pellet. Place the tube in a 37°C water bath for 5 minutes and ensure that all clumps
are effectively broken down by additional pipetting. Top up the tube with Advanced DMEM media to
halt the enzymatic reaction. Centrifuge the tube once again at 1500 rpm for 5 minutes at 4°C, aspirating
the Advanced DMEM and preserving the cell pellet.

Subsequently, resuspend the pellet in Matrigel to achieve the desired cell density, and plate it into the
appropriate tissue culture plate (typically 40 uL of Matrigel per well for a 24-well plate, equating to 960
uL for 24 wells, or 1440 uL for 36 wells). Allow the gel to set by incubating it for 10 minutes. Finally,
overlay the gel with complete media and return the plate to the incubator, completing the passaging

procedure.

3.6 3-Dimentional (3D) cell culture assay
3.6.1 Matrigel-based 3D cell culture in vitro
Matrigel, derived from the Engelbreth-Holm-Swarm (EHS) mouse carcinoma, is a sophisticated
basement membrane mixture that embodies a rich blend of extracellular matrix (ECM) components
such as laminin, collagen IV, heparan sulphate proteoglycans, entactin/nidogen, and various growth
factors. This hydrogel serves as an invaluable tool in the realm of in vitro 3D cell culture, creating an

environment that closely emulates the conditions of cell growth in vivo. In our study, we meticulously
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conducted the 3D on-top Matrigel, adhering to the protocol outlined in Nat. Methods (G. Lee et al.,
2007). Notably, it is imperative to maintain Matrigel and its associated materials at 4°C both before
and during the experiment to prevent solidification. To initiate the assay, 24-well plates were uniformly
coated with 120ul of Matrigel (8.1 mg/ml and < 1.5mg/ml endotoxin) and allowed to solidify at 37°C
for 30 minutes. Subsequently, the plates were washed with 0.5 ml of non-supplemented medium to
eliminate excess Matrigel. Following this preparatory phase, 2.5x 10* cells suspended in 0.4 m| DMEM-
HAM’s F12, supplemented with 1% ITS (Insulin, Transferrin, and Sodium selenite), were meticulously
seeded in triplicates onto the Matrigel-containing 24-well plates. The plates were then incubated at
37°C for 30 minutes with periodic gentle agitation every 5 minutes. Finally, a 10% Matrigel solution in
DMEM-HAM’s F12, supplemented with 1% ITS was overlaid onto the cells. In our experimental
paradigm, we added P14B (10mM, 40mM, or 100mM) either at the time of seeding or 24 hours later,
and three days post-seeding, the resulting colonies were subjected to analysis. Noteworthy, organoid-
like structures, defined by their resemblance to the morphology of organoids, were captured using
phase-contrast microscope. All scale bars in the images were standardised to 40mm providing a
comprehensive view of the intricate cellular architecture developed within the 3D Matrigel

environment.

3.7 Bacterial selection and transformation

Transformation is the genetic alteration of bacterial cells resulting from the direct uptake and
incorporation of exogenous DNA through the cell membrane. In the context of bacterial culture for the
purposes of this thesis, two distinct competent strains were employed: DH5a for the amplification and
purification of plasmid DNA and BL21pLysS for the expression and purification of the proteins.

The selection of BL21pLysS bacteria was guided by specific characteristics that facilitate the expression
and purification processes. Notably, these bacteria possess a non-resistant cell wall and express
lysozyme, which is integrated into the plLys plasmid. These features greatly aid in the lysis and
subsequent extraction of the protein intended for purification. Moreover, the expression of RNA
polymerase T7, responsible for driving the expression of the GST-KRAS-G12V (1-166) gene, is regulated
by the lacUV5 promoter present in the pLysS plasmid and can be induced by the addition of IPTG.

The culture medium used for the growth of these bacteria consisted of LB (Luria-Bertani) autoclaved
culture medium, comprising 10 g/L of tryptone, 5 g/L of yeast extract, and 10g/L of NaCl in water with

a pH of 7.5. Additionally, LB agar culture plates were prepared by incorporating 1.5% bacterial agar
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into LB medium. For bacterial selection, DH5a containing the pGEX-KG (GST-KRAS-1-166) plasmid were
cultivated in the presence of 50 pg/ml ampicillin. On the other hand, BL21plys, due to its intrinsic
resistance to chloramphenicol through the expression of the pLysS vector, required supplementation
with ampicillin (used for resistance generated by the transformed plasmid pGEX-KG) and
chloramphenicol at 20 pg/ml to ensure proper selection and cultivation. These specific bacterial strains

and culture conditions were essential components of the experimental setup for this study.

3.7.1 Transformation of BL21pLys cells. Protein expression and purification

Transformation of BL21pLys cells

The transformation process for BL21pLys cells underwent several key steps. Initially, competent
BL21plys cells (50 ml) were thawed on ice for 30 minutes. Then, 1 pg of purified pGEX-KG (GST-KRAS-
1-166) or pGEX-KG (GST) DNA plasmids were added, and the mixtures were incubated on ice for an
additional 30 minutes. Heat-shocking was then performed by placing the tubes in a dry bath at 42°C
for 45 seconds, quickly transferring them back to ice, and allowing a 2-minute incubation period.
Under sterile conditions, approximately 0.8 ml of sterile L-Broth without antibiotics was added, and
after one hour at 37°C cells were harvested. Subsequently, 100 pL of bacterial cells were plated on an
L-Broth/agar plate containing the necessary antibiotics. The remaining cell suspension was
centrifugated at 5000 rpm and most of the supernatant was removed, leaving only 100 uL. The
bacterial cells were then resuspended and plated on another plate. Plates were incubated upside down
at 37°C overnight. To preserve the transformed colonies, three colonies were selected with an
inoculation loop and placed in separate 15 mL tubes, each containing 5 ml L-Broth and the appropriate
antibiotic. These tubes were incubated overnight at 37°C. Following incubation, 1.5 ml of bacteria were
harvested and transferred to cryotubes, with the remaining volume available for plasmid purification.
To ensure successful preservation, 500 pL of a 60% glycerol solution was added and immediately
shaken. The cryotube was then promptly stored at -80°C for future use in the research project. This

process of BL21pLys transformation was vital for subsequent experimental phases.

Induction of BL21pLys cells for GST-KRAS and GST protein expression
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To initiate the induction process, it was essential to obtain at least three glycerol stocks from distinct
tubes. Subsequently, plasmid purification was performed on a small scale from all the glycerol stocks,
followed by DNA sequencing to ensure their integrity.
BL21pLys cells transformed with pGEX-KG (GST-KRAS-1-166) or pGEX-KG (GST) DNA plasmids were
inoculated from glycerol stocks into 10 ml of L-Broth supplemented with the appropriate antibiotics
and incubated overnight with agitation at 372C. Once the overnight culture was established, it was
transferred to a larger Erlenmeyer flask containing 500 ml of L-Broth with antibiotics. Here, the
bacterial cells were allowed to grow for four hours, and a 50 pL sample was collected and saved.
To induce protein expression, IPTG was added to the culture to achieve a final concentration of 0.5
mM. The incubation was continued for an additional 4 hours. Following induction, 50 uL of the culture
was collected and saved for reference, and the remaining cells were subjected to centrifugation at
5000 rpm for 10 minutes at 4°C. The resulting cell pellet was then frozen at -80°C for further analysis.
To verify the success of induction, a Coomassie staining method was employed. The collected bacterial
samples, both induced and non-induced, were loaded onto the gel for SDS-PAGE. Subsequently, the
gel was stained with Coomassie Brilliant Blue, a protein-binding dye. A successful induction was
confirmed by the presence of two wide protein bands of 45kDa and 26KDa corresponding to GST-KRAS-
G12V-1-166 and GST, respectively in the induced sample wells.
To perform Coomassie staining, the following steps were undertaken:

- Samples were prepared by adding 7 uL of Laemmli Sample Buffer 4X to 21 uL of bacterial cells.

- A 10% acrylamide gel was created and loaded with the prepared samples.

- The gel was run at 35 mA until proteins were resolved.

- Subsequently, the gel was immersed in a solution consisting of 0.25% Coomassie Brilliant Blue,

50% methanol, and 7.5% acetic acid.
- The gel was incubated for 10 minutes, and the staining solution was then removed.
- The gel was rinsed with water three times and incubated overnight in an unstaining solution
composed of 20% methanol and 7.5% acetic acid.
- Presence of the protein bands was verified with a transilluminator, confirming the success of

the induction processes.

GST and GST-KRAS-G12V- 1-166 proteins purification
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Following a successful induction, the subsequent step involved cell lysis, and GST containing proteins
purification by incubation with glutathione-sepharose beads. The purification process was carried out
as follows:

1. The bacterial cell pellets induced in the previous step and kept at -802C were thawed on ice,
and meanwhile lysis buffer containing protease and phosphatase inhibitors, including aprotinin
(150 nM), leupeptin (20 nM), PMSF (1 mM), sodium orthovanadate (0.2 mM), sodium fluoride
(5 mM), and DTT (1 mM), was freshly prepared.

2. The two bacterial pellets were processed as follows: a) Incubated with lysis buffer for 20
minutes. b) Sonicated for three minutes in cycles of three seconds using a sonifier (Brandson
SFX250). c) Centrifuged at 14,000 rpm for 10 minutes at 4°C. d) The supernatant was collected,
and the pellet was stored at -80°C. e) 30 uL of the supernatant were reserved, and 800 pL of
previously washed glutathione-sepharose beads (using 10-20 ml of lysis buffer) were added. f)
Incubated for 1 hour at 4°C with rotation. g) After centrifugation at 3000 rpm for 3 minutes at
49C, the supernatant was removed and stored at -80°C. h) The beads were washed with 20 ml|
of lysis buffer four times, centrifuged at 3000 rpm for 3 minutes at 42C, retaining 20 uL of each
wash for later analysis (to ensure that we did not lose the protein).

3. To ensure that all KRAS was loaded with GTP an incubation with GTP was performed, followed
by a wash with exchange buffer as follows: a) The beads were incubated with 1600 pL of
exchange buffer, complemented with 1 mM GTP, 10 mM EDTA, and 1 mM DTT. b) Incubated
for 30 minutes at 302C. c) MgCl, was added until a final concentration of 15 mM was reached,
then cooled down to 429C. e) The beads were washed with 15 ml of exchange buffer with 2 mM
of magnesium ions and then with 15 ml of lysis buffer twice.

4. To elute GST-KRAS from the beads: a) 1 ml of lysis buffer supplemented with 20 mM of
glutathione was added and mixed well by pipetting. b) Centrifuged at 3000 rpm for 3 minutes
at 42C, and the supernatant containing the eluted GST-KRAS was collected. c¢) 0.5 ml of lysis
buffer, also supplemented with 20 mM of glutathione, was added to the pellet and mixed well
by pipetting. d) Centrifuged at 3000 rpm for 3 minutes at 42C, and the supernatant was

collected, combining it with the first elution for further analysis and purification.

Buffer exchange
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Typically, the purified proteins are not stored in the same buffer in which they were initially purified.
To achieve a buffer exchange for KRAS, we employed the Slide-A-Lyzer™ Mini Dialysis Device. This
device comprises a tube divided into two compartments, separated by a semi-permeable membrane
with pores that permit the free movement of molecules with a molecular weight less than 3.5 KDa.
Consequently, GST-KRAS is retained within the membrane, while the buffer components are either
removed or exchanged through the dialysis process. By repeating this procedure several times, the
protein ultimately becomes solubilized in the new dialysis buffer.

To perform the buffer exchange:

The solution containing KRAS, typically the supernatant from the final centrifugation step of the
purification process, was collected and loaded into a Slide-A-Lyzer Device with a 2 ml capacity.
Following this, 45 ml of the new dialysis buffer was added, and the system was gently agitated at 100
rom for 2 hours at 4°C. Subsequently, the dialysis buffer was removed, and another 45 ml of fresh
buffer was added, repeating the incubation step. The buffer exchange process was repeated overnight.
Finally, the protein was collected from the Slide-A-Lyzer Device, now effectively solubilized in the new

dialysis buffer, making it suitable for further experiments and analyses.

Protein verification

To ensure the purity and identity of the purified protein, a series of analyses were performed. The
initial step involved a Lowry Protein assay to confirm the presence of protein within the final purified
sample. Subsequently, to ascertain the specific identity of the purified protein as KRAS, two acrylamide
gels were prepared, and electrophoresis was carried out. One of the gels was dedicated to Western
blotting using an antibody capable of recognizing KRAS, such as Pan-Ras or a specific KRAS antibody,
while the other gel was subjected to Coomassie staining. The following samples were loaded onto the
gels for analysis:

e Purified protein (5 ul)

e Glutathione-sepharose beads (30 ul)

¢ Not-bound sample (30 pl)

e Bacterial lysate (30 pul)

The procedure encompassed the following steps:
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- Preparation of two 10% acrylamide gels.

- Loading of the specified samples into the wells of each gel.

- Running the gels at 35 mA.

- Staining one of the gels with Coomassie Blue to visualize protein bands and transferring the
proteins from the other gel to a PVDF membrane.

- Staining the PVDF membrane with Ponceau S, followed by blocking with bovine serum albumin
(BSA).

- Incubating the membrane with the chosen antibody specific to KRAS.

- Washing the membrane and incubating it with the appropriate HRP-conjugated secondary
antibody.

- Develop and capture an image of the membrane through chemiluminescence. These analyses

collectively confirm the presence and identity of the purified KRAS protein.

3.7.2 Plasmid purification
The purification of amplified plasmids from transformed bacteria was accomplished utilizing either the
PureYield™ Plasmid Miniprep System, yielding 15ug of DNA, or the NucleoBond®Xtra Midi system,
capable of producing up to 750ug of DNA. In both instances, the purification protocols were
meticulously executed in accordance with the manufacturer's instructions. Following plasmid
purification, DNA concentration was quantified utilizing a nanodrop spectrophotometer provided by
ThermoFisher Scientific. Additionally, to ensure the quality and integrity of the DNA, the crucial process
of DNA sequencing was outsourced to the Sequencing Service of CSIC-IRTA, located at the UAB campus
within the CRAIG building in Bellaterra. This comprehensive approach ensured the robustness and
accuracy of DNA isolation and sequencing, crucial for the subsequent analyses and experiments

detailed in this research.

3.8 Cell transfection
Cells were transiently transfected following the Lipofectamine™2000 commercial protocol, a
technique that encapsulates vectors within liposomes for their introduction into the cells through the
plasma membrane, enabling the expression of proteins of interest. To initiate the transfection process,
cells were cultured in p100 plates until they reached approximately 70% confluence on the day of

transfection. Subsequently, 24pug of DNA and 60ul of Lipofectamine were separately combined with
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0.5 ml of non-supplemented DMEM in two different tubes. The two solutions were then thoroughly
mixed and incubated for 20 minutes at room temperature (RT). During this incubation period, the cells
were washed with cell culture PBS, and 9 ml of DMEM (supplemented, but devoid of antibiotics to
prevent interference with Lipofectamine) was added to the plates. Following this, the DNA-
Lipofectamine mixture was gently dispensed onto the cells and allowed to incubate for 6 hours.
Ultimately, the medium was replaced with fresh complete medium, and cell collection was conducted

48 hours post-transfection.

3.9 Electrophoresis and Western Blotting (WB)
3.9.1 Sample preparation
Cell lysates
The cultured cells were carefully rinsed three times with cold PBS and subsequently lysed in a buffer
composed of 67 mM, Tris-HCl at pH 6.8, and 2% sodium dodecyl sulphate (SDS). Cell lysates were
collected by scraping, and following this, they were exposed to a temperature of 97°C in a dry bath for
15 minutes. After this heat treatment, the samples were subjected to centrifugation at 10,000g for 1

minute at RT. The resting supernatant was then preserved for subsequent protein quantification.

Tumour lysates

The tumour samples were initially placed in a tube and kept on ice. The amount of TEB (Tissue
Extraction Buffer) used, ranging between 500 — 900 ul, depended on the size of the tumours. An effort
was made to ensure that tissues from the pancreas and liver were cut into roughly equal-sized pieces.
The next step involved disrupting and homogenizing the tumours while maintaining a cold
environment. This was achieved using a Dissertator (Qiagen), which was operated through multiple
cycles of 30 seconds at medium speed. Some cycles were performed at full speed when necessary to
ensure complete homogenization of the samples. To enhance the efficiency of the process, the tip of
the Dissertator was continuously stirred within the sample.

After the tumour samples were thoroughly homogenized, they were left to rest on ice for 10 minutes
and subsequently subjected to centrifugation at 21,900 g for 10 minutes at 42C. Finally, the resulting

supernatant was preserved for further protein quantification.

3.9.2 Protein quantification
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This thesis employed the Lowry assay to quantify protein concentration, which is based on the Biuret
method and involves two essential reactions. In the initial step, peptides react with copper under
alkaline conditions to form a cuprous complex. In the subsequent reaction, the Folin—Ciocalteu reagent
(phosphomolybdic/phosphotungstic acid) is introduced, which interacts with the cuprous ions and
oxidizes tyrosine, tryptophan, and cysteine, leading to the formation of a blue green colour heteropoly
molybdenum complex that absorbs light at 750 nm. The Lowry assay was conducted in 96-well plates,
and various concentrations of BSA, prepared from a 1 pg/ul stock solution, were used as calibration
standards.

To perform the assay, both samples and standards were prepared twice, as outlined in Table 7.
Subsequently, Lowry solution A was prepared by following the 48:1:1 ratio of three solutions:
Solution 1 (2% Na2COs3 and 0.1 M NaOH), Solution 2 (0.5% CuSQa), and Solution 3 (1% sodium
potassium tartrate).

Table 7: Volumes required for standard curve and samples.

BSA(uL) Sample (ul) Lysis buffer H.0
(u) (ul)
0 - 2 43
2 - 2 41
Standard 4 - 2 39
Curve 8 - 2 35
16 - 2 27
32 - 2 11
40 - 2 3
Sample - 2 - 43

Subsequently, 225ul of Lowry solution A was dispensed into each well, thoroughly mixed by pipetting,
and incubated at RT for 10 minutes.

While this incubation took place, Lowry solution B was prepared by combining the Folin-Ciocalteu
reagent and deionized water at a 1:1 ratio. Following this, 22.5ul of Lowry solution B was carefully
added to each well and mixed by pipetting. After allowing the samples to incubate for 30 minutes at
RT, their absorbance at 750 nm was measured using a multimode plate reader (Spark®, TECAN). A

simple linear regression was performed using the absorbance values from the standards.
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Finally, the average absorbance values of each sample were interpolated, and the protein
concentration was determined. Once the protein concentrations were calculated, 15 or 20pg of protein
per sample along with Laemmli sample buffer 4X, were prepared for SDS-PAGE in accordance with a
3:1 ratio.

3.9.3 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Electrophoresis is a technique employed for the separation and analysis of macromolecules and their
fragments based on their size and charge. In this process, SDS-polyacrylamide gels are prepared at
varying concentrations of acrylamide, which yield pores of different sizes, enabling the separation of
proteins based on their molecular weight. Higher polymer concentrations are used for smaller
molecules, and vice versa.
SDS is introduced into the samples, running buffer, and gels to impart a negative charge and denature
the proteins. Consequently, when an electric field is applied, the proteins migrate towards the anode,
with each protein moving at a distinct speed, depending on its size. This differential movement results
in the physical separation of proteins from each other.

Table 8: Volumes of solutions required for resolving and stacking gel preparation.

