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Abstract 
Colorectal cancer (CRC) is the second leading cause of cancer-related mortality in the 

world, accounting for more than 900,000 deaths in 2020. A disproportionate number of 

these deaths are due to KRAS-mutant CRCs, which account for ~40% of all CRC cases and 

are notoriously resistant to most therapies. Despite showing great promise in preclinical 

studies, targeted therapies have performed sub-optimally in clinical trials for KRAS 

mutant cancers. The mechanisms by which RAS pathway inhibitors have failed to reduce 

tumour progression remains poorly understood and presents a huge clinically unmet need. 

This research addresses the significant gap in effective treatments for KRAS-mutant CRC 

by delving into the mechanisms underlying drug resistance, using advanced CRC models. 

Several studies have reported that drug resistance is an emergent feature of genetically 

complex tumours. 

To capture tumour genome complexity, I used a diverse panel of CRC models reflecting 

multigenic and heterogeneous nature of tumours. Our patient-specific Drosophila avatars 

and transgenic mouse models are designed to explore how genome complexity impacts 

drug response. Our models comprise alterations in at least three primary pathways 

implicated in CRCs– APC, KRAS and TP53, providing a robust platform for studying the 

cellular and molecular dynamics driven by oncogenic Ras signalling. 

Key findings demonstrate that CRC tumour complexity significantly impacts the efficacy 

of RAS-pathway inhibitors, which have shown limited success clinically. By characterizing 

these models, this research has uncovered that different stages of tumour development 

exhibit varying dependencies on the MAPK pathway, offering insights into the failure of 

existing therapies. Additionally, the study identifies and validates the upregulation of the 

glucuronidation detoxification pathway as a novel resistance mechanism, showing that 

targeted combination therapies can enhance drug efficacy within tumours. 

This comprehensive study not only deepens the understanding of CRC pathogenesis and 

resistance mechanisms but also opens avenues for developing more effective targeted 

therapies.  
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Chapter 1 Introduction 

1.1 Colorectal Cancer – Global Incidence and Survival 
Colorectal cancer (CRC) remains one of the most prevalent cancers globally and is a 

leading cause of cancer-related deaths. According to the GLOBOCAN 2020 database, there 

were an estimated 1.9 million new cases of CRC in 2022, resulting in approximately 

900,000 deaths (Bray et al., 2024). The survival rate for CRC depends largely on the stage 

at diagnosis. About 20% of cases are metastatic at diagnosis, with a similar proportion 

progressing to metastasis during the course of the disease. Patients diagnosed at an early 

stage have a five-year survival rate of 90%, but this rate drops to below 15% once the 

cancer has metastasized, primarily due to decreased therapeutic response and increased 

drug resistance.  

 

Despite these challenging statistics, there has been gradual progress in combating CRC. 

In the United Kingdom, for example, the age-standardized incidence rate has remained 

stable over the past two decades, accompanied by a notable improvement in survival 

rates. The five-year survival rate has increased from 41% in the 1990s to 59% in the 2010s, 

marking a significant 18 percentage point improvement (Cancer Research UK). This 

improvement is largely attributable to advancements in early detection and the 

development of targeted therapies. 

 

Recent studies indicate a decline in CRC incidence among individuals aged 65 and older, 

with annual decreases of 3.3% between 2011 and 2016 (Siegel et al., 2020). In contrast, 

incidence rates are rising among younger populations, with an annual increase of 1% 

among those aged 50 to 64 and 2% among those under 50 years in age. This increase might 

be due to changes in lifestyle and diet. Mortality trends also vary by age group, with 

annual decreases of 3% among those aged 65 and over, but only a 0.6% decrease among 

those aged 50 to 64, and a concerning 1.3% annual increase in mortality rates for 

individuals under 50 (Meng et al., 2023). The Surveillance, Epidemiology, and End Results 

(SEER) registry projects that by 2030, incidence rates for colon and rectal cancers will 

rise by 90.0% and 124.2%, respectively, among those aged 20 to 34. This alarming trend, 

noted in younger CRC patients, is linked to poorer survival outcomes and unique adverse 

event profiles, potentially related to distinct genetic markers (Meng et al., 2023). 

1.2 Treatment Strategies  
Surgery:   

As per the latest National Comprehensive Cancer Network (NCCN) guidelines (Version 10 

Aug 2024) for patients with colorectal cancer presenting as invasive adenoma in a 

pedunculated polyp, no further surgery is needed if the polyp is fully removed and exhibits 
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favourable histological characteristics (Yoshii et al., 2014). Conversely, for sessile polyps, 

even those with favourable histology, a colectomy is typically recommended due to a 

higher risk of recurrence, metastasis, and mortality compared to pedunculated polyps. 

This recommendation stems from the higher likelihood of incomplete removal and 

positive margins in sessile polyps (Cooper, 2007, Hassan et al., 2005). For visual reference 

of pedunculated and sessile adenomas, see Section 2.2.6, Figure 2-2. 

 

Adjuvant therapy: 

Apart from surgery, anti-metabolite 5-fluorouracil, a pyrimidine analog that disrupts DNA 

and RNA synthesis was the backbone of CRC chemotherapy until late 20th century (Longley 

et al., 2003). Although effective as a single agent, its efficacy and survival outcomes 

improved in metastatic CRC (mCRC) patients upon combination with oxaliplatin or 

irinotecan; FOLFOX, FOLFIRI or CAPEOX regimen. These combinations have improved 

response rate (50% vs 22.3%) and overall survival (9 months vs 6.2 months) when compared 

to 5-FU alone (De Gramont et al., 2000, Köhne et al., 2005).  

 

Biomarkers for targeted therapy: 

The application of targeted therapies has become critical for treating advanced or 

metastatic CRC. Current guidelines by National Comprehensive Cancer Network (NCCN) 

recommend assessing tumour gene status, including KRAS/NRAS and BRAF mutations, 

along with HER2 amplifications and MSI/MMR status, to tailor treatments (Ciombor et al., 

2015). Monoclonal antibodies targeting EGFR (e.g., cetuximab and panitumumab) and 

VEGF (e.g., bevacizumab) are particularly effective when used in conjunction with 

chemotherapy. Notably, anti-EGFR therapies are only effective in patients without 

mutations in KRAS, PTEN, and PI3K, as these components are downstream of EGFR, 

precluding the efficacy of anti-EGFR therapies (Sorich et al., 2015, Tejpar et al., 2012). 

In patients with wild-type KRAS pathway, these agents have not only improved response 

rates when combined with cytotoxic drugs but are also beneficial as maintenance 

therapies in treating metastatic CRC (Simkens et al., 2015). Patients with KRAS- or NRAS-

mutant tumours do not benefit from anti-EGFR therapies, and the associated toxicities 

and costs are unjustifiable (Cutsem et al., 2009). An exception exists for the use of 

cetuximab or panitumumab combined with sotorasib or adagrasib in patients with the 

KRASG12C mutation where improved response has been noted in patients that received 

combination of KRASG12C inhibitor and anti-EGFR therapy (CodeBreaK101 and KRYSTAL-1 

trial) (Yaeger et al., 2023, Kuboki et al., 2024). Response rate from Sotorasib and 

Adagrasib was high in Non-Small cell lung cancers (NSCLC) but limited in colorectal cancer 

patients (CRC) due to adaptive response selectively triggered in CRC. Moreover, both the 

inhibitors bind to KRASG12C in its GDP-bound state studies have revealed that EGFR signals 
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can maintain the newly expressed KRASG12C protein in the active GTP-bound form, thereby 

evading treatment (Xue et al., 2020).  

Approximately 5-10% of CRCs have BRAFV600E mutation and is often associated with poor 

prognosis and aggressive cancer (Van Cutsem et al., 2010). Similarly, KRAS is mutated in 

approximately 40% of CRCs and is also associated with poor prognosis and resistance 

towards most targeted treatments. KRAS mutation is believed to be an early event in 

tumourigenesis and results in constitutive signalling and activation of downstream 

phosphoinositide 3-kinase (PI3K)- and mitogen-activated protein kinase (MAPK)- 

dependent pathways (Yoon et al., 2014).  

 

Recently, immunotherapy has shown remarkable results in a subset of patients with 

deficiency in mismatch repair (dMMR) or microsatellite instability (MSI). Based on 

KEYNOTE 028 phase Ib (Hansen et al., 2018) and Checkmate 142 phase II (Overman et al., 

2017) trials pembrolizumab (anti-PD1 antibody) and nivolumab (anti-CTLA-a antibody) has 

been approved by the FDA for use in MSI-high and dMMR patients who have progressed 

through first line chemotherapy.  