Solutions Resolving gel Stacking
gel
6% 8% 10% 12% 15%
Solution 1 (ml) 5 5 5 5 5 -
Solution 2 (ml) 2 2.8 3.4 4 5 0.36
Solution 3 (ml) - - - - - 1.5
H20 (ml) 3 2.2 1.6 1 - 1.2
Temed (pl) 14 14 14 14 14 7.5
Ammonium 50 50 50 50 50 30

persulphate
(APS) 13% ()

These gels consist of two key regions: the stacking section, characterized by larger pores that facilitate
the alignment of proteins from the loaded samples, and the resolving section, which possesses

appropriately sized pores for the separation of proteins based on their molecular weight. The specific

78



acrylamide concentrations used for gel preparation are determined based on the size of the proteins
to be identified, as indicated in table 8.

Following the preparation of the resolving gel, the polymerizing agents (Temed and APS) were added
last. The resulting mixture was then poured between the two glass plates of the gel assembly. To
facilitate acrylamide polymerization, which necessitates oxygen-free conditions, 1 ml of deionized
water was gently added on top. Once the water was removed, the freshly prepared stacking mixture
was poured over the resolving gel, and a comb was swiftly inserted to create the loading wells.
Subsequently, the polymerized gel, along with the glass plates, was assembled onto the
electrophoresis system (Mini-PROTEAN, BioRad) filled with running buffer, and the comb was
removed. Samples and a molecular weight marker (such as Precision All Blue or Low or High Range
Unstained Protein Standards from BioRad) were loaded into the wells using a Hamilton syringe. A
constant current of 35 mA per gel was applied until the coloured front of the samples reached the end
of the gel.

Following this separation step, the proteins were electro-transferred from the gel to a blotting

membrane.

3.9.4 Protein transfer from gel to blotting membrane

After proteins had been separated according to their molecular weight in an SDS-gel, the next step
involved transferring them onto a polyvinylidene fluoride (PVDF) Immobilon™-P membrane for WB.
To prepare the PVDF membrane for this process, it was first hydrated to overcome its hydrophobic
nature. This was achieved by briefly immersing it in a solution containing over 100% alcohol (in this
case, methanol) for 30 seconds. Subsequently, the membrane was soaked in water and transfer buffer
for 2 minutes each.

Once the PVDF membrane was appropriately prepared, it was assembled into a sandwich with the gel
using a gel holder cassette. This assembly was then stacked and placed into a transfer tank. Within the
transfer tank, a transfer buffer solution facilitated the process. To enhance contact and pressure,
sponges and filter paper sheets (3mm CHR Blotting Paper, GE Healthcare) were pre-soaked in the
transfer buffer and used inside the cassette. This method ensured efficient and consistent protein
transfer to the PVDF membrane for subsequent WB analysis. The electro-transfer was carried out at a

voltage of 70 V for 2 hours, or alternatively, it could be conducted at a lower voltage of 20 V overnight
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in a refrigerated environment (42C). Once the transfer process was completed, the membranes were

then dried to prepare them for further analysis.
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Figure 16: Overview of the WB procedure. Adapted from (https.//www.biolegend.com/de-at/western-blot).

3.9.5 Total protein detection: Ponceau S staining

The Ponceau S staining method involves the use of a sodium salt of diazo dye to provide a quick and
reversible stain, facilitating the visualization of protein bands on nitrocellulose or PVDF membranes.
The dye can be easily removed when the membranes are washed with water. In the context of this
thesis, Ponceau staining was employed to assess the effectiveness of both electrophoresis and protein
transfer processes, as well as to verify the accurate loading of samples. Additionally, it served to
visualize the protein standards.

As part of the procedure, once the membranes were thoroughly dried, they were subjected to a 1-
minute incubation with Ponceau at RT. Subsequently, any excess staining was removed through several

rinses with distilled water.
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3.9.6 Membrane blocking

Given the PDVF membranes' propensity for high protein binding, it is imperative to prevent non-
specific binding when incubating with antibodies. In this thesis, membranes were effectively precluded
from such interactions by saturating them with a solution of BSA in Tris Buffer Saline (TBS).

Following the Ponceau staining procedure, the membranes were meticulously dried once more.
Subsequently, they were rehydrated by immersing them in methanol for 30 seconds, followed by
soaking them in water and TBS for 2 minutes each. To complete the blocking process, the membranes
were incubated in a 5% BSA solution in TBS for 1 hour at RT, with periodic shaking. This blocking step
ensured that specific antibody binding could be effectively achieved while minimizing non-specific

interactions.

3.9.7 Waestern blotting: Immunodetection

Hybridisation with the antibodies

To pinpoint specific proteins among those transferred, the blotting membrane undergoes a two-step
antibody incubation process. First, it is incubated with primary antibodies tailored to recognize the
protein of interest. Subsequently, another round of incubation with secondary antibodies in
conducted. These secondary antibodies are designed to target the constant domain of the primary
antibodies and are typically linked to a reporter enzyme, facilitating visualisation. After blocking, the
membranes were subjected to an overnight incubation with primary antibodies, diluted in TBS-Tween
20 (TBS-T) containing 5% BSA, at 49C with gentle agitation. The following day, any excess primary
antibodies were meticulously removed by washing the membrane three times for 10 minutes each
with TBS-T at room temperature while shaking. Subsequently, the membranes were exposed to a
solution of secondary antibodies, diluted in a 2.5% milk powder in TBS, for 1 hour at RT with periodic
agitation. Finally, any residual secondary antibodies were removed by conducting a three-time, 10-
minute wash with TBS-T at room temperature while shaking. The membranes were then maintained

in TBS until protein visualisation.

Chemiluminescence detection and imaging
The final crucial step in WB is the identification of proteins of interest, which have been tagged with
specific antibodies. In this thesis, a reporter enzyme, horseradish peroxidase, was employed, and it

was linked to the secondary antibodies. This enzyme serves as a catalyst, initiating a chemical reaction
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when hydrogen peroxide is introduced. This reaction results in the emission of light, a phenomenon
known as chemiluminescence. The assessment of protein detection was accomplished using the
Enhanced Chemiluminescence (ECL-EZ) system with the aid of a detection kit. The emitted light was
captured and quantified using the ChemiDoc imaging system by BioRad. This process allowed for the

precise identification and quantification of the targeted proteins.

3.10 Treatment of cells with P14 and its derivatives, and EGF/FBS- dependent signalling
activation

The impact of P14 and its derivatives on KRAS downstream signalling pathways was assessed through
various biological methods.

The cells were initially cultured in a medium supplemented with 10% FBS for 24 hours. Subsequently,
they were subjected to serum starvation for the following 24 hours. After this, the cells were treated
with various compounds for the durations specified in each respective figure (Results section).
Additionally, in certain cases, to activate downstream KRAS cell signalling, a 10-minute treatment with
epidermal growth factor (EGF) at 50 ng/ml or with 10% FBS for 30 minutes was administered as

indicated.

3.11 Co-immunoprecipitation

Immunoprecipitation (IP) is a technique employed for the selective extraction of a protein of interest
from a cell lysate. This is achieved through the use of an immune complex, consisting of an antibody
that recognizes and binds specifically to the target protein. This antibody is coupled to agarose beads,
which serve as the solid substrate enabling the isolation of the complex through centrifugation.
Co-immunoprecipitation (Co-IP) is a variant of IP specifically designed to capture intact protein
complexes. It utilizes a particular antibody directed against a known protein within the complex to pull
the entire complex. This approach facilitates the identification of the other components within the
complex. In the context of this study, P14B ability to disrupt the interaction between oncogenic KRAS
and its effectors was evaluated through co-IP.

For this analysis, DLD-1 S2-6 cells, which stably express HA-KRAS-G12V were subjected to a 24-hour
starvation period. Following this, the cells were treated with P14B for 15 minutes, followed by

treatment with EGF at 50 ng/ml for an additional 10 minutes. A co-IP procedure was then executed
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using a monoclonal specific anti-HA antibody crosslinked to agarose beads. This allowed for the
investigation of protein interactions within the complex.
To describe the process in a more precise and organized manner:
Cell collection and pellet preparation
e Cells were initially washed thrice with cold PBS.
e After washing, cells were collected by gentle scraping and suspended in 1 ml of cold PBS.
e The suspension was then centrifuged at 650 g for 5 minutes at 42C.
e The resulting cell pellets were lysed with REB buffer, freshly supplemented with a cocktail of
protease and phosphatase inhibitors (150nM aprotinin; 20uM leupeptin; 1 mM PMSF; 5 mM
NaF; and 0.2 mM NasVQa) as well as 1 mM DTT.
e The volume of REB buffer added varied depending on the pellet size, typically ranging between
500 - 800pl.
e These lysed samples were maintained on ice for 10 minutes and then centrifuged at 21,900 g
for 10 minutes at 4°C.
e The supernatant, referred to as the soluble fraction, was retained for subsequent protein
quantification (for more details, see section 3.9.2).

e After quantification, 40ug of protein per sample were separated as "input" and stored at -202C.

Preparation of anti-HA antibody-agarose beads
Meanwhile, 50ul per sample of monoclonal anti-HA antibody-agarose beads were washed five times
with PBS through centrifugation at 600 g for 30 seconds at RT. After washing, the beads were

resuspended with a volume of REB buffer equivalent to the initial volume.

Immunoprecipitation

A total of 1,000 — 2,000ug of protein (soluble fraction) per sample were collected, and the volumes
were adjusted by adding REB buffer. These samples were then incubated with the anti-HA antibody-
agarose beads (50ul per sample) for 3 hours, allowing rotation at 4°C.

Subsequently, the samples were centrifuged at 21,900 g for 2 minutes at 42C. The pellets containing
the immunocomplexes were designated as the "bound fractions," while the supernatants were

preserved as the "not bound" fractions.
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Washing and Preparation
The bound fractions underwent five washes with 1 ml REB buffer through centrifugation at 600 g for
30 seconds at RT. Laemmli sample buffer 2X was added to the bound fraction in a 1:1 proportion. The

"input" and "not bound" fractions were prepared as per standard procedure.

Western Blotting

All samples were then subjected to WB using the appropriate specific antibodies.

3.12 Ras Binding Domain-pull down assay (RBD-pull down)

The GST-fusion protein encompassing the human RAS-Binding Domain (RBD) of CRAF (residues 1-149),
has been expressed in Escherichia coli. This fusion protein is conveniently provided pre-bound to
glutathione agarose beads, ensuring ease of use. With a purity exceeding 80%, this high-quality
construct exhibits a robust remarkable capability to specifically bind to and efficiently precipitate RAS-
GTP, making it a reliable tool for elucidating the amount of active RAS in biological samples.

In detail: cells were grown until reaching approximately 75-80% confluence. Then, cells were starved
overnight, followed by treatment with EGF for 10 minutes or P1.3 for 2 hours, and the last subsequently
with EGF for additional 10 minutes. The cells were lysed using Mg-containing lysis buffer (MLB), with
0.4-0.8 ml of MLB utilised per 100 mm culture plate. Fresh cell lysate was diluted to approximately to
500ug-1mg of cell lysate per assay, allowing for one affinity reaction per lane for SDS-PAGE. The
reaction mixture was gently rocked at 4°C for 30 minutes. Agarose beads were collected through
pulsing (5 seconds in the microcentrifuge at 14,000 xg), and the supernatant was drained off. The beads
were washed three times with MLB. The agarose beads were then resuspended in an appropriate
amount of Laemmli Sample Buffer 2X and the samples were subjected to WB with anti-KRAS

antibodies.

3.13 Calmodulin-pull down (CaM-pull down)
To investigate whether the interaction between KRAS and CaM is disrupted during incubation with
P14B, an in vitro competence assay was conducted. This method involves the pull down of recombinant
GTP-loaded GST-KRAS-G12V (1-166) using CaM-sepharose beads, followed by the introduction of

varying concentrations of P14B. Analysis is performed using GTP-loaded KRAS in the presence of CaCl;
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since CaM binds only to the GTP form of KRAS. As negative control, incubation with EGTA as a calcium
chelator is also assayed.

Initially, 5ug of recombinant GST-KRAS-G12V (1-166) (loaded with GTP, see Section 3.7.1) were mixed
with 12.5uL of CaM-sepharose beads (Cytiva; Merck, Darmstadt, Germany). The beads had been
previously washed with a pulldown buffer (PDB). This mixture was incubated in the presence of 1 mM
CaCl, or 5 mM EGTA, in a total volume of 100uL in PDB, for 60 minutes at RT. The unbound fraction
was collected through centrifugation, while the bound fraction underwent four washes with PDB
containing either CaCl, or EGTA. The entire bound fraction was subsequently analysed by WB with anti-

KRAS antibodies.

3.14 Cell viability assays
Assessing changes in cell viability constitutes a crucial technique for appraising cellular well-being,
genotoxicity, and the efficacy of anti-cancer compounds. To gauge cell health, various pivotal indicators
can be examined, including alterations in plasma membrane integrity, DNA synthesis, DNA content,
enzyme activity, ATP presence, metabolic processes, and the cellular reducing environment. In this
thesis, two different assays measuring certain aspects of cell metabolism or cellular reducing
environment have been used. These tests consist of incubating viable cells with a reagent to transform
a substrate to a coloured or fluorescent product that is proportional to the number of viable cells
existing.
3.14.1 MTS Tetrazolium assay:

CellTiter 96® Aqueous One Solution Cell Proliferation Assay

The effect of the peptidomimetics and P14B in the viability of several CRC and PDAC lines harbouring
different oncogenic KRAS mutations, and of one non-transformed cell line (hTERT-RPE cells) was
evaluated using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega G3580). It is
a colorimetric method for determining the number of viable cells. The CellTiter 96® AQueous One
Solution Reagent contains a novel tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron coupling
reagent (phenazine ethosulphate; PES). PES has enhanced chemical stability, which allows it to be
combined with MTS to form a stable solution. This advantageous “One Solution” format requires no

volatile organic solvent to solubilize the formazan product.
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In this analysis, a total of 10,000 cells were suspended in 50ul of medium containing 10% FBS. These
cells were then seeded in sextuplicate within a 96-well plate and allowed to incubate for 24 hours.
Subsequently, different concentrations of peptidomimetics or P14B, diluted in 50ul of medium
containing 10% FBS, were added and incubated for an additional 24 hours and for 48 hours following
the pattern illustrated in Figure 18. Control groups received DMSO, which was diluted in the same 50ul

volume. The total well volume remained constant at 100ul throughout the experiment.
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Figure 18: 96-well plate treatment pattern.

After the treatment, the MTS viability assay was conducted according to the manufacturer's
instructions. Initially, 20ul of CellTiter 96® AQueous One Solution Reagent were introduced into each
well, which already contained 100ul of cell culture medium, followed by thorough mixing using
pipetting. Subsequently, the cells were incubated for 2 hours at 37°C, and the absorbance of each well

was measured at 490 nm using a multimode plate reader (Spark, Tecan). To determine the percentage
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of cell viability, the absorbance of each well was divided by the average absorbance of the control

wells, which exhibited no significant deviation when analysed using a Student's t-test.

3.14.2 Resazurin Reduction Assay:

Presto-Blue® Cell Viability Reagent

The effect of P14B treatment in the viability of colorectal cancer or healthy patients-derived organoids
(PDOs) was evaluated using the Presto-Blue® Cell Viability Reagent (Invitrogen, A13262). It is a
fluorescent/colorimetric method for determining the number of viable cells. The Presto-Blue is a
resazurin-based reagent, which infiltrating live cells, facilitates the reduction of resazurin to resorufin,
a red and intensely fluorescent compound (see figure 19). Viable cells consistently transform resazurin
into resorufin, causing a noticeable elevation in the overall fluorescence and colour of the surrounding
cell culture medium. Furthermore, the conversion of resazurin into resorufin induces a striking shift in

colour, making it feasible to detect cell viability through absorbance-based plate readers.
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Steps followed to study the viability of PDOs upon P14B treatment:
Day -One:
e The culture medium was replaced with Advanced DMEM, and the organoids seeded in 24 well-
plate were gently dislodged from the Matrigel matrix.
e The dislodged organoids were collected in a 15ml tube and centrifuged at 1500rpm for 5
minutes at 4°C.
e The resulting pellet was resuspended in 5ml of Advanced DMEM and passed through a 100um
cell strainer. Subsequently, another centrifugation was performed.
e The organoids were resuspended in Matrigel (21 wells were required, with 5 ul of Matrigel per

well) and replanted into 96-well plates (triplicate per condition). The organoids were allowed
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to set in the incubator for 10-15 minutes, after which they were overlaid with complete tumour

media, and recovery was allowed overnight.

Day Zero of Five - Presto-Blue baseline measurement:
e The plates were labelled with the names of the drugs and their concentrations to be used.
e Presto-Blue was diluted at a 1:10 ratio with human tumour basal media.
e The media was removed from the organoids, and 100l of the diluted Presto-Blue was added
to each well, with an incubation period of 45 minutes.
e After 45 minutes, 90ul aliquots were transferred from each well to a black reader plate.
e Any remaining Presto-Blue in the wells was ensured to be removed before replacing it with

100ul of Advanced DMEM, and the plate was returned to the incubator.

Day Two of Five:
The steps from Day Zero were repeated, and in addition, 100ul of Advanced DMEM was removed from
the wells. These were then replaced with different concentrations of P14B (as indicated in the results

section), prepared in 100ul of complete media. The plate was subsequently returned to the incubator.

Day Five of Five - Presto-Blue final measurement:
The steps from Day Zero were repeated. To determine the percentage of cell viability, the absorbance
of each well was divided by the absorbance obtained on Day Zero. This comparison revealed no

significant variation upon analysis using a Student's t-test.

3.15 Surface Plasmon Resonance (SPR)
To investigate the presumed direct interaction between KRAS-G12V and P1.3 or P14B, we harnessed
the power of SPR. Surface plasmons are coherent oscillations of electrons (electromagnetic waves)
that occur at the interface between a metal and a dielectric material (or vacuum). These oscillations
are excited when incident photons have a frequency matching the natural frequency of surface
electrons. Since these waves occur at the metal-dielectric boundary (in our case, the water medium),
they are exceptionally sensitive to any changes at the metal surface's edge. For instance, when
molecules adsorb onto the conducting surface, they influence these electromagnetic waves, altering

the range at which they are excited.
88



For this analysis, we employed the Biacore™ T-200 SPR Biosensor instrument equipped with chips

featuring a gold layer within a matrix, capable of immobilizing one of the proteins of interest (the

ligand). The other molecule under investigation (the analyte) was flowed over this layer. A light source

directed light toward a prism, and the changes in the reflected angles were measured. These

alterations correlate with variations at the surface layer, such as the interaction between the analyte

and the ligand. By determining the dissociation constant (KD), we could quantify the strength of the

interaction; smaller KD values indicate more prolonged interactions.

The raw data collected during the experiment was processed using Biacore T200 Evaluation Software

3.1, which transformed it into a sensogram. The sensogram reflects the changes in reflection angles

while the sample is being injected.

To investigate the characteristics of the binding of P1.3 and P14B with KRAS-G12V, a CM5 Series S
Chip (Cytiva 29104988) was employed. This chip features a dextran matrix to which the GST-tagged
globular domain of KRAS-G12V (comprising residues 1-166) was covalently attached. Subsequently,

P1.3 or P14 were introduced, and the change in resonance units (RUs) was measured to assess the

interaction.

Chip preparation

Before introducing the analyte, it is essential to activate and prepare the chip matrix. This process

involved several steps:
Step 1: Conditioning channels 1, 2, and 4
Channels 1, 2, and 4 were initially treated to ensure optimal chip performance.
This conditioning process involved sequential steps:
e 100 mM HCI
e 50 mM NaOH
e 0.1% SDS
e Rinse with water at a flow rate of 100ul/min.
Step 2: Activation of dextran
e The dextran matrix was activated to facilitate subsequent binding.
e This was achieved by injecting a mixture of N-hydroxy-succinimide and 1-Ethyl-3-[3-
dimethylaminopropyl] carbodiimide (EDC) at a 1:1 ratio.

e The activation was performed at a flow rate of 10ul/min for 7 minutes.
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Step 3:

Step 4:

Immobilization of GST-KRAS-G12V (1-166)

GST-KRAS-G12V, the target protein, was immobilized onto the dextran surface in channels 2
and 4.

This step involved the injection of GST-KRAS-G12V at a concentration of 374nM in an acetate
buffer with pH 4.5.

The injection was carried out at a flow rate of 5ul/min, continuing until a response unit (RU)
of 2000 was achieved in channel 2.

To prevent non-specific binding, excess reactive sites on the dextran were blocked by
injecting ethanolamine at a flow rate of 10 pl/min for 7 minutes.

Immobilization of GST (Reference channel)

As a reference control, GST was immobilized onto the dextran surface in channel 1.

Similar to the previous step, GST was injected at a concentration of 1480nM, but this step was
performed at a flow rate of 10ul/min for 3 minutes.

A total of 1000 RUs were achieved.

To minimize non-specific binding, excess reactive sites were also blocked with ethanolamine.
Running Buffer Circulation

Following the immobilization steps, the chip was prepared for the analysis, and the running
buffer was continuously circulated within the chip.

The composition of the running buffer was as follows:

NaCl 150 mM, Tris-HCI 50 mM (pH 7.6), and MgCl, 2mM

Injection of P14B and P1.3 after KRAS binding

Followi

ng the successful binding of KRAS to the dextran-coated surface, P14B and P1.3 were

introduced in the system (refer to Figure 20, SPR steps) at various concentrations as specified in the

results

section. These injections were performed in a running buffer composed of 150 mM NacCl, 50

mM Tris-HCI (pH 7.5), 2mM MgCl,, 0.1% Triton, and 5% DMSO. The flow rate during injection was set

at 60ul/min, and the experiments were conducted at 25°C.

The dissociation phase was allowed to proceed for 10 minutes in the same buffer conditions. To ensure

the reliability of the results, all runs were conducted in duplicate.

To eliminate nonspecific binding effects, we employed a subtraction method involving two linked

channels (GST-KRAS-G12V minus GST). Furthermore, to assess the impact of different DMSO
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concentrations (ranging from 3% to 8%) on the response units (RUs), a solvent correction was applied.
This correction helped to reduce the errors associated with sample injection and provided more

accurate data for the analysis.
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Figure 20: SPR protocol steps. Adapted from Centre for Macromolecular Interactions. (Harvard Medical

School)

3.16 UltralD proximity-dependent biotinylation method
In brief, UltralD-KRAS-G12V vector was generated as detailed below and DLD-1 cells underwent
transfection with this plasmid for a duration of 24 hours, following the protocol outlined in section 7.2.
Subsequently, the cells were subjected to 24 hours of starvation and afterwards were treated with
P14B for 1 hour, followed by exposure to biotin (Sigma # B4501) for 30 minutes as indicated in the
Results section. Cells were then processed for streptavidin-pull down and LC-MC/MC or for
immunofluorescence analysis as described hereunder.

Detailed description of the procedures:

3.16.1 Generation of the UltralD-KRAS-G12V vector
DH5a Escherichia coli cells transformed with pCMV-C1-myc-UltralD or with mCherry KRAS-G12V were
cultivated overnight in LB media, supplemented with 50 pg/ml of ampicillin or 30 pg/ml of kanamycin,
respectively. Next, plasmids were isolated using the High Purity Miniprep Kit (Neo Biotech NB-03-0001)
following manufacturer’s instructions. DNA concentration was quantified using a nanodrop

(ThermoFisher Scientific).
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Polymerase chain reaction (PCR) amplification for the gene of interest, UltralD, was performed using
a Fwd Nhel Agel myc-BiolD C1 v2 primer initial forward oligonucleotide:
(5'-tccgctagegctaccggtagecaccatggaacaaaaac-3') and

a Rev UltralD-C1 BsrGl primer terminal reverse oligonucleotide:
(5'-gagtccggacttgtacagcttctccttgaactte-3').

PCR was conducted using the MyFi DNApol kit (Bioline-21117) with the following reaction and PCR
program:

Table 9: PCR reaction.

[Stock] [Working] Volume
MyFi PCR Buffer 5X 1X Sul
pCMV-C1-myc--UltralD 0.1ul
Fwd BiolD N1 Agel* 10uM 0.4uM 1ul
Rev UltalD-C1 BsrG1 10pM 0.4uM 1l
MyFi DNApol 1l
H,O DNase free To 25l 17l

*Fwd BiolD N1 Agel: 100% compatible with UltralD sequence

Table 10: PCR program.

Initial denaturation 95°C 1 min
Denaturation 95°C 15 min
Annealing 49.3°C 15 min 30 cycles
Extension 72°C 45 sec
Final extension 72°C 5 min

Afterward, the PCR product underwent purification using the Macherey-Nagel NucleoSpin Gel and PCR
Clean-Up Kit (Macherey-NAGEL 740609.50).

After the purification step, 2 ug each of the PCR product (UltralD) and the mCherry KRAS-G12V vector
were subjected to digestion with Agel and Bsrgl for a duration of 2 hours at 37°C, employing the
reaction specified in the table below. Vector was also single digested with restriction enzymes as

control:
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Table 11: Digestion reaction.

[Stock] [working] PCR pCMV- Vector Vector Vector
Cl-myc- (mCherry KRAS- (mCherry KRAS- (mCherry KRAS-
UltralD G12V) G12V) CT* Agel G12v)
CT* Bsrgl
Backbone - 2 ug 40 pl 3.68 ul 3.68 ul 3.68 ul
vector
Buffer 2.1 10X 1X 5ul 5 ul 5ul 5ul
Agel NEB 1ou/ul 5U 0.5 ul 0.5 ul 0.5 ul -
Bsrgl 10u/ul 5U 0.5 pl 0.5 pl - 0.5 pl
BSA 100X 1X 0.5 pl 0.5 pl 0.5 pl 0.5 pl
MilliQ H20 To 50 pl 3.5 ul 39.8 ul 40.3 pl 40.3 pl
*CT: Control.

Next, the resulting digested products underwent electrophoresis in a 1% agarose gel at 100V for 30
minutes (see Figure 46C in Results section). Subsequently, gel plugs containing the anticipated DNA
bands were excised, and the DNA was extracted using the Macherey-Nagel NucleaSpin Gel and PCR
Clean-Up Kit (Cat. No. 740609.50).

The purified DNA was then subjected to an overnight ligation at 4°C, employing the following reaction:

Table 12: DNA ligation reaction

[Working]
mCherry KRAS- 20 fmol
G12V Vector
pCMV-C1-myc-UltralD 120 fmol
insert
Buffer ligase 10X 1X
ATP (10mM) 1mM
T4DNA ligase 1l
MilliQ H20 To 15 ul

Following this, 50 ul of DH5a competent bacteria (ThermoFisher Subcloning Efficiency DH5a
Competent Cells, Cat. No. 18265-017) underwent transformation with 5 pl of the ligation product,

adhering to the usual protocol. The transformed cells were then plated on kanamycin-resistant LB
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plates overnight. Positive colonies were cultivated and cryopreserved for use in upcoming
experiments.
Cloning procedure was verified in a 1% agarose gel at 100V for 30 minutes using the purified UltralD-

KRAS-G12V vector (see Figure 46D in Results section) and plasmid was sequenced.

3.16.2 Streptavidin-pull down

Cell lysis

Cells (in p100 plate) expressing Myc-UltralD-KRAS-G12V and incubated or not with biotin as indicated
in the Results section were washed three times with 10 ml 1X PBS to remove any excess biotin present
in the culture medium. Next, 500 ul of Cell Lysis Buffer were added to each plate and lysates were
transferred to pre-chilled 1.5 ml microfuge tubes. Then, 200 ul of 2% Triton-X100 were added, mixed
well by pipetting and incubated for 30 minutes at 4°C by end-to-end rotation. After that time, 700 ul
of chilled 50 mM Tris pH 7.5 were added and mixed by repeated pipetting. Subsequently, the lysates
were subjected to centrifugation at 12,500g for 20 minutes at 4°C and the supernatants were
transferred to new pre-chilled 2 ml microfuge tubes.

Lowry protein quantification was performed (see section 8.2) to ensure an equal amount of total
protein between samples when incubated with streptavidin beads (Dynabeads My one streptavidin C1
Beads (Thermofisher #65001)). A minimum of 1 mg of total protein was required to be incubated with

the beads.

Streptavidin beads preparation and incubation with the cell lysates
Streptavidin, a tetrameric protein with a molecular weight of 66 kDa, is purified from the bacterium

Streptomyces avidin and demonstrates a notable binding affinity to biotin, with each unit capable of

binding one biotin molecule. Streptavidin bound magnetic beads are commonly used to pull down
biotinylated proteins from cell lysates.

Immediately following the aforementioned cell lysis step, the streptavidin magnetic beads were
transferred to fresh 1.5 ml microfuge tubes at a volume of 50 ul per sample. The tubes were then
subjected to a 3-minute incubation on a magnetic stand at RT, after which the clear solution was
discarded. Subsequent to removal from the magnetic stand, the beads were equilibrated by adding 1
ml of Cell Lysis Buffer, and an end-to-end rotation was carried out for 5 minutes at RT. The tubes were

then placed on the magnetic stand once more and incubated for an additional 3 minutes. Following
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this step, the lysis buffer was discarded, and the sample lysates were transferred into new 1.5 ml
microfuge tubes containing the previously equilibrated beads. The beads-lysate mixtures were

incubated overnight at 4°C with end-to-end rotation.

Streptavidin-pull down of the biotinylated proteins

All steps were performed at RT unless indicated otherwise. The tubes containing the streptavidin
beads-lysate mixtures were incubated on the magnetic stand for 5 minutes, and the lysates were
carefully discarded without disturbing the beads. Next, the beads were washed by adding 1 ml of Wash
Buffer 1 followed by end-to-end rotation for 5 minutes. The mixture was then incubated on the
magnetic stand for 3 minutes, and the buffer 1 was carefully removed with a micropipette.
Subsequently, the beads were washed by adding 1 ml of Wash Buffer 2, followed by end-to-end
rotation for 5 minutes. The mixture was incubated on the magnetic stand for 3 minutes, and the buffer
2 was carefully removed with a micropipette. This washing process was repeated with 1 ml of Wash
Buffer 3 with end-to-end rotation for 5 minutes, followed by incubation on the magnetic stand for 3
minutes. The buffer 3 was carefully removed with a micropipette. Finally, the beads were washed by
adding 1 ml of 50 mM Tris pH 7.5, followed by end-to-end rotation for 5 minutes. The mixture was
incubated on the magnetic stand for 3 minutes, and the Tris buffer was carefully removed with a

micropipette.

Confirming the specific biotin-ligase activity of the Myc-UltralD-KRAS-G12V fusion protein expressed by
the cells

Before conducting the LC-MS/MS analysis of the beads, a control test was performed in order to verify
the presence of biotinylated proteins specifically pulled down by the beads, and thus to confirm that
the Myc-UltralD-KRAS-G12V fusion protein expressed in the cells had biotin ligase activity. With this aim,
the biotinylated proteins bound to the streptavidin beads were eluted and resolved by SDS-PAGE
followed by streptavidin-HRP blotting analysis. The HRP-conjugated streptavidin is also particularly
valuable for the precise detection and quantification of biotinylated proteins within a sample.

For this, 50 pl of Laemmli Sample Buffer 2X supplemented with 2 mM biotin were added to the beads
obtained in the previous section and mixed by pipetting up and down five times using a cut 200 pl
pipette tip. The beads were then heated at 90°C in a pre-heated heating block for 5 minutes to help to

release the proteins bound to the beads. Following, the tubes were placed on the magnetic stand for
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5 minutes. Subsequently, the eluate was transferred to a pre-chilled 1.5 ml microfuge tube and
immediately frozen on dry ice for further analysis.
1. Approximately 5 to 10 pl of each thawed eluate from each tube per condition were loaded onto
a 10% SDS-polyacrylamide gel. Proteins were resolved by SDS-PAGE and electro-transferred to
a blotting membrane.
2. The membrane was incubated in BSA Blocking Buffer for 1 hour at RT.
3. To detect biotin-labelled proteins, the membrane was incubated with streptavidin-HRP, which
was diluted 1:30,000 in BSA Blocking Buffer, for 1 hour at RT.
4. The membrane was washed three times in 1X TBS-T, each time for 10 minutes at RT.

5. The membrane was processed for chemiluminescence detection through digital acquisition.

3.16.3 Liquid chromatography—mass spectrometry analysis (LC-MS/MS)
The streptavidin beads bound to the biotinylated proteins obtained in section 3.16.2 were washed
twice with 100 mM ammonium bicarbonate at pH 8, undergoing end-to-end rotation for 5 minutes
during each wash cycle. Subsequently, they were incubated on the magnetic stand for 3 minutes, and
the supernatant was discarded. Following this, the beads were incubated with 5 mM DTT in 50 mM
ammonium bicarbonate (ABC) at pH 8 for 30 minutes at 60°C and then cooled to room temperature.
The magnetic stand was used for a 3-minute incubation, and the supernatant was discarded. The beads
were then incubated with 3.75 mM IAA (iodoacetamide) in 50 mM ammonium bicarbonate at pH 8
and left in the dark for 20 minutes. Following this step, two washes with 50 mM ammonium
bicarbonate (NH4HCO3) at pH 8 were conducted. The beads were manually digested. Briefly, proteins
were reduced (DTT 200mM; 1h, 32°C) and alkylated (iodoacetamide 25mM; at RT for 30 min, in the
dark). Afterwards, the samples were digested for 2 hours with trypsin (Sequence grade modified
porcine trypsin, Promega; pH 8, 32°C) using 200ng of the enzyme and were then cleaned up with a C18
tip (ZipTip) as per manufacturer’s protocol. Finally, the cleaned-up peptide solutions were deride-down
and stored at -20°C until the LCMS analysis. These steps were performed in the Proteomics Unit,

Centres Cientifics i Tecnologics de la Universitat de Barcelona (CCiTUB).

3.16.4 Data analysis of the biotinylated proteins detected by LC-MS/MS
The samples underwent analysis by LCMS in the cutting-edge Orbitrap Fusion Lumos (CRG platform),

employing a precisely calibrated 60-minute gradient. To ensure rigorous quality control, BSA controls
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were concurrently digested and interleaved between sample runs to mitigate any potential carryover
effects and meticulously evaluate instrument performance. Subsequently, the samples were
interrogated against the SwissProt Human database (April 2023 edition) utilizing the Mascot v2.6
search algorithm (http://www.matrixscience.com/). Redundant protein identifications were
automatically grouped using the built-in algorithm of Protein Discoverer. Peptides were filtered based
on a stringent false discovery rate (FDR) criterion, with only those exhibiting an FDR below 1% being
retained for further analysis.

For the subsequent data analysis, the SAINT software, and Proteome Discoverer 2.5 (PD) were
employed to quantify, normalize the protein abundance, and compare their abundance between
samples. PD is a commercial product of Thermo Fisher Scientific (Orsburn, 2021). Significance Analysis
of INTeractome (SAINT) is specifically designed for scoring protein-protein interactions in label-free
guantitative proteomics data derived from affinity purification—mass spectrometry (AP-MS)
experiments. Its robust functionality allows for the unbiased selection of authentic interactions while
effectively eliminating nonspecific interactions (Teo et al., 2014).

The raw data files obtained in the mass spectrometry analyses were also visualized in PD (V2.5) and
exported to Excel a list of identified proteins. The results have been filtered so only proteins identified
with at least 2 peptides (and with FDR < 5%) are included in the lists.

Cytoscape, a general-purpose modelling environment for integrating biomolecular interaction
networks and states (Shannon et al., 2003) was used to analyse the physical and functional interaction

of the differentially biotinylated proteins.

3.17 Immunofluorescence technique
After transfecting cells growing in glass coverslips, the following steps were performed: first, the cells
were washed three times with PBS to eliminate any residual transfection reagents. Subsequently, the
cells were fixed with 4% paraformaldehyde (PFA) in PBS for 10 minutes (for P60 plates, 3ml of fixative
was added). Three more PBS washes were carried out to ensure complete PFA removal. Next, the cells
were permeabilized with 0.2% Triton X-100 for 15 minutes. A blocking step was performed by
incubating the cells in a solution of 1% BSA prepared in 0.1% Triton X-100 in PBS for 30 minutes. The
cells were subsequently incubated with the primary antibody (anti-myc) for 1 hour, with the antibody
prepared in a solution containing 1% BSA and 0.3% Triton X-100, at a 1:8000 dilution. Following another

round of triple PBS wash, the cells were incubated with a fluorescent-labelled secondary antibody
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(anti-mouse, Alexa Fluor 488) for 1 hour at 37°C, using a 1:500 dilution in PBS and 0.1% BSA. After the
final round of PBS washes, the cell nuclei were stained with 1:5000 DAPI (1mg/ml) for 5 minutes, with
500uL added to each coverslip. The process was concluded with three PBS washes, followed by three
washes with H;O0. Finally, the coverslip was affixed to slides using 6uL of Mowiol to complete the

procedure. Confocal sections of the cells were obtained with the LSM880 confocal microscope (ZEISS).

3.18 Effect of P1.3 on orthotopic mice
3.18.1 Determination of the Maximum Tolerated Dose (MTD) of P1.3 in athymic
mice

The aim of this study was to determine the MTD of P1.3 in healthy athymic mice.

A. Animals

- Species: Mus musculus

- Strain: Athymic Nude-Foxnlnu

- Age: 6-8 weeks

- Sex: Female

- Body weight: 22-24 g

- Animal supplier: Envigo

B. Housing conditions
Mice were housed in laminar flow rooms, maintaining a constant temperature (20-242C) and humidity,
with 5 animals per cage. The cages, made of polycarbonate, measured 300 mm x 180 mm x 150 mm;
and the bedding material, corn cob, was changed weekly.
Throughout the entire study period, animals had free access to irradiation-sterilized dry food. They
also had unrestricted access to sterile drinking water.
Cage identification involved labelling each cage with information such as the number of animals, sex,
strain, arrival date, treatment, study number, group number, and the start date of the treatment.
Animal identification was achieved through ear coding.

C. Drug preparation
A 10% DMSO in serum solution was prepared for the vehicle, and once dissolved, it was stored at -
20°C.

Intraperitoneal injections (IP) were administered.
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For Dose A, a preparation of 0.750 mg of P1.3 was made with 0.750 ml of DMSO, resulting in a
concentration of 1 mg/ml. The administered dose was 10 mg/kg, with a volume of 10 ml/kg.
For Dose B, a preparation of 1.5 mg of P1.3 was made with 0.750 ml of DMSO, resulting in a
concentration of 2 mg/ml. The administered dose was 20 mg/kg, with a volume of 10 ml/kg.
For Dose C, a preparation of 3 mg of P1.3 was made with 0.750 ml of DMSO, resulting in a
concentration of 4 mg/ml. The administered dose was 40 mg/kg, with a volume of 10 ml/kg.

D. Ethical observations
All procedures related to animal handling, care, and treatment in this study were conducted in
accordance with the guidelines approved by the Ethical Committee of Animal Experimentation of the
Parc Cientific de Barcelona (PCB). The procedure applied was number 9928-P1 and received approval
from the Generalitat de Catalunya (IP: Alberto Villanueva).