 

Unmet needs in KRAS mutant CRC 

KRAS mutations, found in about 40% of mCRC are predominantly in codons 12 and 13 

(Jones et al., 2017). Of these mutations, KRAS G12D was most commonly found (36%), 

followed by G12V (22%), and G13D (19%) (Neumann et al., 2009).  KRAS G12C has been 

reported in approximately 17% of KRAS-mutated mCRCs (Schirripa et al., 2020). Presence 

of codon 12 mutations in KRAS have been associated with adverse prognosis in aggregate 

CRC population of diverse disease stages (Modest et al., 2016, Henry et al., 2021) 

(Andreyev et al., 2001, Imamura et al., 2012, Yoon et al., 2014). It might be speculated 

that the reason for differing outcomes could be mediated by differing activation of KRAS-

dependant pathways by distinct mutation variants.    

Apart from cancer relapse, the inability to accurately predict patient survival with mCRC 

or response to any given regimen of chemotherapy or biologic agents remains a significant 

obstacle. The discovery of KRAS status as a predictive biomarker for anti-EGFR therapy 

has been helpful in guiding treatment regimens, however it is insufficient to predict 

efficacy. There is an unmet need to identify more biomarkers that can predict patient 

suitability to a particular regimen and guide treatments for patients with distinct genetic 

underpinnings.  
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1.3 CRC Initiation and Progression   
There are two prominent theories explaining the progression of colon cancer: the 

Sequential theory (Fearon and Vogelstein, 1990) and the more recent Big Bang theory 

(Sottoriva et al., 2015). These models provide contrasting perspectives on how mutations 

accumulate and drive CRC development.  

1.3.1 Sequential theory  

The Sequential Theory, also known as the adenoma-carcinoma sequence, posits that 

tumor initiation is characterised by sequential and step-wise accumulation of somatic 

mutations, leading to the expansion of clones with selective growth advantages, such that 

the fittest clone eventually survives (Fearon and Vogelstein, 1990, Vogelstein et al., 2013) 

(Figure 1-1). By increasing the fitness of a target cell relative to other premalignant cells, 

driver events can result in clonal expansions and selectively sweep through the resident 

population. This model suggests that colon cancer begins with the benign growth of an 

adenoma due to genetic mutations in specific genes, such as APC, KRAS, and TP53. Over 

time, further mutations accumulate, leading to increased dysplasia and eventually 

transforming the adenoma into an adenocarcinoma. This theory is characterized by a 

stepwise progression (Luebeck and Moolgavkar, 2002): 

1. Initiation: Small benign adenomas form due to mutations in the APC gene. 

2. Proliferation: Additional mutations, such as those in the KRAS gene, lead to the growth 

and progression of these adenomas. 

3. Progression: Further genetic changes, including mutations in TP53 and other genes, 

drive the transition from advanced adenoma to invasive carcinoma. 

This pattern of tumor development is often seen in cancers, such as Barret’s esophagus 

where tumor initiation often occurs over a span of many years (Maley, 2007). The 

sequential theory, well corroborated by epidemiological data on CRC incidence (Luebeck 

and Moolgavkar, 2002), is often regarded as a cornerstone in understanding colorectal 

cancer progression. According to this model, numerous drivers of tumor growth are 

anticipated in an established tumor. However, relatively few putative driver mutations 

have been identified in individual tumors (Lawrence et al., 2013).  

Recently, several studies involving large scale lineage tracing and sequencing approaches 

in primary CRCs indicate that selective sweeps and large clonal expansions are less 

frequent after transformation and predict star-shaped phylogenies (Siegmund et al., 

2009, Humphries et al., 2013, Kostadinov et al., 2013). Investigations of other cancer 

types similarly highlight branched phylogenies and punctuated clonal evolution (Navin et 

al., 2010, Baca et al., 2013, Burrell et al., 2013). These studies highlighted that sequential 
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clonal evolution may not accurately describe patterns of intra-tumoral heterogeneity 

found in most established human cancers (Davis et al., 2017, Hu et al., 2017).   

High levels of intra-tumoral heterogeneity at the genomic, transcriptomic, cellular, and 

phenotypic levels have been reported in diverse cancers and pose challenges for targeted 

therapy with implications for patient stratification and the efficacy of targeted therapy.  