A. Experimental design
A set of 9 athymic mice was randomized into three homogeneous groups (n=3) to receive different
treatments. At the specified time points, we collected blood samples from the mice's tail veins. The
blood was utilized to separate plasma, and the plasma was maintained at 202C.

Table 13: Treatment details for each group.

Group N Treatment Dose Duration Blood sampling
A 3 P1.3 10 mg/Kg Once 1h, 12h, 24h, 48h
B 3 P1.3 20 mg/Kg Once 1h, 12h, 24h, 48h
C 3 P1.3 40 mg/Kg Once 1h, 12h, 24h, 48h

3.18.2 Repeated dose toxicity of P1.3 in athymic mice
The aim of this study was to determine the repeated dose toxicity of intraperitoneal P1.3 (20 mg/kg, 5
days/week, 3 weeks) in healthy athymic mice.
A. Animals, house conditions and ethical observations were the same as described before.
B. Drug preparation P1.3 drug (30 mg) was dissolved in DMSO, achieving a stock concentration
of 40 mg/ml. For the dosing solution, the stock was diluted 1:20 in saline, resulting in a
concentration of 2 mg/ml (Dose: 20 mg/kg, volume: 10 ml/kg). The vehicle was prepared as
5% DMSO in saline.

C. Experimental endpoints

99



Mice underwent continuous monitoring of behaviour, body weight, and overall well-being

throughout the treatment period. The relative body weight was determined using the formula:

Relative body weight (%) Body weight Day X | X100

Body weight Dav 1

The percentage of weight loss was then calculated as 100-Relative body weight. Ethical endpoint
criteria for the experiment included weight loss exceeding 15% of the total body weight or any
manifestation of distress. Notably, these criteria were not met in any instance during the course of the

experiment.
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4. RESULTS
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4.1 CHAPTER 1

Characterisation of the peptidomimetic P1.3 as KRAS

inhibitor
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4.1.1 BACKGROUND AND PREVIOUS DATA

The elevated mutation frequency observed in KRAS, coupled with its pivotal involvement in human
oncogenesis and in conferring resistance to cancer therapies, has instigated the pharmacologic
interventions designed to impede mutant KRAS (Stalnecker & Der, 2020).

Recently, methodological advances and new technologies developed with the aim of searching for
KRAS direct inhibitors have had encouraging outcomes. One of the followed strategies has been to
search for drugs able to disrupt the interaction of KRAS with its effectors (O’Bryan, 2019). In this sense,
researchers have shed the light to the great potential of targeting protein-protein interactions (PPIs)
as an intervention target for novel treatment of refractory disease such as cancer and it is widely
regarded as a promising strategy in drug discovery (Hill et al., 2014; Nevola & Giralt, 2015).
However, because of the nature of the PPIs involved, regulation of these interactions is complicated,
and some challenges in discovering PPIs modulators have arisen. The PPls modulation through small
molecules mainly focuses on protein-ligand interactions such as enzymes, ions, channels or receptors,
because these proteins normally contain well-defined ligand-binding sites where small molecules
generally fit with (Santos et al., 2016). Though, PPIs modulation through small molecules is generally
considered difficult because of multiple reasons. First, the PPIs occur on the interface of a specific
domain where two identical or different proteins are in contact (Gestwicki & Smith, 2012), and the
complication is that this interface area of the interaction is larger than that of receptor-ligand contact
area, and besides that the interface is highly hydrophobic (A. Cheng et al., 2007). Second, the flattened
PPIs interface tends to have few pockets making it difficult for the designed small molecules to bind
(Diaz-Eufracio et al., 2018). Third, the amino acid residues involved in PPls are either continuous or
discontinuous in their respective protein structures, thus results in high-affinity binding between the
proteins, making it difficult for the small molecules to inhibit such high-affinity interaction (lvanov et
al., 2013). Accordingly, an alternative to small molecules should be considered, among them, peptides
containing modified amino acids or chemical modifications named peptidomimetics, which show
interesting advantages. Concretely, they have improved biological properties (Kuppusamy et al., 2019)
and they are designed to be metabolically stable, bioavailable, and high selective. These qualities allow
to overcome the challenge appeared with the synthesis and the purification of therapeutic peptides

that are not straightforward because of low yields, chemical instability, hydrolysis, and short-half life.
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Moreover, peptides are typically disordered and susceptible to proteolytic degradation, resulting in
low binding affinities.
I.  Generation of peptidomimetics designed to interfere with the interaction of Ras
with its effectors

Virtual screening of RAS inhibitors: Virtual screening of chemical database through molecular docking
protocols can help find novel potential leads suitable for further development (Cai et al., 2011; Liao et
al., 2011). In our group, two molecular docking experiments were carried out using the SMINA docking
program to identify and optimize novel inhibitors of RAS protein.

Based on the screening, a virtual library of 80,000 tri-and tetra-peptidomimetics containing at least
one positively charge and both natural and non-natural amino acids in their structure was generated
in silico. The peptidomimetics dataset was docked into RAS effector binding region around the
substrate binding site previously identified; these were subsequently ranked according to the
corresponding docking energy and finally filtered on the basis of their geometric and energetic
properties After filtering, a total of nine compounds were selected based on their favourable binding
stability to RAS protein and cell membrane permeability, as well as their optimal overall binding mode

(Table 14). As shown in Figure 21, the nine hit compounds share similar binding modes.

Figure 21: Peptidomimetic characteristics. In silico predicted binding modes of (A) P1, (B) P2, (C) P3, (D) P4,
(E) P5, (F) P6, (G) P7, (H) P8 and (1) P9. Contact point residues on the RAS surface (PDB code 5P21) are shown in

colour on the RAS protein surface: aliphatic areas are shown in green, areas with amino groups in blue and areas

106



containing carboxylic moieties in red. RAS residues involved in contact with the compounds are named using
the one letter amino acid code; the residue number is shown next to the letter. Extracted from (Pallara et al.,

2022).
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Table 14: First set of inhibitors, docking scores and PASA. Modified from (Pallara et al., 2022).
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II. Biological effect of peptidomimetics that bind to RAS effector domain.

The detailed findings presented in Debora Cabot's Doctoral Thesis (2020) delineate the primary aim of
investigating the effect of peptidomimetics targeting the RAS effector domain on RAS signalling
following EGF activation. Initial experimentation involved treating hTERT-RPE serum-starved cells with
selected peptidomimetics (50uM) for 2 hours, followed by EGF stimulation for 10 minutes. Notably,
Figure 22A revealed that P1 and P8 efficiently inhibited RAF and ERK activation, while P1 and P3
induced significant reduction in the PI3K signalling pathway by inhibiting AKT activation. Subsequent
investigations focused on identifying the most effective peptidomimetics for further study at lower
concentrations. Figure 22B illustrated that P1 emerged as the most efficient in diminishing RAS
signalling through multiple pathways in non-transformed cells. Mechanistic insights revealed that
these inhibitory effects were attributed to blocking KRAS-effector binding, validated through co-
immunoprecipitation (co-IP) assays (Figure 22C). Further exploration involved docking and selection of
four P1 derivatives based on in silico binding stability and cell membrane permeability, with Figure 22D
showing that P1.3 was the most effective in reducing P-RAF, P-ERK, and P-AKT levels. Notably, P1.3
disrupted the interaction between KRAS-G12V and its effectors CRAF and PI3K, as demonstrated in
Figure 22E. Viability assays conducted on six PDAC cell lines with various oncogenic KRAS mutations,
as illustrated in Figure 22F, revealed that P1.3 exhibited a remarkable ability to reduce cell viability,
with an IC50 of approximately 20uM, while showing minimal impact on normal cells. Although the
specific mechanism of P1.3-induced cell death in PDAC cells requires further elucidation, these findings
suggest its potential as a targeted therapeutic agent against pancreatic tumours with oncogenic KRAS

mutations, sparing normal cells from adverse effects.

Based on the antecedent experimental outcomes, P1.3 emerges as a prospective candidate for direct
therapeutic intervention targeting KRAS, recognising the significance of deepening the knowledge of
the binding interaction between P1.3 and KRAS, along with assessing its impact in murine model. The
results presented in this thesis, as outlined below, provide valuable insights into the ongoing

investigation of this topic.
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Figure 22: Biological effect of peptidomimetics that bind to RAS effector domain. (A) Effect of the indicated
peptidomimetics on RAS signalling pathways. (B) The same analyses were performed as in (A) but incubating the
cells with the indicated peptidomimetics in a range from 1, 5, 10, 25 and 50uM. (C) Co-IP of HA-KRAS-G12V with
CRAF or with PI3K was analysed in starved Hela cells expressing HA-KRAS-G12V after being incubated with P1
(in a range from 50, 75 and 100uM) for 2 h, and EGF-stimulation for 10 min. (D) hTERT-RPE starved cells were
incubated with 25uM of the indicated peptidomimetics for 2h and the activation of RAF/MEK/ERK and PI3K/AKT

pathways after EGF stimulation for 10 min was studied by WB. (E) The same analyses as in (C) were done but
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incubating the cells with 100uM of P1.3. (F) Effect of P1.3 on the cell viability of six PDAC cell lines (all harbouring

oncogenic KRAS mutations) and on a non-transformed cell line (nTERT-RPE).

4.1.2 RESULTS

4.1.2.1 Analysing the levels of RAS-GTP upon P1.3 treatment.

As P1.3 showed high ability to inhibit RAS signalling, compatible with its effect on disrupting the binding
capacity of KRAS with its main effectors CRAF and PI3K, in order to reinforce these results, an active
RAS detection assay (RBD pull-down) was performed to check the cellular levels of RAS-GTP. Serum
starved hTERT-RPE cells were treated for 2h with P1.3 followed by EGF activation for 10 min. RBD pull-
down assay showed that the levels of RAS- GTP were not modified by P1.3 treatment of the cells (Figure
23) in agreement with the fact that the action of the peptidomimetic was to inhibit the interaction of
RAS with its effectors.

Therefore, the observed decrease in P-CRAF, P-ERK and P-AKT levels were accounted by inhibition of

KRAS-CRAF and KRAS-p110aPI3K interactions.

EGF EGF+P1.3

RBD-pull down — “ Pan-RAS

Bound

S| RAS

Input

Figure 23: P1.3 treatment does not affect KRAS-GTP levels. Serum starved hTERT-RPE cells were preincubated
or not with 25uM of P1.3 for 2h and then treated for 10 min with EGF. Cells were lysed and the RAS-GTP levels
were determined by RBD-pull down as indicated in the methods section. P-AKT was also analysed in the input

to confirm the inhibitory effect of P1.3 in this specific experiment.
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4.1.2.2 Studying the direct interaction of P1.3 with KRAS-GTP by surface plasmon

resonance (SRP).
To confirm the direct interaction between KRAS and P1.3, SRP analysis was performed. Purified GST-
KRAS-G12V (amino acids 1 to 166) was immobilized and then GTP-loaded. After using different
concentrations of P1.3 as the analyte, an affinity constant (KD) of 15.7uM of P1.3 for GTP-loaded KRAS
was determined (Figure 24), while no stable sensorgrams could be obtained when analysing the
interaction between KRAS-GDP and P1.3. These data further confirmed that, according to the initial

design, P1.3 was directly interacting with RAS in its GTP loaded conformation.
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Figure 24: Direct interaction between KRAS-GST and P1.3 determined by SPR. Affinity analysis (left) and
sensorgrams (right) were determined as indicated in the Methods section. (KD: dissociation constant). Colours

in both graphs correspond to the same concentrations of P1.3.

4.1.2.3 Toxicity profile assessment of P1.3 in athymic mice

I. Determination of the Maximum Tolerated Dose (MTD) of P1.3 in athymic mice.
In order to study the antitumour efficacy of P1.3 in orthotopic xenograft model of pancreatic cancer,
first we aimed to determine the maximum tolerated dose (MTD) of P1.3 in a healthy athymic mice
(partially executed in Xenopat Company). A set of 12 athymic mice were distributed in four
homogenous groups (n=3) to receive different concentrations of P1.3 as indicated in Table 15.

Table 15. Treatment detail for each group

Group N Treatment Dose Schedule Route Blood sampling*
A 3 Vehicle - Once IP 1h, 12h, 24h, 48h
B 3 P1.3 10 mg/Kg Once IP 1h, 12h, 24h, 48h
C 3 P1.3 20 mg/Kg Once IP 1h, 12h, 24h, 48h
D 3 P1.3 40 mg/Kg Once IP 1h, 12h, 24h, 48h

112



*Mice from group A were injected 5 days later than all other mice. In all cases, the day of injection was
considered day 0. N: number of mice; IP: intraperitoneal.

After injection, mice body weight was monitored during at least 10 days (Figure 25, Table 16).

; —» VEHICLE
407 —» P1.3 (10 mg/kg)
—— P1.3 (20 mg/kg)
+ P1.3 (40 mg/k
- (40 mg/kg)

Body weight mean (g)

T T T T T 1

0 2 4 6 8 10 12 14 16

Days post-injection

Figure 25: Mice body weight mean after P1.3 treatment. Statistically significant differences in body weight were
found between groups (two-way RMANOVA test, *p=0.031). Bonferroni post-hoc test detected statistically

significant differences between vehicle and P1.3 (40mg/kg) (**p<0.01) on day 2 after treatment.

In terms of local toxicity, no evidence of pain/distress was observed after intraperitoneal injection of
vehicle, P1.3 at 10mg/kg or P1.3 at 20 mg/kg, however, injection of P1.3 at 40mg/kg induced some
distress in mice that suggested pain/irradiation into the injection site.

In terms of systemic toxicity, P1.3 at 40mg/kg induced a significant reduction of mice body weight
(>10%) after 48h of injection, that was recovered during the following few days as indicated in Figure

26 and Table 17.
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Table 16: Body weight (g)

P1.3(10
mg/kg)
Mean

SD

P1.3 (20
mg/kg)
Mean

SD

P1.3 (40
mg/kg)
Mean

SD

VEHICLE*

Mean

SD

22,1
23,9
23,8
23,3
1,0

23,1
18,6
22,5
21,4
2,4

22,1
21,2
21,2
21,5
05

23,3
22,6
23,8
23,2

06

22,5
23,3
24,3
23,4
09

22,4
18,2
22,0
20,9
2,3

21,3
17,4
18,0
18,9
2,1

24,6
22,7
24,1
23,8

1,0

Days post-injection

5
23,6
25,8
24,2
24,5

11

24,0
20,2
23,2
22,5
2,0

22,9
19,1
20,0
20,7
2,0

25,4
22,6
23,8
23,9

14

7
24,9
25,9
24,5
251

07
24,6
21,0
23,6
23,1

1,9
23,8
20,7
21,9
22,1

1,6
26,3
23,6
23,5
24,5

1,6

9
25,0
24,9
25,3
25,1
02
24,6
21,0
23,2
22,9

1,8

23,6
21,3
22,4
22,4
1,2

26,7
23,8
23,4
24,6

18

12
26,4
25,8
26,1
26,1

03
25,7
22,1
23,7
23,8

1,8
24,1
22,8
24,0
23,6

07

14
26,1
25,8
25,8
25,9
02
25,6
21,7
23,9
23,7
2,0
24,2
23,1
24,0
23,8

06

Al
A2

A3

A4
A5

B1

B2
B3

B4

B5
C1
C2
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Table 17. Percentage of body weight loss (%)

P1.3 (10 mg/kg)

Mean

SD

P1.3 (20 mg/kg)

Mean

SD

P1.3 (40 mg/kg)

Mean

SD

VEHICLE*

Mean

SD

0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

0,0

Days post-injection

17,9
15,1
12,2

7,6

Figure 26: Percentage of mice body weight loss

after

treatment.

Statistically

significant

differences in body weight were found between

groups (two-way RMANOVA test,

*p=0.025).

Bonferroni post-hoc test detected statistically

significant differences between vehicle and P1.3

(40mg/kg) (**p<0.01) on day 2 after treatment.
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Additionally, within the scope of the study described in the Materials and Methods section, diverse
concentrations of P1.3 were monitored in mice plasma over time via mass spectrometry. The findings
illustrated that P1.3 exhibited a brief retention time in the plasma, regardless of the specific

concentrations used, as depicted in Figure 27.

P1.3 in blood Maldi787.44 150 ppm ug/ml (standard curve with mice serum)

20
10mg

— 20mg
~— 40mg

15

Figure 27: Mean values of the
different concentrations of P1.3 in
plasma plotted as time courses.
Each error bar represents the

standard error of the mean (SEM)

Il.  Examination of the repeated dose toxicity of P1.3 in athymic mice
After studying the toxicity of P1.3 in athymic mice subjected to high P1.3 doses, we opted against
utilizing the 40mg/kg dosage for the repeated injection and instead focused on assessing the repeated
dose toxicity of intraperitoneal P1.3 at a reduced 20mg/kg. This dosage was chosen based on prior

findings that demonstrated its safety at a single dose in healthy athymic mice.

A set of 4 athymic mice were divided as follow: 1 mouse was used as a control, and 3 mice were
subjected to P1.3 treatment. Treatment was done 5 times per week and the complete treatment

duration was 3 weeks (Table 18).

Table 18: Treatment details for each group.

Group N Treatment Dose Schedule Route Duration
A 1 Vehicle - 5 times/week IP 3 weeks
B 3 P1.3 20 mg/kg 5times/week IP 3 weeks

N: number of mice; IP: intraperitoneal.
Mice body weight was monitored 3 times/week during the first 2 weeks of treatment, and daily during

the third week. No statistical differences between mice treated with P1.3 and the control were

observed (Figure 28, Table 19).
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Figure 28: Mice body weight after P1.3
treatment. No  statistically  significant
differences in the mice body weight were
observed between groups (two-way RMANOVA
test, p=0.586).
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Table 19: Body weight (g)*
1 3 5 8 10 11
VEHICLE 21,9 23,6 24,0 23,9 24,4 23,6
21,0 21,1 21,4 22,4 21,2 20,9
P1.3 (20 mg/ke) 24,2 24,3 25,0 25,3 23,0 22,4
22,0 21,0 21,4 21,6 21,1 20,7

* Relative body weight (%) = (Body weight Day X/ Body weight Day 1) x 100

12
223),3}
20,7
22,1

20,5

15 16 17 18 19 ID
23,9 24,0 24,2 24,4 24,3 Al
20,9 20,2 20,2 20,1 19,5 A2
24,6 25,0 26,5 26,3 26,3 A3
21,2 21,4 22,8 22,1 22,4 A4

However, at the end of the second week, P1.3-treated mice showed a gradual weight loss which was

recovered during the weekend break, and during the third week a slight weight drop was observed

again (Figure 29, Table 20). In conclusion, in terms of systemic toxicity, P1.3 at 20mg/kg was well

tolerated, showing a slight body weight loss around 5% by the end of the second week. Moreover, local

toxicity showed peritoneal organs adherence in addition to liver damage.
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Table 20: Relative body weight (%) *

Days of treatment

1 3 5 8 10 11 12 15 16 17 18 19 ID

VEHICLE 100,0 107,8 109,6 109,1 111,4 107,8 106,4 109,1 109,6 110,5 111,4 111,0 Al
100,0 100,5 101,9 106,7 101,0 99,5 98,6 99,5 96,2 96,2 95,7 92,9 A2

P1.3 (20 mg/kg) 100,0 100,4 103,3 104,5 95,0 92,6 91,3 101,7 103,3 109,5 108,7 108,7 A3
100,0 95,5 97,3 98,2 95,9 94,1 93,2 96,4 97,3 103,6 100,5 101,8 A4

* Relative body weight (%) = (Body weight Day X/ Body weight Day 1) x 100

Furthermore, we evaluated the organ toxicity at histological level after repeated P1.3 intraperitoneal
injection (20mg/kg, 5 days/week, 3weeks) in healthy athymic mice. Liver, spleen, and pancreas
hematoxylin-eosin (H&E) histologic sections from the 3 animals treated with P1.3 and one animal

treated with the vehicle were analysed.

As shown in Figure 30 no signs of toxicity were observed in spleen. Pancreatic parenchyma did not
show histologic alterations in their exocrine and endocrine components in any of the three mice that
received P1.3 treatment (Figure 31). However, some histological alterations were found in liver. In two
out of the three livers that received P1.3 treatment, geographical outlined areas of subcapsular pan-
acinar coagulative necrosis were observed (Figure 32). In view of these results, this coagulative necrosis
was limited to subcapsular areas, and the remaining liver parenchyma had no histological alterations.
These changes could probably be related to direct contact to the intraperitoneal administrated drug.
In completable with the analyses of the origin of this coagulative necrosis as no signs of thrombosis or
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vascular damage were objectivated after seriation of the paraffin blocs, ruling out the possibility of
systemic thrombosis/embolism induced by P1.3. Furthermore, in these cases the remaining liver
parenchyma that was away from the peritoneal surface, showed normal architecture without

inflammatory activity, signs of cholestasis, steatosis, or abnormal deposit (Figure 33).

NON-TREATED SPLEEN

Al

A
P1.3-TREATED SPLEEN

Figure 30: Histological appearance of the spleen in a non-treated mouse and three P1.3 treated mice.
Representative H&E staining of spleen. A2, A3 and A4 mice were treated with P1.3. Original magnification 50k,

scale bar 200um (A, C, E, and G); or 200x, scale bar 50um (B, D, F, and H).
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NON-TREATED PANCREAS

Al

Figure 31: Histological
appearance of the
pancreas in a non-treated
mouse and three P1.3
treated mice.
Representative H&E
staining of the pancreas.
A2, A3 and A4 mice were
treated with P1.3. Original
magnification 100x, scale
bar 100um (A, C, E and G);
or 200x, scale bar 50um
(B, D, Fand H).

Figure 32: Histological
appearance of the liver in
P1.3- treated mice.
Representative H&E
staining of the liver.
Subcapsular pan-acinar
coagulative necrosis

highlighted by dashed

lines: A and B (mouse A2), C and D (mouse A3). Original magnification 100x, scale bar 100um (A and C); or

200x, scale bar 50um (B and D).
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NON-TREATED LIVER

Figure 33: Histological appearance of the liver in P1.3-treated mice and control. Representative H&E staining
of the liver. Normal liver parenchyma is shown in all images. A and B (mouse Al), C and D (mouse A2), E and F
(mouse A3) and G and H (mouse A4). The images corresponding to mice A2 and A3 correspond to parenchyma
away from the hepatic surface. Original magnification 100x, scale bar 100um (A, C, E, G, | and K); or 200x, scale

bar 50um (B, D, F, H and J).

In conclusion, P1.3 does not induce any organ toxicity at the evaluated doses (20mg/kg) in spleen,

pancreas, or liver but intraperitoneal injection can induce coagulative necrosis in liver.
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4.2 CHAPTER 2

Searching for small molecules that bind directly to
oncogenic KRAS interfering with its activity.
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4.2.1 BACKGROUND AND PREVIOUS DATA

As deeply mentioned in the introduction, KRAS plays a central role in signal transduction, and
KRAS mutations are closely related to tumour initiation and development. Successful
targeting mutant KRAS will lead to a new platform for targeted oncology therapy. However,
after 40 years of efforts, targeting KRAS has been challenging due to the difficulty to design a
drug to recover the GTPase activity and the lack of druggable pockets. Researchers switched
to other important molecules in the KRAS signalling pathway, such as RAF, MEK, and ERK.
However, there has been no significant success in KRAS-driven tumours as they have obvious
heterogeneity, which partly explains the poor efficacy of non-specifically targeting KRAS. Due
to the lack of clear results and to the development of new in silico technologies, scientists
concentrated again on directly targeting KRAS. Two different new strategies focused on
regions other than the effector binding site opened the possibility of inhibiting oncogenic
KRAS activity.

The first one is based on the identification of several post-translational modifications of KRAS
such as phosphorylation, acetylation, ubiquitination, and others (Barceld, Paco, et al., 2014b;
M. H. Yang et al, 2012b) that are able to modulate KRAS activity. Therefore,
pharmacologically targeting these modifications could be a promising therapeutic strategy
against oncogenic KRAS.

The second approach is supported by the fact that oncogenic KRAS activity can be modulated
through interaction with non-effector proteins that bind to the HVR/and the allosteric lobe.
PDE6-6 (Chandra et al., 2011), galectin 3 (Shalom-Feuerstein et al., 2008), calmodulin (CaM)
(Garrido et al., 2018; Lopez-Alcala et al., 2008; Villalonga et al., 2002), hnRNPA2 (Barceld et
al., 2014b), nucleophosmin (Inder et al., 2010) and Bcatenin (Lee et al., 2018) are some
examples. These interactions regulate either KRAS recycling, degradation, lipid binding,
clustering at the plasma membrane, phosphorylation or other unknown features that are
important for KRAS signalling (Seguin et al., 2017; Shalom-Feuerstein et al., 2008;
Zimmermann et al., 2013). Thus, drugs that interfere with these binding sites might be useful

to inhibit KRAS activity.
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With the aim of searching new compounds that might be interfering with the interaction of
KRAS and the non-effector proteins in the allosteric lobe, our group established a
collaboration with Dr. J. Rubio (Facultat de Quimica, Universitat de Barcelona). Details of this
in silico investigation are described in Dr. E. Garrido’s Doctoral Thesis and published in
Abuasaker et al. (2023) (Abuasaker et al., 2023). These results are the starting point of this

chapter of the thesis.

4.2.1.1 KRAS modelling, virtual screening and selection of the best
compound as a KRAS interactor

A sophisticated computational dynamic model of KRAS, specifically tailored to explore the
diverse allosteric binding sites accessible within its structure had been previously developed
by the group. Among these sites, pocket Ill stands out, positioned between the a4 and a5
helices (Figure 34A). This region gained significance due to its identification as the binding site
for CaM, a finding supported both experimentally (Lopez-Alcald et al.,, 2008a) and
theoretically (Garrido et al., 2018a). The confirmation of pocket Ill's existence was further
solidified through advanced computational tools, including LIGSTECSC and Pocket-Depth
analyses (B. Huang & Schroeder, 2006; Kalidas & Chandra, 2008). Notably, this pocket
remains conserved across all examined KRAS structures, including those in an inactive state,
underscoring its potential significance. As such, the current investigation is centred on
structure 4DSN from the Protein Data Bank, representing KRAS with the oncogenic mutation
G12D and loaded with the GTP cofactor, a configuration ideal for targeting (further details
provided in (Abuasaker et al., 2023)).
Utilizing state-of-the-art in silico docking techniques, as detailed in (Abuasaker et al., 2023), a
meticulously screening of a library of compounds was performed, ultimately identifying
nineteen candidates demonstrating the most favourable binding energies as potential KRAS
interactors. Subsequently, the top-performing compounds underwent rigorous selection
criteria, considering factors such as availability, solubility, and preliminary assessment of their
negative impact on cancer cell viability (E. Garrido’s Doctoral Thesis). Among these, P14
(depicted in Figure 34B) emerged as the optimal candidate for further biochemical
examination of its interaction with KRAS, as well as exploration of its potential effects on

signalling pathways and viability of treated cancer cells.
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Cl

Figure 34: (A) Surface of the KRAS binding-site suggested to bind CaM in blue. (B) Formula of the

selected compound P14. Extracted from (Abuasaker et al., 2023).

4.2.2 RESULTS

4.2.2.1 Biological effects of the selected compound (P14) on colorectal
cancer cells (CRC)

As the data obtained from the docking analysis had demonstrated that the selected
compound P14 was binding to a pocket near a5 helix of KRAS (Figure 1A), and consequently
this binding might prevent the interaction of KRAS with CaM, and since we had previously
shown that CaM inhibited KRAS signalling (Alvarez-Moya et al., 2011), we aimed to analyse
the effect of P14 on the activation of downstream KRAS signalling pathways (RAF/MEK/ERK
and PI3K/AKT) in DLD-1 cells (CRC cell line harbouring one oncogenic KRAS-G13D allele).

In order to examine an expected impact on the activity of AKT and ERK upon P14 treatment,
serum-starved DLD-1 cells (0.1% FBS) were subjected to 100uM of P14 at different times. As
positive control of downstream KRAS signalling activation, cells incubated with 10% FBS
containing medium for 30 minutes were also analysed. Western-blot (WB) against the
phosphorylated active forms of AKT and ERK showed that the level of P-AKT increased after
subjecting the cells to 100uM of P14 for 3 hours and remained elevated up to 6 hours, while
activation of ERK started to appear after 45min of treatment and significantly increased after

3 and 6 hours (Figure 35). Based on this observation, for the subsequent experiments we
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chose 3h-treatment as it was turned out to have the most significant effect on RAS

downstream signalling.

15min 30 min 45 min 1h 3h _6h

FBS10% - + - - + - - 4+ - - + - - 4 - - + -
P14100pM - - + - - 4+ - - + - - 4 - -+ - - 4
DMSO + - - + - = + - - 4 -, .4 -
pakTsazs[ = - m e e e[ = =]
AKT ‘-------—-----H----.-‘
P-ERKTZOZ/Y204‘ T T T my——— _H = _--‘
ERK (EEEEE == Emrl== ==

Figure 35: P14 treatment of DLD-1 cells increased endogenous downstream RAS signalling. DLD-1-
starved cells were incubated for different times with 100uM P14, or for 30 min with 10%FBS. The
levels of activation and the total levels of ERK and AKT were analysed by WB with specific antibodies
against the active phosphorylated forms of the kinases or against the total forms of these proteins,

respectively.

4.2.2.2 P14 derivatives formulation and biological effects on CRC cells

Following the observation of a remarkable biological impact upon treating CRC cells with P14,
and concurrently with ongoing confirmation experiments, our research team initiated a
collaborative effort with Dr. Maria Dolors Pujol (Facultat de Farmacia, Universitat de
Barcelona). The objective was to explore novel formulations of P14 that could further
enhance its efficacy against cancer cells. Detailed descriptions of the chemical methodology
employed to synthesize the P14 derivatives are explained in Abuasaker et al. (2023).

For inclusion in our investigation, four initial derivatives of P14 were formulated, designated
from P14A to P14D (Table 21 left). Subsequently, six additional derivatives were synthesized,
identified as P14E through P14J (Table 21 right).
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Table 21: Chemical structure of the small molecule P14 and its derivatives.
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Next, P14 derivatives potential effects on KRAS signalling were studied. Serum-starved DLD-1
cells (0.1% FBS) were treated with 100uM of P14A to P14) for 3 hours, and the activation of
AKT and ERK was assessed by WB. As shown in Figure 36, P14, P14B, and P14C were able to
activate AKT and ERK kinases, with P14 and P14B being the most efficient, whereas P14D, and

from P14E to P14J) had no impact on cell signalling.
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Figure 36: P14B derivative increased endogenous downstream RAS signalling the most. DLD-1-
starved cells were incubated for 3 hours with 100uM P14 and derivatives, or for 30 min with 10%FBS.
The levels of activation and the total levels of ERK and AKT were analysed by WB with specific
antibodies against the active phosphorylated forms of the kinases or against the total forms of these

proteins, respectively.

Since P14B exhibited the highest capacity to activate KRAS signalling, even at levels
comparable to those achieved with 10% FBS (at 30 minutes), we selected it for further study.
Figure 37 shows the spatial representation of the KRAS-P14 and KRAS-P14B complexes after

been analysed by molecular dynamics (collaboration with Dr. Jaime Rubio).

Figure 37: Spatial representations at the end of 100ns of conventional molecular dynamics of the

complexes: (A) KRAS-P14 (A) and KRAS-P14B (B). Extracted from (Abuasaker et al., 2023).
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Following, the ability of P14B to affect the kinetics of RAS downstream signalling was analysed
in DLD-1 cells treated with P14B at different times compared to 10% FBS. As shown in Figure
38, the kinetics of AKT, MEK, and ERK phosphorylation differed. The highest activation of ERK
and MEK was clearly delayed in P14B-treated cells compared to 10% FBS. MEK and ERK
activation began to appear after 15 minutes of P14B treatment, reaching their maximum
levels after 3 hours. Additionally, MEK activation was no longer sustained after 3 hours, in
contrast to ERK, which maintained a sustained level of P-ERK after 3 hours of treatment,

extending up to 6 hours.
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Figure 38: P14B treatment of DLD-1 cells induced a sustained increase in RAS signalling. DLD-1-
starved cells were incubated for different times with 100uM P14B, or for 30 min with 10%FBS. The
levels of activation and the total levels of CRAF, MEK, ERK and AKT were analysed by WB with specific
antibodies against the active phosphorylated forms of the kinases or against the total forms of these

proteins, respectively. WB anti-tubulin was used as a loading control.

Concluding, P14B, a small compound shown to interact with a4-a5 surface of KRAS in silico,

induces a sustained increase in KRAS signalling in CRC cells.

4.2.2.3 Studying the specificity of P14B on KRAS oncogenicity in CRC

Since our experiments clearly showed that P14B treatment of CRC cells harbouring an

oncogenic KRAS mutation (DLD-1) increased downstream RAS signalling, to study the effect

of P14B in other cell lines, lacking oncogenic KRAS, was needed to confirm P14B specificity on

oncogenic KRAS.
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With this objective, we compared the effects of treating cell lines with different KRAS genetic
background with P14B. For that, we took advantage of the existence of the isogenic CRC cell
lines DLD-1 (expressing one oncogenic KRAS allele) and DLD-1-KO (DLD-1 from which
oncogenic KRAS allele has been deleted). Additionally, the normal immortalized retinal
pigment epithelium hTERT-RPE cells were included as a representative of non-transformed
cell line.

Serum-starved cells (0.1% FBS) were treated for 3 hours with P14B (100 uM), and the
activation of AKT and ERK was evaluated by WB. As shown in Figure 39A, while AKT and ERK
phosphorylation dramatically increased after P14B treatment in DLD-1 cells to almost the
same levels as reached with 10%FBS, no significant variation was observed in hTERT-RPE
treated cells. Concerning DLD-1-KO cells, P-AKT and P-ERK was observed in P14B-treated cells,
but the activation of these kinases was very much lower than that achieved in DLD-1 treated

cells. The quantification data from four independent experiments are presented in Figure 39B.
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Figure 39: P14B treatment of CRC cells increased endogenous KRAS signalling depending on
oncogenic KRAS expression. (A) DLD-1, DLD-1-KO, and hTERT-RPE starved cells were
incubated with 100 uM of P14B for 3 hours, and the levels of activation of ERK and AKT were
analysed by WB. Specific antibodies against the active phosphorylated and total proteins were
used. (B) The graphs display the quantification results from four independent experiments.
Differences were assessed using one-way ANOVA and Multiple Comparisons Test and were
considered significant when p < 0.05. *: p-value <0.05; **: p<0.01; ***: p-value <0.0001; and

ns: non-significant.

4.2.2.4 P14B directly binds to oncogenic KRAS competing with CaM in

vitro

In summary, P14B demonstrates distinct ability to induce KRAS signalling in cells with
oncogenic KRAS compared to those without. To investigate the potential direct interaction
between oncogenic KRAS and P14B, we conducted surface plasmon resonance (SPR) analyses.
In this experiment, the globular domain of KRAS (residues 1-166) tagged with GST was
expressed, purified (as shown in Figure 40A), and immobilized on the CM5 sensor chip for
SPR, following the procedure detailed in the Materials and Methods section. The sensor chip
was loaded with GTP to ensure that KRAS was in the GTP-bound state. Various concentrations
of P14B, ranging from 0 to 200 uM, were then injected as the analyte to assess the
interaction's affinity. As depicted in Figure 40B, we determined an affinity constant (KD) of
32.8 uM for the binding of P14B to GTP-loaded KRAS.

Having P14B binding affinity to oncogenic KRAS, we wondered if this interaction occurred
through the same surface region that KRAS uses to interact with CaM. To confirm this
hypothesis, an in vitro competitive assay was conducted. This assay involved pulling down
recombinant GTP-loaded GST-KRAS-G12V (1-166) using CaM-sepharose beads and
subsequently incubating it with increasing concentrations of P14B. As depicted in Figure 40C,
the calcium-dependent binding of GST-KRAS-G12V to CaM was attenuated in the presence of
P14B.
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Figure 40: SPR analysis of P14B binding to oncogenic KRAS and competition with CaM: (A) GST-KRAS-
G12V (1-166) and GST alone were purified from bacteria as described in Materials and Methods. The
row collected bacterial samples were electrophoresed on a 10% acrylamide gel and subsequently
stained with Coomassie brilliant blue, revealing the presence of both GST and GST-KRAS proteins. (B)
Kinetic analysis (left) and sensograms (right) depicting the interaction between P14B and GST-KRAS-
G12V (amino acids 1-166) as assessed through SPR. Resonance units (RU) are indicated on the vertical
axis. The colour-coding utilised in the kinetic analysis is consistently applied in the sensogram to
present each concentration of P14B. (C): CaM-sepharose pulldown assay conducted with GST-KRAS-
G12V in the presence of P14B. Ca*? or EGTA containing buffers indicate specific or non-specific KRAS-
G12V binding to CaM, respectively. Bound fractions were analysed by WB with anti-KRAS specific

antibodies.
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4.2.2.5 P14B enhances oncogenic KRAS interaction with its effectors

BRAF and P-CRAF, not affecting ARAF or CRAF.

After confirming the direct interaction between KRAS-G12V and P14B, we proceeded with a
co-immunoprecipitation (co-IP) assay to investigate whether this interaction had any
influence on the ability of oncogenic KRAS to bind to its effector proteins thereby favouring it

and consequently leading to increase in downstream signalling.

We conducted a co-IP experiment to analyse the interaction of KRAS with various RAF family
members following treatment with P14B at different times. This interaction was assessed
after 10 min of P14B treatment, as P-CRAF and P-MEK were already observed after 15 min
(see figure 38).

First of all, as a control over of the use of this cell line for the co-IP, serum-starved DLD-1 cells
stably expressing HA-KRAS-G12V were treated for 30 min with 10%FBS or with P14B for 3
hours, and AKT and ERK activation analysis was performed by WB. We chose these cells to
take advantage of that they express HA epitope tagged KRAS, which facilitates the co-IP. The
results indicated that P14B induced the phosphorylation of AKT and ERK in these cells (Figure
41A), confirming that P14B effect was not influenced by the expression of the HA epitope in
KRAS nor the type of KRAS oncogenic mutation. The co-IP confirmed the interaction between
CRAF and oncogenic KRAS under serum- starvation conditions. However, we observed that
only in response to EGF treatment, the immunoprecipitated CRAF was phosphorylated as
illustrated in Figure 41B. Intriguingly, treatment with P14B significantly elevated the levels of
phosphorylated CRAF (P-CRAF) that co-immunoprecipitated with KRAS, reaching levels similar
to those achieved by EGF treatment. In contrast, BRAF did not form a complex with oncogenic
KRAS under serum-starved conditions. Yet, upon EGF stimulation, we detected the interaction
between these two proteins, as depicted in Figure 41B. Remarkably, P14B treatment induced
a similar effect to the one caused by EGF, resulting in an increased interaction between KRAS

and BRAF compared to non-treated cells. As CRAF, the interaction between ARAF and
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oncogenic KRAS was already present under serum- starvation and no changes were detected

due to the treatment with EGF nor P14B.
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Figure 41: Treatment with P14B enhances the interaction of oncogenic KRAS with its effectors BRAF
and CRAF/P-CRAF. (A) Serum-starved DLD-1 cells, which stably express HA-KRAS-G12V (DLD-1-HA-
KRAS-G12V), were incubated with 100 uM P14B for 3 hours of 10%FBS for 30 minutes. WB was
performed using the specified antibodies against the phosphorylated and the total proteins indicated.
(B) Co-IP of HA-KRAS-G12V with BRAF, CRAF/P-CRAF, or ARAF was examined in starved DLD-1- HA-
KRAS-G12V cells after treatment with 100 uM P14B or EGF for 10 minutes. Co-IP was carried out using
anti-HA antibodies, and WB was performed on the bound and input fractions using antibodies specific

for BRAF, CRAF, P-CRAF (S338), and ARAF. (-) represents the non-treated control.