1.3.2 The Big Bang Theory  

Contrasting sharply with the Sequential Theory, the Big Bang theory asserts that cancer 

does not follow a linear, stepwise progression. Instead, it suggests that once a mutation 

occurs, cancer cells proliferate rapidly and heterogeneously from a very early stage, even 

before the tumour is detectable (Sottoriva et al., 2015). According to this model, the 

timing of mutation dictates its cellular prevalence in the fully established tumor. As such, 

most detectable sub-clonal alterations occur early during tumor expansion, whereas late-

arising mutations will be undetectable as they are diluted by population growth (Figure 

1-2). Thus, subclone composition remains relatively homogenous with major clones 

persisting tumor growth.  Key characteristics of this model includes: 

1. Single Mutational Event: The tumour originates from a single mutational event, and 

all subsequent growth is effectively a clonal expansion of these initially mutated cells. 

2. Heterogeneity from the Start: The genetic diversity within the tumour is established 

early on and remains relatively constant throughout its development. This early 

heterogeneity results in a variety of cells with different mutations, some of which 

may confer a more aggressive cancer phenotype. 

3. Spatial Distribution: The growth of the tumour is more akin to an explosion (hence 

"Big Bang"), with the bulk of the mutation and the establishment of the tumour 

architecture occurring early, followed by expansion without further significant 

evolution. 

 

Figure 1-1: The Sequential theory of CRC initiation and progression.  

The Sequential model or the adenoma-carcinoma sequence depicts an approximate order of 

morphological changes that appear at different stages of tumour development, starting with steps that 

promote benign tumour formation (adenomas), followed by steps that promote progression toward 

histologically more advanced tumours (colon carcinoma), and finally steps associated with tumour 

transformation into an invasive carcinoma (invasive colon carcinoma).  This illustration was adapted from 

(Fearon and Vogelstein, 1990) and created with Biorender.com.  
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The predictions generated by the Big Bang model were examined through detailed 

sampling of distant tumor regions, single gland, and single cell profiling at the mutational 

and copy-number levels. These studies revealed uniform intra-tumoral heterogeneity at 

multiple scales. Moreover, glands from distant tumor regions were found to have similar 

mitotic ages suggesting they derived from the same clonal expansion (Siegmund et al., 

2011, Sottoriva et al., 2013). Particularly, patterns of genetic variegation or subclone 

mixing were observed in glands from distant tumor regions (>3cm apart). These regions 

were found to harbour identical sub-clonal somatic single nucleotide variants (sSNV) or 

copy number alteration (CNA) breakpoints (Sottoriva et al., 2015). Using deep targeted 

sequencing, evidence for subclone mixing was also reported in colorectal cancers  (Suzuki 

et al., 2017) and breast cancers (Yates et al., 2015).  

The Big Bang growth dynamics in CRC have been corroborated by several multiregion 

sequencing (MRS) studies (Bozic et al., 2016, Uchi et al., 2016, Sievers et al., 2017, Suzuki 

et al., 2017), suggesting that this mode of tumor growth and effective neutrality may be 

relatively common.  

This shift away from a linear gradualist view of the sequential theory towards the 

punctuated clonal evolution also has clinical ramifications. The conventional linear model 

implied that aggressive cancers evolve gradually and only become invasive and detectable 

late during the evolutionary course. However, recent data suggests that early cataclysmic 

events initiate many such tumors with early specification of malignant potential.  

The mice and Drosophila models of CRC investigated in my thesis represents the Big Bang 

model of tumor initiation.  

 

Figure 1-2: The Big Bang model of CRC initiation and progression (Sottoriva et al., 2015).  

(A) Post initiation, a tumour grows predominantly as a single expansion populated by numerous 

heterogenous sub-clones. Intratumoral heterogeneity results from clonal mutations (depicted by coloured 

arrowheads) accumulating due to replication errors. The clonal mutations acquired early persist and 

become pervasive in the final tumor, while remaining non-dominant (coloured segments). Late-arising 

mutations are only present in small regions of the tumor. (B) In the Big Bang model, the pervasiveness of 

the clonal mutations depends on when the mutation occurs during growth, rather than selection for that 

mutation. Due to aberrant sub-clone mixing in the primordial tumor, followed by scattering during 

expansion, sub-clonal mutations are pervasive despite remaining non-dominant (depicted in red and 

yellow). Late alterations are restricted to small regions (depicted in black) and are essentially 

undetectable by conventional whole exome sequencing (WES). Illustration from (Sottoriva et al., 2015). 
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1.4 Major Pathway alterations in CRC 
CRC being an extremely complex and heterogenous disease, progresses from adenoma to 

malignant carcinoma through multiple stages with coalescence of multiple signalling 

pathways. The cumulative accumulation of clonal and sub-clonal mutations varies not 

only between patients but also between tumours (Tai et al., 2018, Punt et al., 2017). 