4.2.2.6 P14B decreases the viability of CRC cells expressing oncogenic

KRAS in 2D and 3D culture conditions

To elucidate the impact on cell viability of alterations in oncogenic KRAS signalling pathways
and of the ability of oncogenic KRAS to interact with its effector proteins following P14B
treatment, we conducted comprehensive analyses. Our assessments focused on the cell lines
studied in Figure 39: DLD-1 (expressing oncogenic KRAS), DLD-1-KO (with the oncogenic KRAS
allele deleted), and the non-transformed cell line hTERT-RPE. We performed dose-response
experiments ranging from 0 to 100 uM, with a 48-hour incubation period under 10% FBS
conditions. As depicted in Figure 42A, P14B exhibited a significant reduction in the viability of
DLD-1 cells, particularly at concentrations of 75 uM and 100 uM. The calculated IC50 for DLD-
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1 cells was approximately 80 uM, where viability remained unaffected in both DLD-1-KO and
non-transformed hTERT-RPE cells. Notably, no significant reduction in viability was observed
between DLD-1-KO and hTERT-RPE cells, underscoring the specific impact of P14B on the
viability of DLD-1 cells with oncogenic KRAS.

In this phase of our investigation, we aimed to ascertain whether cell death occurred through
apoptosis. To achieve this, all three cell lines were exposed to P14B for 34h or 48h, after which
we analysed the expression of cleaved caspase-3 by WB. As illustrated in Figure 42B, the
presence of cleaved caspase-3 was solely discerned in the treated DLD-1 cells, while it
remained undetectable in the samples from both DLD-1-KO and hTERT-RPE cells. These
findings strongly suggest that the induction of apoptosis, as indicated by cleaved caspase-3
expression, was specific to P14B treatment in DLD-1 cells, reinforcing the selective impact of

P14B on this cell line.

We also investigated the impact of P14B on DLD-1 cells implanted in 3D environment. When
P14B was added during the initial cell seeding process, a marked reduction in the colony-
forming capacity within Matrigel matrices was evident, even at a concentration as low as 10
UM. Furthermore, when P14B was administered 24h after the cells had been seeded (at a
point when colonies were already established), a discernible reduction in the size of the
colonies became evident, particularly at a concentration of 40 uM (Figure 42C). This
observation underscores the potent effect of P14B in modulating the behaviour of DLD-1 cells

within a 3D culture context.
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Figure 42: P14B treatment induces apoptotic cell death in DLD-1 cells. (A) DLD-1, DLD-1-KO, and RPE
cells were subjected to P14B treatment across a range of doses from 0 to 100 uM and incubated for
48h. Cell viability assay (MTT) was conducted on a minimum of three separate occasions. Statistical
differences were evaluated utilizing one-way ANOVA coupled with a Multiple Comparisons Test.
Significance was established with a p-value of less than 0.0001 (****) indicating significance between
DLD-1 and RPE or DLD-1-KO cells, and a p-value of less than 0.0001 (####) denoting significance
between various concentrations of P14B treatment and non-treated DLD-1 cells. All results were
considered significant at p < 0.05. (B) Cells were exposed to P14B (100 uM) for 34h and 48h, followed
by cell lysis. WB was performed by using antibodies against the apoptosis marker, cleaved caspase-3.
As a positive control, cells treated with the apoptosis inducer palmitic acid (PA) were included for the

reference. (C) A total of 2.5 x 10* DLD-1 cells were cultivated on a thin basement membrane matrix
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(Matrigel), which was overlaid with a diluted matrix solution, thereby establishing 3D on-top Matrigel
assay. At the point of initial cell seeding or 24 hours thereafter, the cells received treatment with
varying concentrations of P14B (10 uM, 40 uM, or 100 uM). Subsequently, three days post-seeding,
the formed colonies were subjected to analysis. Representative phase-contrast images are presented,

with all scale bars set at 40 um.

4.2.2.7 P14B decreases the viability of Patient Derived Colorectal Cancer
Organoids (PDCOs)

In pursuit of a more consistent and clinically relevant perspective, we sought to investigate
the potential implications for cancer therapy. To achieve this, we established a collaboration
with Abud’s laboratory, at Monash Biomedicine Discovery institute, Department of Anatomy
and Developmental Biology, Monash University, Australia. Our primary focus was to
established Patient Derived Colorectal Cancer Organoids (PDCOs) with the primary objective
of faithfully recapitulating the architectural, physiological, and genetic characteristics of the
original tissue. We conducted Presto-Blue assay (Figure 43B) over a span of five days,
employing three technical triplicates. Our study focused on PDCOs (ORG148T) (Figure 43A
left) harbouring oncogenic KRAS mutations and compared them to Patient Derived Normal
Organoids derived from colorectal cancer patient (ORG141N) (Figure 43A right). The initial
results yielded compelling insights. As indicated in Figure 43B, in a dose-response experiment
spanning from 0 uM to 100 uM, ORG148T displayed a discernible response to P14B treatment
over the course of five days. This response was characterised by a statistically significant
difference across various doses, in contrast to the DMSO-treated control. Notably, at doses
of 50 uM, 75 uM and 100 pM, all responses exhibited remarkable distinctions from the
control, with p-value equal or less than 0.0001. Conversely, P14B demonstrated no discernible
effect on ORG141N even after five days of treatment. This observation reveals the specificity
of P14B towards organoids bearing oncogenic KRAS mutations. These findings hold significant
promise for the targeted therapeutic potential of P14B in colorectal cancer, as indicated by

its selective impact on oncogenic KRAS-harbouring organoids.
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Figure 43: PDCOs viability is impaired by P14B treatment: A) Representative images of ORG 148T
(left) and ORG 141N (right). Images were captured at 10x magnification on EVOS M7000. Scale bar=
400um. (B) Graphical representation of the cell viability of ORG148T and ORG141N treated with P14B.
Cell viability is displayed as a fold-change from the DMSO-treated control under each concentration,
as measured with the PHERAstar FS plate reader following 45 minutes incubation with Presto-Blue

reagent.

4.2.2.8 Biological effects of P14 and P14B on pancreatic ductal
adenocarcinoma cell lines (PDAC)
Furthermore, we sought to broaden our investigation by examining the impact of P14 and
P14B on pancreatic cancer. For this, we subjected six distinct PDAC cell lines, each bearing
different KRAS mutations, to serum starvation and treated them with 100 uM of P14 for 3
hours. This allowed us to explore potential alterations in KRAS signalling under the same
conditions as for CRC cells. As seen in Figure 44A, a slight elevation in the levels of P-AKT and
P-ERK were observed after treating the PDAC cells with P14, with some variability of activation
among them. Next, to gain initial insights into the impact of the chosen derivative, P14B, on
PDAC cells, we selected PA-TU 8902 cell line to assess its potential in activating KRAS

signalling. Serum-starved cells were treated for 3 hours with 100 uM of P14B, mirroring our
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approach with the CRC lines DLD-1 and DLD-1 stably exogenously expressing oncogenic KRAS
(HA-KRAS DLD-1), and with the hTERT-RPE cells. However, in PA-TU8902 cells as depicted in
Figure 44B, we did not detect any significant further activation of AKT, CRAF or ERK levels
following P14B treatment compared to the baseline levels of activation of these kinases.
Further experiments should be conducted validate these findings across various PDAC cell
lines.

In conclusion, while P14 amplifies KRAS downstream signalling in PDAC cells, P14B fails to

exhibit similar effects. As a result, we opted to further pursue our investigation with a focus

on CRC.
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Figure 44: P14 but not P14B treatment of PDAC cell lines increased endogenous downstream RAS
signalling. The indicated serum starved cell lines were incubated for 3 hours with 100uM P14 (A) or
P14B (B), or for 30 min with 10%FBS. The levels of activation and the total levels of CRAF, ERK and AKT
were analysed by WB with specific antibodies against the active phosphorylated forms of the kinases

or against the total forms of these proteins.

4.2.2.9 Setting up the UltralD proximity-dependent biotinylation (PDB)

technology in CRC cells

To elucidate potential interactors of oncogenic mutant KRAS in colorectal cancer (CRC) and
gain insights into alterations induced by P14B treatment that might explain the results
obtained up to the moment, the interactome of oncogenic KRAS-G12V was assessed using
the proximal-dependent biotinylation technique (PDB). This method offers a distinct

advantage over affinity purification, capturing weak or transient interactions within living cells
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(Roux et al., 2012). In the original procedure (see Figure 45), an abortive variant of the protein

biotin ligase (PBL) BirA, from Escherichia coli, fused to the protein studied was used. This PBL

was called BiolD. From BiolD, other enzymes were developed over time (BiolD2, BASU,
TurbolD, miniTurbo, and AirlD) (Kubitz et al., 2022) in order to eliminate some obstacles
detected when assessing the experiments with BiolD. In this thesis, a deduced variant of
microlD (a truncation derived form of BiolD2) named UltralD, being the smallest (below 20

kDa) and most efficient PBL available for PDB at the moment, has been used.
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Figure 45: Schematic representation of the UltralD method (modification of the original BiolD).

Adapted from Riannon M Sears et al. Methods in Molecular Biology 2019.

I.  Generation of the UltralD-KRAS-G12V vector.
To ensure the generation of the KRAS-G12V-UltralD-C1 plasmid with unwavering precision,
initially, the UltralD sequence from the pCMV-C1-myc-UltralD plasmid was amplified via PCR
(depicted in Figure 46A) and, employing a meticulous approach to guarantee accuracy as
detailed in Materials and Methods section. Subsequently, both the UltralD PCR product and
the mCherry KRAS-G12V plasmid (Figure 46B) underwent digestion using Agel and Bsrgl
enzymes. The resulting digestion products were analysed using 1% agarose gel
electrophoresis, revealing distinct bands corresponding to UltralD (570 bp), KRAS-G12V (4500
bp), and Cherry (700 bp) confirming the successful amplification of the UltralD sequence and
the precise digestion of the mCherry KRAS-G12V plasmid, as illustrated in Figure 46C.
Following this, a precise fusion was achieved by linking the C-terminus of the myc-tagged

UltralD to the N-terminus of KRAS-G12V, yielding the desired plasmid construct. Thorough
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verification of this construct was conducted, as depicted in Figure 46D and E, ensuring its

suitability for subsequent PDB assays in CRC cells.
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Figure 46: UltralD KRAS-G12V cloning. (A) pCMV-C1-myc-UltralD vector map. . (B) mCherry KRAS-
G12V vector map. (C) Agarose 1% gel electrophoresis showing the doble digestion of the UltralD PCR
product and 2 mg of mCherry KRAS-G12V with Agel and Bsrgl (lanes 1 and 2, respectively). As positive
control: single digestions of the mCherry KRAS-G12V (lanes 3 and 4, respectively). (D) After ligation
and plasmid purification, agarose 1% gel electrophoresis showing the double and single digestions of
2 mg of KRAS-G12V-UltralD-C1 with Agel and Bsrgl (lanes 2, 5 and 6). UltralD PCR product was resolved
as a positive control (lane 1). (E) KRAS-G12V-UltralD-C1 vector map.

Il.  Functional validation of the UltralD-KRAS-G12V vector and setting up the PDB

method.

To validate the functionality of UltralD-KRAS-G12V expression vector, a comprehensive series
of experiments was conducted using DLD-1 cells. These cells were transiently transfected and
incubated with or without biotin for a defined duration of 30 minutes. As positive control to
verify biotinylation activity, DLD-1 cells were transiently transfected with the previously
validated BiolD-KRAS-G12V plasmid. Notably, these transfected cells underwent incubation
with or without biotin for an extended period of 16 hours. To ascertain the specificity of
biotinylation, DLD1 cells transiently expressing the fluorescent fusion protein Cherry-KRAS-
G12V were employed as a negative control.

Moreover, to explore the potential influence of the growth factors on biotinylation, UltralD-
KRAS-G12V expressing cells were subjected to either serum starvation or cultured in the
presence of 10% FBS. Subsequently, protein cell lysates were obtained, subjected to SDS-
PAGE and transferred onto a blotting membrane. Following, biotinylated proteins were
detected by incubating the blotting membrane with streptavidin-conjugated horseradish
peroxidase (HRP) as illustrated in Figure 47A. The following conclusions were drawn from this
experiment: (a) biotinylated proteins exclusively manifest within cells transfected with BiolD-
KRAS-G12V or UltralD-KRAS-G12V and subsequently incubated with biotin; (b) BiolD is more
effective as PBL than UltralD, but it requires longer duration of biotin incubation; (c) the
presence of FBS does not affect UltralD functioning.

Upon demonstrating this enzymatic activity, given that KRAS-G12V predominantly localizes in
the plasma membrane, the next investigation aimed to validate the positioning of the UltralD-

KRAS-G12V fusion protein within this cellular structure. To achieve this, DLD-1 cells
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transiently transfected with the construct underwent immunofluorescence microscopy,
leveraging an anti-myc antibody to exploit the myc-tag integrated into the expressed
molecule. As illustrated in Figure 47B, the image clearly shows the localization of UltralD-
KRAS-G12V at the plasma membrane.

Prior performing the definitive large-scale experiment, a crucial precursor in our investigation
was to refine the purification process for the biotinylated proteins found within the cell lysate.
DLD-1 cells transiently transfected with UltralD-KRAS-G12V were incubated with or without
biotin. Post cell lysis, the biotinylated proteins were affinity-captured with streptavidin-
conjugated beads. Following the protocol described in Materials and Methods section, the
purified biotinylated proteins were resolved by SDS-PAGE, transferred to a blotting
membrane, and incubated with streptavidin-HRP. This analysis demonstrated the successful
purification of the ultralD-KRAS-G12V labelled proteins solely from the samples originating

from cells incubated with biotin (Figure 47C).

A

B C
10% FBS + + + + + - - + +
UltralD KRAS-G12V . . - - - + + + t UltralD KRAS-G12V + +
BiolD KRAS-G12v . . . + + Biotin ~ +
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Biotin - - + -+ -4 - s
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Figure 47: UltralD setup method. (A) DLD-1 cells transiently transfected with the indicated plasmids
were incubated with or without 50 uM biotin for 16 hours (for BiolD-KRAS-G12V transfected cells) or
for 30 minutes (for UltralD-KRAS-G12V transfected cells). Blotting analysis with streptavidin-HRP. (B)
Representative image of DLD-1 cells transiently transfected with UltralD-KRAS-G12V subjected to
immunofluorescence technique with anti-myc antibodies. Nuclei were evidenced with DAPI (blue). (C)
DLD-1 cells transiently transfected with UltralD KRAS-G12V were incubated with 50 uM biotin for 30
minutes. After cell lysis, biotinylated proteins were affinity captured with streptavidin-conjugated

beads. Image shows the blotting analysis with streptavidin-HRP of the beads.
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lll.  PDB technology reveals differential KRAS protein interactions upon P14B treatment

in CRC.

In the pursuit of identifying proximal interacting proteins associated with KRAS and putative
alterations induced by P14B treatment in CRC cells, a comprehensive experimental approach
was undertaken. DLD-1 cells transiently transfected with UltralD-KRAS-G12V were cultured in
triplicate, serum starved (24 hours) and then treated or untreated with P14B (1 hour). Biotin
was added in the last 30 minutes of the treatment. Subsequently, a streptavidin pull-down
was executed, followed by a thorough analysis using mass spectrometry (MS). After
identification of the proteins, a compelling landscape, unveiling a total of 117 high-confidence
KRAS-proximal interactors was obtained (refer to Figure 48A). Among these, 16 proteins were
previously identified and strongly validated (score 0,4) as physically interacting with KRAS
from the BioGrid database, featuring noteworthy candidates such as MAPK1, EGFR, BRAF, and
ARAF (depicted in Figure 48B).

Figure 48: Identification of proteins interacting with KRAS-G12V through LC-MS/MS analysis using

Cytoscape software. (A) A total of 117 KRAS proteins were detected to interact with KRAS-G12V,
revealing a comprehensive view of the KRAS interactome. (B) Exploration of physically interacting

partners with KRAS-G12V focuses on potential interactors.
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Proteome Discoverer analysis and SAINT analysis allowed us to determine Differentially
Biotinylated Proteins (DBPs) of KRAS interactors in cells treated or untreated with P14B
(Table22).
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Table 22. Table showing the previously described KRAS interactors detected as Differentially

Biotinylated Protein (DBP). Cytoscape analysis with a cut score of 0,1 was used to determine the

interactors.
Log2 K'nown KRAS Direct Indirect
ID NAME Fold FDR |ntera!ctors physical physical
Change (Phys!cal & interactors | interactors
Functional)
P29144 | Tripeptidyl-peptidase 2 6,64 1,28E-16 v/
Q9HDC5 | Junctophilin-1 6,64 1,28E-16 v v
QI9NRA45 | Sialic acid synthase 6,64 1,28E-16 v
P09972 | Fructose-bisphosphate aldolase C 6,64 1,28E-16 v
DNA-directed RNA polymerase Il subunit v
P30876 | RPB2 6,64 1,28E-16
Bifunctional purine biosynthesis protein v
P31939 | purH 6,64 1,28E-16
Eukaryotic translation initiation factor 3 V4
Q13347 | subunit| 6,64 1,28E-16
Mitochondrial import receptor subunit v
Q15785 | TOM34 (hTom34) 6,06 <1,3E-16
Condensin complex subunit 2 (Barren v v
Q15003 | homolog protein 1) 5,64 <1,3E-16
Delta-1-pyrroline-5-carboxylate synthase v
P54886 | (P5CS) 5,32 <1,3E-16
P17812 | CTP synthase 1 (CTP synthetase 1) 5,32 0,02 v/
Glutathione reductase, mitochondrial v
P00390 | (GR) (GRase) 4,74 0,01
E3 ubiquitin-protein ligase HUWE1 (ARF- v v
Q72677 | binding protein 1) 4,74 0,01
GrpE protein homolog 1, mitochondrial v
Q9HAV7 | (HMGE) (Mt-GrpE#1) 4,74 0,01
Proliferating cell nuclear antigen (PCNA) v
P12004 | (Cyclin) 4,54 0,02
Q9Y3B7 | Large ribosomal subunit protein uL11m 4,54 0,02 v/
Transmembrane 9 superfamily member 3 v
Q9HD45 | (EP70-P-iso) 4,32 0,03
P33991 | DNA replication licensing factor MCM4 4,09 <1,3E-16 v/
DNA replication licensing factor MCM5 v
P33992 | (CDC46 homolog) (P1-CDC46) 3,91 <1,3E-16
Glutamine--fructose-6-phosphate v v 4
Q06210 | aminotransferase [isomerizing] 1 3,46 <1,3E-16
Importin subunit alpha-1 (Karyopherin v v
P52292 | subunit alpha-2) (KPNA2) 3,46 0,03
Q7Z4W1 | L-xylulose reductase (XR) 3,32 0,02
Collagen alpha-1(I) chain (Alpha-1 type | v
P02452 | collagen) 3,32 0,04
Heterochromatin protein 1-binding
Q5SSJ5 | protein 3 (Protein HP1-BP74) 3,32 0,04
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Aspartate--tRNA ligase, cytoplasmic v v
P14868 | (Aspartyl-tRNA synthetase) (DARS1) 3,25 <1,3E-16
Q9BVP2 | Guanine nucleotide-binding protein-like 3 3,25 0,01 v
P26639 | Threonine--tRNA ligase 1, cytoplasmic 3,09 0,02 v/
Eukaryotic translation initiation factor 5 v
P55010 | (elF-5) 3 0,05
P56192 | Methionine--tRNA ligase, cytoplasmic 3 0,05 v
Q9HI9B4 | Sideroflexin-1 3 0,05 v
U5 small nuclear ribonucleoprotein 200 v
075643 | kDa 2,81 0,03
C-1-tetrahydrofolate synthase, v
P11586 | cytoplasmic (C1-THF synthase) 2,25 <1,3E-16
P46108 | Isoform Crk-I of Adapter molecule crk -6,64 1,28E-16 v

As indicated in Table 22, 32 proteins displayed an increased interaction with KRAS upon P14B,
while only one showed a decreased interaction. An exhaustive examination employing
Cytoscape software, with confidence score 0.1, was performed revealing that almost all of
these proteins had been previously described as interactors of KRAS, including functional
interactions. However, only 3 of them were previously described as having a direct physical
interaction with KRAS: junctophilin-1 (Adhikari & Counter, 2018; Go et al., 2021a; Kovalski
et al., 2019); importin subunit alpha-1 (Go et al., 2021b) and aspartate-tRNA ligase
(Rosenbluh et al., 2016). Interestingly, previously described interactors of these proteins were
also found in the list of DBPs: condensin complex subunit 2, E3 ubiquitin-protein ligase
HUWE1, glutamine--fructose-6-phosphate aminotransferase, methionine--tRNA ligase and
Crk-1 (labelled in the table as indirect interactors).

The network interaction between KRAS and the DBPs found in response to P14B treatment is
shown in Figure 49. Figure 49A includes the physical and functional interactions, while Figure
49B exclusively presents the physical interactions. Additionally, a biological processes
enrichment analysis of the proteins was performed in Figure 17B. It is evident that KRAS and
junctophilin-1 appear to form an isolated complex independent of the other DBPs, whereas
the remaining proteins form a highly interconnected network. Interestingly, a significant
overrepresentation of proteins involved in metabolic and biosynthetic pathways was
observed (Figure 49B)

This insightful analysis strongly suggests a discernible impact of P14B treatment on KRAS

interactions, thereby influencing diverse biological functions.
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chart colar term name

T G0:0034641
I GO:0006520
O 60:0009058
I 0:0044271
[ 60:0046483

description

Cellular nitrogen compound metabolic process
Cellular amino acid metabolic process
Biosynthetic process

Cellular nitrogen compound biosynthetic process
Heterocyde metabolic process

FDR value
0.0014
0.0045
0.0045
0.0045
0.0045

150




Figure 49: Network analysis conducted using Cytoscape reveals the differential interactors detected
by LC-MS/MS in P14B-treated DLD1 cells with a 0.1 cut score. (A) Network analysis of DBPs,
encompassing both physical and functional previously described interactions. (B) Network of DBPs
interactors encompassing the previously described physical interactions and the biological processes

associated.
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5. DISCUSSION
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5.1. The peptidomimetic P1.3 is designed to interact with RAS effector domain

The KRAS protein stands out as one of the most frequently mutated proteins, wielding a
pivotal role in propelling human oncogenesis. This profound significance has catalysed an
intense quest for pharmacologic agents aimed at impeding mutant KRAS aberrant signalling.
Given the adverse effects often associated with conventional cancer treatments like
chemotherapy, the exploration of alternative therapies has become imperative (Mahmoudi
Gomari et al., 2020; Quintal & Campos, 2020).

Bioactive peptides have emerged as a promising avenue due to their potential in combating
chronic diseases such as cancer. However, realising the therapeutic potential of peptides
poses formidable challenges. Issues such as low yields, chemical instability, hydrolysis, short
half-life, and susceptibility to proteolytic degradation complicate their synthesis and
purification processes.

To overcome these limitations, researchers have turned to the concept of peptidomimetics,
which involves designing peptides containing modified amino acids or chemical alterations
(Evans et al., 2020). Leveraging this strategy, our group has assessed the efficacy of various
peptidomimetics, meticulously designed in silico against the RAS effector domain using the
Iproteos technology.

Initial findings revealed a notable downregulation of RAS signalling in non-transformed cells
(hTERT-RPE) grown under growth factor-limiting conditions, treated with the
peptidomimetics, and subsequently stimulated with EGF. These cells showed reduced levels
of activation of the two main signal transduction pathways controlled by RAS (RAS-MAPK
and RAS-PI3K-AKT). An RBD-pull down assay discarded the possibility that the
peptidomimetics might be interfering with the cellular levels of GTP-bound form of RAS wild-
type, by means affecting on the guanine nucleotide exchange (GEFs) or the GTPase (GAPs)
activities. RPE cells treated with EGF plus P1.3 had the same levels of RAS-GTP as the ones
treated with only EGF. Furthermore, these peptidomimetics have demonstrated the ability to
disrupt the interaction between oncogenic KRAS and its principal effectors CRAF and PI3K-

p110in Hela cells expressing HA-KRAS-G12V, thereby becoming good aspirants to attenuate
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the activity of the principal downstream signalling pathways associated with KRAS in cancer.
Among the tested peptidomimetics, P1.3 has emerged as a particularly promising candidate.
Building upon these observations, we proceeded to evaluate the impact of P1.3 on the
viability of six pancreatic ductal adenocarcinoma (PDAC) cell lines harbouring diverse KRAS
mutations under serum-saturating conditions, alongside non-transformed hTERT-RPE cells.
Encouragingly, our data indicated that P1.3 efficiently suppresses the proliferation of
pancreatic cancer cells while exerting minimal effects on normal cells. Specifically, P1.3 has
demonstrated the capability to induce cell death in all tested tumour cells at concentrations
ranging between 20-25uM. Thus, the heightened efficacy of P1.3 in reducing cell viability in
PDAC cells compared to non-transformed epithelial cells bears significant implications for
cancer therapy.

Notably, previous studies have suggested that mutations in KRAS alleviate a membrane-
associated orientation that normally sequesters effector binding, potentially enhancing the
binding affinity of possible drugs to the effector domain of oncogenic KRAS (Mazhab-Jafari et
al., 2015).This may explain the inhibitory effect of P1.3 in the proliferation rate of PDAC cells
harbouring oncogenic KRAS, compared with normal cells expressing wild type KRAS.
Interestingly, Fang et al (2018) describe a new compound with a novel mechanism of action:
it binds to a pocket in KRAS and simultaneously interacts with the plasma membrane.
Consequently, the effector-binding site of the oncogenic KRAS becomes occluded, impeding
RAF binding (Figure 50) (Fang et al., 2018). These findings underscore the significance of KRAS

association with the plasma membrane and its profound influence on KRAS signalling.

Semi-exposed state Occluded state Figure 50: Novel mechanism of

action of a drug that impedes the

effector RBD of RAF binding to KRAS.

binding site

Extracted from (Fang et al., 2018).
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Cmpd2 leads to occlusion of effector binding site of KRAS

156



Hence, the ability of P1.3 to inhibit KRAS signalling in normal cells, its capacity to interfere
with oncogenic KRAS binding with effectors, and its capability to reduce cell viability in treated
PDAC cells, might be predominantly attributable to its tight binding to the active RAS-GTP
form. Surface plasmon resonance technology allowed us to confirm this hypothesis by
examining the kinetics of the binding between the purified G-domain (residues 1-166) of
oncogenic KRAS-G12V (GTP-loaded) and P1.3. The analysis demonstrated the direct
interaction between the peptidomimetic and the conserved region of the GTP-loaded KRAS,
containing the effector domain, with a dissociation constant (KD) of 15.7uM.

Supporting to this notion, recent discoveries have unveiled cyclic peptide inhibitors against
KRAS with Kp = 0.83uM, effectively blocking the interaction between KRAS and its effector
proteins (Upadhyaya et al., 2014). Other findings (Wu et al., 2013) highlight the potential for
developing peptidomimetics as direct RAS inhibitors, suggesting they may offer greater utility
than macrocyclic compounds. This presents promising avenues for advancing cancer

therapeutics.

Once this point has been reached, the next step to advance the project is moving the research
to an in vivo model. In this way, in order to test the putative beneficial therapeutic effects of
P1.3 in tumours, the orthotopic xenograft model of pancreatic cancer in mice was chosen.
The first step of the formal protocol, prior treating xenograft mice, is to determine the
maximum tolerated dose (MTD) of the compound in healthy athymic mice. For the length of
time of a study that involves treatment of mice with a compound, the MTD is the maximum
dose that can be dispensed to the animal that will not affect the survival, only generates an
acceptable low reduction in body weight and very few over signs of toxicity. Local toxicity
assessments after intraperitoneal injection of P1.3 revealed no evidence of pain or distress at
doses of 10 or 20 mg/kg, but distress was observed at 40 mg/kg, suggesting potential
irritation. Although these effects appeared temporary, caution is warranted, particularly with
repeated injections. Subsequent histological evaluations of organ toxicity following five days
per week injections at 20 mg/kg for three weeks, showed no adverse effects on the spleen,
pancreas, or liver.

Additionally, samples of mice plasma were analysed by mass spectrometry to identify the
presence of the peptidomimetic. P1.3 exhibited a brief retention time in the mice plasma

with the diverse concentrations used.
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Accordingly, arise the possibility that P1.3 prepared and administrated in the current form in
mice, has low availability. Two different factors were taken into account for the next
experiments with the peptidomimetic: method of administration and solubility.

At what concerns to the way of administration of P1.3, intravenous injection will be further
assayed.

In regard to P1.3 solubility, preparation as injected in mice (2mg/ml) was used to analyse the
solubility of P1.3 by electron microscopy. As shown in Figure 51 (left), some small precipitates
invisible to naked eye or under phase contrast microscopy (40x), are visible under 120,000x

magnification.

P1.3

500 nm

Figure 51: Figures illustrate the solubility of compound P1.3 at a concentration of 2mg/ml (left)
compared to PBS (right) using electron microscopy (EM). P1.3 was prepared in PBS at 2mg/ml,
centrifuged, and analysed by EM. Images were captured at 120,000x magnification with a scale bar of

500nM.

Although there is a possibility that the precipitates could be captured by the cells without
problem due to their small size, a possible decrease in the final concentration of the
peptidomimetic administered must also be considered.

As a result, through a collaborative effort with Dr. Francesc Rabanal (Dpt. Quimica Inorganica
i Organica, UB), novel derivatives of P1.3 have been designed and synthesized with the aim
of assessing their bioavailability, expected to surpass that of P1.3. Currently, our laboratory is
diligently evaluating the efficacy of these compounds in selectively killing PDAC cells.
Interestingly, one such compound named P1.70, exhibits heightened cytotoxicity against
PDAC cells compared to P1.3.

Concurrently, in partnership with Dr. Francesc Rabanal’s group, we were exploring the

potential of cyclodextrin as a solvent, rather than the current DMSO, to enhance the solubility
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of peptidomimetics, thereby improving their bioavailability. Cyclodextrins (Figure 52)

represents a diverse array of cyclic oligosaccharides, collectively serving as a promising

avenue for optimizing drug delivery and efficacy (Jambhekar & Breen, 2016).

HOHG, o

o1\ CH:OH
0o 1O Ho O
HOH,C 0
HO
L oH
H
o e CH,OH
HOH,& {/ © Hol 0
(o]

H
" 0 o
OH Ho,
o CH,0H
(o]

CH,0H

Figure 52: Structure of cyclodextrin and toroidal
shape it adopts. Extracted from (Jambhekar &
Breen, 2016).

The first compelling results have been recently obtained in the laboratory: first, the protocol

of solubilisation of P1.3 has been successfully set up; and secondly, P1.70 solubilized with

cyclodextrin displays a higher cell mortality effect than with DMSO in PDAC cells, but not in

normal cells.

A model explaining the biological effect of P1.3 on KRAS signalling pathways is shown in Figure

53.

Effector-Binding
domain

Signalling

time

v
Cell death

Figure 53: Model representation summarising the biological effect of peptidomimetic P1.3

targeting KRAS effector-binding domain.
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5.2. Small molecule binds directly to a4-a5 helices on surface of KRAS increases its
signalling while inducing colorectal cancer (CRC) cell death

In this study, we unveil a promising druggable pocket nestled within the a4-a5 helices
regions of KRAS, employing advanced molecular modelling techniques. This site, previously
recognized for its significance in the interaction with calmodulin (CaM) (Garrido et al., 2018a;
Lopez-Alcalad et al., 2008b), emerges as a focal point for therapeutic intervention. Taking
advantage of docking and molecular dynamics simulations, we pinpointed a compound, which
we named P14, capable of accommodating into this pocket. After reformulating this
compound, several derivatives were generated and between them, P14B was chosen as the
most promising candidate to continue the research. Experimental validation, by surface
plasmon resonance, not only affirmed its binding affinity with KRAS but also, by a
competition assay, demonstrated its ability to impede CaM binding, thereby orchestrating a
modulation of RAS signalling pathways. Extensive investigations have elucidated the intricate
organization of RAS proteins into nanoclusters, typically encompassing 6-7 molecules within
a radius of ~9 nm, thus serving as highly dynamic hubs for RAS-mediated signalling events
(Zhou & Hancock, 2014). Notably, disrupting RAS function can be achieved through the
inhibition of RAS dimerization/nanoclustering (Spencer-Smith et al., 2017). Building upon this
foundation, Spencer-Smith and collaborators unveiled the development of a synthetic binding
protein, NS1 monobody, adept at robustly inhibiting oncogenic RAS-driven signalling and
transformation, that significantly reduced co-localisation of KRAS-G12V with CRAF at the
plasma membrane(Spencer-Smith et al., 2017). This inhibition is accomplished through
precise targeting of the a4 and a5 helices within the G-domain, as detailed in their seminal
work (Spencer-Smith et al., 2019). Furthermore, it is noteworthy that the K13 and K19
DARPins (Anti-RAS designed ankyrin repeat proteins macromolecules) exert inhibitory effects
on KRAS binding within the a3-a4 allosteric lobe, thereby perturbing the integrity of RAS
dimerization and nanocluster formation (Bery et al., 2019).
In contrast to these findings, the compounds that we have identified as putative drugs
accommodating in a pocket within a4-a5 helices of KRAS, P14 and P14B, unexpectedly
activated RAS signalling in treated CRC cells expressing oncogenic KRAS. A possible
explanation for this discrepancy, could be that although P14 and P14B might be interacting

with the same KRAS surface as the previously reported molecules, the specific amino acids of

161



KRAS interacting with the compounds may differ and, hence, the differences observed in KRAS
signalling.

Since our aim was to analyse if P14 and P14B treatment of cancer cells might have an impact
on signalling pathways activated by oncogenic KRAS, we used DLD-1 cells, which are CRC
cancer cells harbouring one oncogenic KRAS allele. Although DLD-1 cells harbour a different
oncogenic mutation in KRAS (G13D) that the model structure used in the KRAS modelling and
in docking analysis (G12V) (Garrido et al., 2018b), we know from our previous work that CaM
binds to KRAS independently of being or not mutated in this region of the protein. The unique
restriction is that CaM binds to KRAS only if the latter is GTP-loaded and non-phosphorylated
at S181 (Garrido et al., 2018a; Lopez-Alcala et al., 2008a).

Our primary objective was to scrutinize the impact of P14B on signalling pathways activated
by oncogenic KRAS. Prior research has underscored the elevated levels of ERK1/2 and AKT
phosphorylation in DLD-1 cells, indicative of heightened signalling activity (Tsubaki et al.,
2019). Although these cells have a KRAS oncogenic allele, the addition of foetal bovine serum
(FBS) to serum-starved cells triggered a notable surge in phosphorylated MEK, ERK, and AKT,
underscoring the capacity of growth factors to induce robust activation of signal transduction
pathways. Strikingly, administration of P14B in isolation to serum starved DLD-1 cells was
sufficient to provoke a similar level of activation of these KRAS downstream kinases.
Furthermore, the phosphorylation of ERK exhibited a more sustained profile in P14B-treated
cells compared to FBS-treated cells.

The sustained ERK activation observed in the context of RAS mutations or expression
alterations in the pathway has been primarily attributed to the absence of negative feedback
regulation from ERK (Fritsche-Guenther et al., 2011), suggesting that certain negative
feedback pathways responsible for ERK deactivation might not be activated due to the P14B
treatment. It is important to note that ERK phosphorylation was maintained over time, but
not CRAF phosphorylation (Ser338). One possibility is that CRAF activity was maintained even
in the absence of Ser338 phosphorylation (frequently considered a readout of CRAF activity)
(Oehrl et al., 2003) Figure 54. In this sense, an additional study proposed that tyrosine
phosphorylation of CRAF may augment ERK activation independently to its role in facilitating
Ser338 CRAF phosphorylation. This hypothesis was supported by experiments utilising

phosphomimetic mutations (tyrosine (Y) to aspartate (D)) of both tyrosines (SSDD instead of

162



SSYY). These mutant cells exhibited a significant increase in ERK activation compared to wild
type cells expressing (SSYY), despite no further elevation in the level of Ser338

phosphorylation was detected (Takahashi et al., 2017).

T4n

Key to phosphorylation sites
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Figure 54: Representative image showing CRAF structure and its phosphorylation sites necessary for

full CRAF activation. Adapted from (Cook et al., 2021).

Additionally, the increase in ERK activity observed when cells are treated with P14B could be
due to variation in the stoichiometry of CRAF/BRAF heterodimers, which play a pivotal role in
dimerization induced ERK activation, as highlighted by multiple studies (Freeman et al., 2013;

Garnett et al., 2006; Rushworth et al., 2006).

Consistent with the induction of MEK and ERK phosphorylation in P14B-treated DLD-1 cells,
alterations in RAF binding to KRAS were also observed by co-IP in DLD-1 cells exogenously
stably expressing HA-KRAS-G12V. As anticipated, oncogenic KRAS exhibited binding to CRAF
even under serum-starved conditions, a phenomenon previously reported, albeit without
concomitant RAS pathway activation (Lerner et al., 1995). However, growth factor stimulation
was indispensable for phosphorylation and subsequent activation of KRAS-bound CRAF (J.
Zhao & Luo, 2022). Interestingly, P14B addition bypasses this requirement, since we could
see active CRAF (P-CRAF (Ser338)) bound to KRAS upon P14B addition to serum starved cells.
Conversely, no binding of BRAF to oncogenic KRAS was detected in serum-starved HA-KRAS-
G12V cells. It has been proposed that in RAS mutant cells, BRAF adopts an inactive
conformation through its intrinsic kinase activity, either via auto-phosphorylation or by

phosphorylating a partner protein that maintains it in an inactive state (Heidorn et al., 2010).
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Intriguingly, our findings revealed that P14B treatment completely mirrors the effect of

growth factors in terms of the association of BRAF with oncogenic KRAS.