Commonly affected pathways include Wnt, TP53, RTK/RAS, PI3K/AKT, TGFβRII signalling 

pathways, along with CpG island methylation, microsatellite instability and chromosomal 

mutations. Most patients have mutations in at least two or more of these pathways. APC 

has been identified as the key driver mutation for initiation of CRC tumourigenesis (Fearon 

and Vogelstein, 1990). Other commonly affected genes include TP53, KRAS, BRAF, NRAS, 

PIK3CA, FBXW7, SMAD4 and TCF7L2 (TCGA, 2012).  

Although genomic sequencing efforts and the identification of key driver mutations have 

enhanced our understanding of the mechanisms underlying colorectal cancer (CRC) 

development and progression, they have so far been relatively ineffective in predicting 

prognosis or therapeutic response. To tackle this limitation, recent research has shifted 

towards transcriptional profiling of human tumor samples, aiming to achieve a more 

comprehensive understanding of the molecular biology driving CRC. 

In this context, Guinney et al. utilized RNA sequencing on clinical CRC samples and 

identified four consensus molecular subtypes (CMS) (Guinney et al., 2015). CMS1 tumors 

were characterized by hypermutation, inclusion of most microsatellite-instable samples, 

and a pronounced immune infiltration. CMS2 tumors exhibited high Wnt and Myc signaling 

activity and epithelial differentiation. CMS3, known as the metabolic subtype, showed 

enrichment for KRAS mutations and multiple metabolism-related gene signatures. CMS4 

tumors, linked to the poorest patient prognosis, demonstrated elevated levels of 

epithelial-to-mesenchymal transition (EMT) and increased infiltration of non-cancerous 

cells such as fibroblasts. Since these analyses were performed on bulk tumor samples, the 

transcriptional profiles included contributions from stromal cells. 

Building upon this framework, Joanito et al. conducted single-cell and bulk transcriptome 

sequencing to further refine the CMS classification. Their study revealed two intrinsic 

epithelial subtypes, iCMS2 and iCMS3, which provided a more nuanced understanding of 

tumor heterogeneity. Notably, iCMS3 included both microsatellite unstable (MSI-H) 

cancers and a subset of microsatellite-stable (MSS) tumors, with the latter exhibiting 

transcriptomic similarities to MSI-H cancers. This refined classification has significant 

implications for prognosis and therapeutic strategies (Joanito et al., 2022). 

Briefly, the research outlined in this thesis focusses upon three key signalling pathways, 

each of which plays a crucial role in CRC initiation and progression. These are the Wnt 
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signalling pathway, the mitogen-activated protein kinase (MAPK) pathway and the p53 

pathway. The focus of this thesis was to understand how these pathways interact to drive 

intestinal cancer in mouse and Drosophila models.  

1.4.1 The Canonical Wnt Signalling Pathway 

The Wnt signalling pathway is crucial in both normal cellular functions and the pathology 

of diseases, including CRC. It plays a significant role in cell growth, differentiation, and 

migration. Aberrations in Wnt signalling are among the most common molecular changes 

driving CRC initiation and progression (Rim et al., 2022). 

 

The Wnt pathway involves several key components, including Wnt proteins (which are 

secreted lipid-modified signalling proteins), Frizzled receptors (which bind to Wnt 

proteins), LRP5/6 co-receptors, and a set of intracellular proteins that transmit the signal 

from the cell surface to the nucleus. 