As intended, in this study we determined how P14B interacts with the globular region of
oncogenic KRAS and showed that it inhibits the interaction of CaM with this domain. Our
previous studies indicated that CaM interacts with KRAS in vivo and that inhibition of CaM
enhances both wild-type and oncogenic KRAS signalling. It seems that interruption of KRAS-
CaM binding could be a reason of the sustained activation of ERK pathway as indicated in
Figure 38. Interestingly, highly sustained activation of the ERK pathway induces
overexpression of P21°°1, cyclin-dependent kinase inhibitor 1, which in turn leads to growth
arrest of the cells, while transient activation followed by a sustained but lower level of ERK
activity induces cell proliferation in many systems (Kahan et al., 1992; Pumiglia & Decker,
1997; Qiu & Green, 1992; Roovers & Assoian, 2000). In agreement with that, other studies
have shown that sustained ERK activation induces a program cell-withdrawal in intestinal
epithelial cells through the activation of protein kinase c a (PKCa). This process, alongside its
role in cell proliferation, is considered to be important for maintaining intestinal homeostasis
(Clark et al., 2004; Frey et al., 1997, 2000).

In accordance with the fact that CaM prevents a too-sustained ERK1/2 activation and cell
proliferation upon growth factors stimulation (Bosch et al., 1998; Villalonga et al., 2001), our
cell viability assay clearly showed a reduction in cell proliferation of DLD-1 cells harbouring an
oncogenic KRAS allele upon P14B treatment, corroborated with the increased level of
apoptosis. Congruent with that evidence, DLD-1 cells harbouring knockout oncogenic allele
of KRAS and non-transformed hTERT-RPE cells do not show such a high increase in ERK
phosphorylation upon P14B treatment and did not undergo cell death upon P14B treatment.
This is apparently contradictory but the promotion of apoptosis by RAS, and specifically by
the RAS/RAF/ERK pathway, has been described previously (Kauffmann-Zeh et al., 1997;
Pylayeva-Gupta et al., 2011). It is also possible that other KRAS effectors are engaged by P14B
and not by FBS treatment and are responsible for the observed cell death.

Additionally, P14B could exhibit multifaceted actions beyond its interaction with CaM. It
would be interesting to know whether P14B is capable of directly modulating the interaction
of various proteins with the critical a4-a5 helices region of KRAS, thus influencing

downstream signalling pathways independently of its role in preventing CaM interaction.
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Notably, in the context of ovarian, lung and pancreatic cancers, the tumour suppressor
DIRAS3 has been found to bind to the a5-helix region of KRAS within the same binding pocket
as P14B (Sutton et al., 2019). By doing so, DIRAS3 effectively impedes KRAS clustering and
attenuates its signalling cascade. Given these findings, it presents an intriguing avenue of
investigation to ascertain whether DIRAS3 exerts a similar inhibitory effect in CRC cells and
whether P14B disrupts this interaction.

Moreover, emerging evidence suggests a complex assembly of RAS proteins into higher-order
helical complexes termed RAS-RAF signalosomes. Within these assemblies, not all RAS
members make direct contact with the plasma membrane. Notably, the B4-a3, f5-a4, and
6-a.5 loops of KRAS play pivotal roles in mediating the formation of asymmetric KRAS dimers
within these structures (Mysore et al., 2021). Consequently, it raises the question of whether
P14B may modulate the generation of such superstructures, potentially influencing
downstream signalling pathways. Further investigations are warranted to elucidate the
precise mechanisms by which P14B impacts the assembly and function of RAS-RAF
signalosomes.

Furthermore, our study has elucidated the impact of P14B on colony formation using DLD-1
cells within a 3D environment. Notably, our findings reveal that P14B effectively reduces the
capacity for colony formation, accompanied by a noticeable decrease in the size of
established colonies. Extending our investigations to patient-derived colorectal cancer
organoids (PDCOs), we observed a significant inhibitory effect of P14B treatment on the
proliferation rate of these PDCOs, distinguishing them markedly from patient-derived normal
organoids. Importantly, this inhibitory effect was consistently studied across various
constitutive passages of PDCOs. However, it is noteworthy that our results (data not shown)
were not completely reproducibly and vyielded a contradictory outcome upon P14B
treatment, wherein a significant impediment to organoid growth in PDCOs was not observed.
This discrepancy underscores the importance of considering factors such as P14B solubility to
optimize its efficacy in organoids or when transitioning to in vivo models. Moreover, exploring
structural modifications to generate derivatives aimed at enhancing the efficacy of P14B in
vivo represents a promising avenue for future research efforts. These endeavours hold the
potential to significantly improve therapeutic outcomes in the treatment of CRC, offering

novel strategies for combating this challenging disease. Further exploration in animal models
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and clinical trials will be crucial to validate and translate these findings into effective
therapeutic interventions for CRC patients.
A model explaining the biological effect of P14B on oncogenic KRAS signalling pathways is

shown in Figure 55.
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Figure 55: Model representation summarising the biological effects of small molecule P14B directly

targeting the allosteric domain of KRAS.

One of our objectives was to gain a comprehensive understanding of the KRAS interaction
landscape upon P14B treatment. To achieve this, we employed UltralD, the smallest enzyme
for proximity-dependent biotinylation (PDB) studies, measuring 44% smaller than BiolD. This
affords us a distinct advantage, as larger tag sizes are often associated with increased
likelihood of interference with protein function trafficking, and interactions (Vandemoortele

et al.,, 2019). Given that our focus was on investigating the effect of P14B treatment on
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oncogenic KRAS interactome within a short timeframe of one hour, the use of UltralD
addresses the limitations posed by BiolD. Unlike BiolD, which requires prolonged incubation
periods with biotin due to its slower kinetics labelling, UltralD enables rapid labeling of the
interacting proteins. Consequently, this mitigates the risk of high background labelling prior
to P14B treatment and to the supplementation of additional biotin in the medium (May et al.,
2020).

After confirming the functionality of the UltralD-KRAS-G12V expression vector, our liquid
chromatography coupled to mass spectrometry (LC/MS) protein analysis of the PDB
experiment (performed in P14B-treated and not-treated DLD-1 colorectal cancer (CRC) cells),
revealed a total of 116 high-confidence KRAS-proximal interactors. Among these, 16 proteins
were previously conclusively identified with high confidence as physical interactors with
KRAS, showcasing notable candidates such as MAPK1, EGFR, BRAF, and ARAF. It's worth
noting that certain biotinylated proteins that were expected to be identified as KRAS
interactors, including PI3K-p110 and CRAF, couldn't be verified by LC/MS, suggesting that the
sensitivity of LC/MS analysis may fall below the threshold for specific proteins. This could
suggest a higher stability in the interaction of these proteins with KRAS, leading to a reduced
turnover of bound molecules and consequently lower levels of biotinylated proteins. Thus,
additional fractionation methods to enrich for some proteins could be considered for future
UltralD-LC/MS work. Nonetheless, our results analysed using Proteome Discoverer and SAINT
softwares highlighted changes in the interaction of KRAS with some partners upon P14B
treatment.

Another aspect to consider from our data exploration is that, while we successfully identified
calmodulin (CaM) and BRAF as KRAS interactors, the anticipated changes following P14B
treatment were not observed: specifically, an expected increase in BRAF and a decrease in
CaM. This discrepancy might be attributed to the possibility that within one-hour of P14B
treatment, any initial differences had already diminished.

Among the proteins showing an increased interaction with KRAS following P14B treatment,
we found, junctophilin 1, importin subunit alpha-1, and aspartate—tRNA ligase, which
interact directly with KRAS or through different protein complexes according to the BioGrid
database as depicted in Figure 56 and in Figure 49 of the Results section of this thesis. For
instance, aspartate—tRNA ligase was previously found to interact with KRAS in a high

throughput analysis (affinity capture-MS) (Rosenbluh et al., 2016), but also with growth factor
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receptor-bound protein 2 (GRB2) (Brehme et al., 2009) that directly interacts with KRAS
(Bigenzahn et al., 2018b) or indirectly through SOS1 (Huttlin et al., 2021), as indicated in
Figure 56B. This same high-throughput analysis (Rosenbluh et al., 2016), along with additional
studies utilising affinity capture-MS and proximity label-MS (Go et al., 2021a), identified
interactions between several members of the importin complexes with KRAS. Interestingly,
some of these members also interact with CaM and CaM-like proteins, which are known
strong interactors of KRAS (Figure 56C). Furthermore, three independent high-throughput
studies have pinpointed an interaction between KRAS and junctophilin 1 (Adhikari & Counter,
2018; Go et al., 2021a; Kovalski et al., 2019). Remarkably, this protein also interacts with

CaM-like proteins (Figure 56A).

Figure 56: Direct KRAS physical interactions revealed by UltralD proximity-dependent biotinylation

assay in DLD-1 cells, analysed using Cytoscape. 10 strong KRAS binding proteins were incorporated
into the analysis. A cut score of 0,1 was employed for the detection of the physical interactions. (A)
lllustrates potential interacting partners of Junctophilin 1 (JPH1), highlighting its network of
association. (B) Displays a representative image of the interacting partners of aspartate—tRNA ligase
(DARS1). (C) Exploration of the potential interacting proteins associated with importin subunit alpha-

1 (KPNA2).

While these interactions identified by LC/MS await validation through co-
immunoprecipitation performed in lysates from KRAS-G12V expressing cells, and/or through
streptavidin pull-down followed by western blot (WB) in lysates of cells expressing Ultra-ID-

KRAS G12V and incubated with biotin; we can speculate on the potential involvement of these
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proteins in the decrease in cell viability following P14B treatment observed in DLD-1 but not

in normal cells.

Junctophilins (JPHs) belong to members of the family of junctional membrane complex (JMC)
proteins, which play a crucial role in stabilizing the junctional membrane complex between
the endoplasmic reticulum (ER) and plasma membrane (PM). Among these proteins, JPH3 has
emerged as a tumour suppressor downregulated and methylated in colorectal and gastric
cancers (X. Hu et al.,, 2017). Studies have confirmed that restoring of JPH3 increases ER stress-
induced apoptosis and upregulates several unfolded protein response (UPR) pathways, which
may initiate apoptotic cascades to eliminate stressed cells (Woehlbier & Hetz, 2011) in
colorectal and gastric cancer cells due to the sustained or extensive stress (X. Hu et al., 2017).
Furthermore, JPH3 expression triggers calpain activation leading to mitochondrial membrane
depolarization, followed by the release of cytochrome C and Smac form the mitochondria,
consequently activating caspase -9 and -3 (Figure 57) (X. Hu et al., 2017). These findings are
consistent with our results observing apoptotic cell death and increased direct interaction of

JPH1 with KRAS following P14B treatment of CRC cells.

Interestingly, regarding aspartate—tRNA ligase and importin subunit alpha-1, previously
described binding proteins of these two direct KRAS interactors identified in our study, are
found in our differentially biotinylated proteins (DBPs) list, and also, they display a highly
interconnect network with other proteins of the list (refer to Figure 49 in results). Among
them, condensin complex subunit 2, E3 ubiquitin-protein ligase (HUWE1), glutamine--
fructose-6-phosphate aminotransferase, methionine--tRNA ligase and CRK-I. These proteins
showed increased level of interaction with KRAS upon P14B treatment except CRK-1, which
indicates a negative modulation with KRAS interaction upon P14B treatment.

We will highlight here the role of some of those proteins and discuss their relationship with
KRAS.

To begin with, the protein HUWE1 could interact with KRAS through Shoc2 protein (Figure
58A). HUWE1 interacts with Shoc2 (Jang et al., 2014) and it has been illustrated that GTP-
bound H/N/KRAS forms productive holoenzyme complexes with Shoc2 (Liau et al., 2022),

although we did not identify Shoc2 in our analysis.

169



©  pPeERk} IRE1a} cleaved PARP} Cyto C, Smact UPRY p-Akty

L

?qus () PM channel JL ER channel o ca

Figure 57: Diagram illustrating the pathways through which JPH3 expression induces cancer cell

apoptosis via the unfolded protein response. Extracted from (X. Hu et al., 2017).

Figure 58 A and B: Visualization of putative physical interactions of HUWE 1 and CRK with KRAS among
the DBPs obtained in the UltralD-KRAS-G12V experiment in DLD-1 cells, analysed via Cytoscape. A cut

score threshold of 0.1 was applied to detect significant physical interactions.

Interestingly, it has been described that the scaffold protein Shoc2 accelerates ERK1/2 activity
by bringing several signalling proteins, including H, N, K, and M-RAS, CRAF, and PPIC (Peptidyl-
prolyl cis-trans isomerase C), into close proximity (Rodriguez-Viciana et al., 2006; Sieburth et

al., 1998; Young et al., 2013). This is consistent with our results, which indicate an increase in
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the binding capacity of P-CRAF (S338) and BRAF with oncogenic KRAS upon P14B treatment,
leading to sustained activation of ERK1/2. Shoc2 also recruits numerous proteins of the
ubiquitin machinery to fine-tune signals transmitted via the module. An earlier study
confirmed the E3 ubiquitin ligase HUWE1 as a new partner in the Shoc2-RAS-CRAF scaffold
complex (Jang et al., 2014). Additionally, it was demonstrated that activation of the ERK1/2
pathway triggers Shoc2 and CRAF ubiquitylation by the E3 ligase HUWE1 as part of a negative
feedback loop, inhibiting Shoc2's ability to accelerate ERK1/2 activation (Jang et al., 2014).
The ERK activity observed over the treatment course with P14B in DLD-1 cells, suggests that
this negative feedback loop is inhibited upon P14B treatment (Figure 59). Furthermore, a
study demonstrated that USP7de-ubiquitylating enzyme interacts with Shoc2 and HUWEL1 in
response to EGF-induced activation of ERK1/2 and regulates the HUWE1-mediated negative
feedback loop that modulates the amplitude of Shoc2-ERK1/2 signals (Wilson et al., 2021).
We did not observe a degradation of CRAF upon P14B, suggesting that the ubiquitination by
HUWE1 was also inhibited Figure 59.

Figure 59: Model depicting the sustained activation of the ERK1/2 pathway following exposure to
P14B: P14B potentially inhibiting the negative feedback mechanism mediated by the E3 ubiquitin

ligase HUWEL1.

As mentioned above, the analysis of DBPs obtained in our experiment, revealed a notable
decrease in the level of interaction of CRK with KRAS upon P14B treatment. CRK emerges as

a pivotal pro-apoptotic cue essential for executing cell death triggered by ER-stress (Austgen
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et al., 2012). Notably, CRKI exhibit elevated expression in various human cancers (Miller et
al., 2003; Sriram & Birge, 2010). Both CRK isoforms, CRK-1 and CRK-II, harbour a BH3-death
domain, empowering mitochondria to response to BID stimulation by releasing cytochrome
C, thereby amplifying apoptotic signals within the cells (Austgen et al., 2012). Interestingly,
during ER-stress, an unidentified cysteine protease cleaves CRK-I and CRK-Il, yielding N-
terminal fragments endowed with robust apoptotic potential (Austgen et al., 2012). Given
that cancer cells inherently harbour basal ER stress, coupled with the fact that the heightened
ERK signalling triggered by P14B treatment can exacerbates this stress, it is tempting to
speculate that interaction of oncogenic KRAS with CRK-I obstructs its cleavage by the cysteine
protease. Upon administration of P14B treatment, this obstruction may be alleviated, leading
to the liberation and subsequent cleavage of CRK-Il, thereby enabling its proapoptotic role

(Figure 60).
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Figure 60: Model depicting how the sustained activation of ERK1/2 in P14B treated cells may
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potentiate ER stress, and synergistically how P14B may affect the interaction of oncogenic KRAS with

CRK-I, yielding in CRK-I release and cleavage, and culminating in apoptotic cell death.

Furthermore, our findings following P14B treatment of the cells, revealed a noteworthy

observation within DBPs. Specifically, a significant increased representation of proteins
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involved in metabolic and biosynthesis pathways is observed. They could potentially exert
positive or negative influences. It is widely acknowledged that the relentless growth of
tumours necessitates a continuous influx of micronutrients to sustain both bioenergetic and
macromolecule biosynthesis (Cluntun et al., 2017). However, this process inevitably confines
nutrient availability within the tumour microenvironment (Ahmadiankia et al., 2019; Cluntun
et al., 2017). Notably, oncogenic KRAS plays a pivotal role in upregulating key glycolytic
enzymes to meet the energy demands of cancer cells (Ying et al.,, 2012). The heightened
metabolic requirements stemming from uncontrolled tumour proliferation contribute
significantly to metabolic stress, a pathway known to trigger apoptosis (White, 2006). Thus, it
would be interesting to investigate the extent to which P14B treatment influences

metabolism, potentially inducing cellular stress pathways and ultimately leading to apoptosis.
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6. CONCLUSIONS
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10.

11.

12.

13.

The peptidomimetic P1.3, in silico designed to bind to the RAS protein within its
effector domain, exerts a downregulatory effect on RAS main signalling pathways
RAF/MAPK and PI3K/AKT in non-transformed cells, without affecting the levels of GTP-
KRAS.

P1.3 exhibits direct binding affinity with oncogenic KRAS in vitro by surface plasmon
resonance (affinity constant of 15.7uM).

The maximum tolerated dose of P1.3 administration in nude mice is 20mg/kg,
demonstrating no discernible organ toxicity in the spleen, pancreas, or liver; however,
the intraperitoneal injection may induce coagulative necrosis in liver.

The small molecule P14, selected for being able to accommodate into an allosteric
pocket near a5 helix of KRAS, induces an activation of KRAS signalling pathways
RAF/MAPK and PI3K/AKT in colorectal cancer (CRC) and in pancreatic ductal
adenocarcinoma (PDAC) cell lines expressing oncogenic KRAS.

P14B, an improved derivative of P14, induces an increased activation of KRAS
signalling pathways RAF/MAPK and PI3K/AKT in CRC cells, with a sustained ERK
activation. In contrast, P14B treatment, induces a mild increase in signalling in CRC
cells expressing wild type KRAS and in normal cells.

P14B treatment of CRC cells expressing oncogenic KRAS favours in vivo KRAS
interaction with its effectors P-CRAF (Ser338) and BRAF.

P14B exhibits direct binding affinity with the globular domain of oncogenic KRAS in
vitro by surface plasmon resonance (affinity constant of 32.8uM).

P14B competes with calmodulin for binding to the globular domain of oncogenic KRAS
in vitro.

P14B treatment decreases the viability of CRC cells expressing oncogenic KRAS (with
an IC50 of 80 uM), and increases apoptosis, but not that of CRC cells expressing wild
type KRAS or normal cells.

P14B treatment reduces the colony-forming capacity of CRC cells growing in 3D
conditions (Matrigel).

The UltralD-KRAS-G12V proximity dependent biotinylation -LC/MS method (UltralD-
LC/MS) has successfully been set up, being appropriate for the identification of
oncogenic KRAS-binding proteins in vivo. More than 100 KRAS-proximal interactors
have been identified by UltralD-LC/MS in DLD-1 CRC cells.

P14B treatment of CRC cells alters the protein interaction profile of oncogenic KRAS,
revealing differential abundances of proteins that bind directly or indirectly to KRAS:

A total number of 33 proteins exhibit differential biotinylattion (DBPs) upon P14B
treatment with 32 of them showing increased interaction with KRAS, while only 1
demonstrated decreased interaction. Among the DBPs, Junctophilin-1, importin
subunit alpha-1 and aspartate-tRNA ligase were previously described as direct KRAS
interactors.
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