Under normal circumstances, in the absence of Wnt proteins, a destruction complex that 

includes the proteins Axin, APC (adenomatous polyposis coli), GSK-3 (glycogen synthase 

kinase 3), and CK1 (casein kinase 1) degrades β-catenin, a central player in the Wnt 

 

Figure 1-3: Illustration of the canonical Wnt Signalling Pathway 

Wnt OFF state: In the absence of Wnt signalling, β-Catenin is degraded by the destruction complex (DC), 

which consists of AXIN, APC, GSK-3β, and CK1. Wnt ON state: Wnt signalling is activated when Wnt ligands 

bind to receptors (Frizzled and LRP), leading to disruption of the β-Catenin destruction complex. This 

stabilizes β-Catenin, allowing it to translocate to the nucleus and activate TCF/LEF transcription factors, 

promoting gene transcription. Upon loss of functional Apc, the DC is not formed, resulting in β-Catenin 

accumulation. β-Catenin then translocates to the nucleus, where it supports transcription of Wnt target 

genes. (Adapted from (Zhang and Wang, 2020), created using Biorender.com) 
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pathway. β-catenin is marked for degradation by being phosphorylated by GSK-3 and CK1 

(Liu et al., 2002, van Noort et al., 2002). 

 

When Wnt proteins are present, they bind to Frizzled receptors and LRP5/6 co-receptors 

on the cell surface (Bhanot et al., 1996, Cong et al., 2004, Pinson et al., 2000). This 

binding disrupts the destruction complex (DC), preventing the phosphorylation of β-

catenin. As a result, β-catenin is not degraded by the proteasome. Stabilized β-catenin 

accumulates in the cytoplasm and then translocates into the nucleus. In the nucleus, β-

catenin binds to TCF/LEF family of transcription factors. This complex then acts as a 

transcriptional activator for various target genes such as MYC, AXIN2, NOTUM and CCND1 

(Hernández et al., 2012). The genes activated by β-catenin are involved in numerous 

processes including cell proliferation, survival, and differentiation. Some of the key genes 

include MYC, which drives cell proliferation, and CCND1, which encodes cyclin D1, are 

crucial for cell cycle progression.  

1.4.1.1 Pathophysiology of the canonical Wnt pathway 

In CRC, mutations in components of the Wnt pathway, particularly the APC gene, are 

frequently observed (TCGA, 2012). Mutations in the APC gene result in a truncated APC 

protein that cannot effectively participate in the β-catenin destruction complex. 

Consequently, β-catenin is not properly degraded, leading to its accumulation and 

constant activation of Wnt target genes, even in the absence of Wnt ligands.  

Mutations in β-catenin within CRC frequently affect conserved phosphorylation sites on 

exon 3, leading to protein stabilization. In the proximal small intestine, where Wnt-ligand 

levels are highest, stable β-catenin expression led to high-grade dysplasia and nuclear 

localization of β-catenin (Leedham et al., 2013). The severity of these effects gradually 

decreased moving toward the distal end of the gut. Interestingly, APC truncating 

mutations in human patients are found in specific regions, suggesting that the extent of 

APC truncation may be selectively influenced by these regional differences in Wnt 

signalling (Leedham et al., 2013). 

1.4.1.2 Challenges in targeting the Wnt pathway 

Over the last three decades, targeting the Wnt signalling pathway has been a significant 

focus for drug development due to its aberrant activation in numerous cancers. Despite 

this, no therapies targeting this pathway have yet been approved, although recent clinical 

trials are testing potential drugs in various hematologic and solid tumours. A major 

concern with inhibiting the Wnt-beta catenin pathway is its critical role in maintaining 

stem cells and tissue regeneration (Staal and Sen, 2008). Specifically, there are worries 

that such inhibition could adversely impact the normal populations of Wnt-dependent 

stem cells, particularly in regions with rapid cellular turnover, such as hair follicles and 

the gastrointestinal tract. Early trials with tankyrase inhibitors indicate that 
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gastrointestinal toxicity could be a dose-limiting factor, potentially restricting their 

clinical use (Zhong et al., 2016). Furthermore, understanding the extensive interplay 

among cellular signalling pathways that are frequently mutated in CRC such as the RAS  

and p53 pathways will be vital for developing effective treatments.  

1.4.2 The RAS Signalling Pathway 

The RAS/MAPK pathway is a critical signalling cascade that regulates various cellular 

processes including proliferation, survival, growth, migration, and differentiation. It is 

particularly significant in the development and progression of many cancers, such as CRC. 

RAS proteins are members of a family of small guanosine triphosphate (GTP) phosphatases 

(GTPases) regulating many intracellular networks, which are fundamental in cell 

proliferation, migration, differentiation, senescence, and apoptosis. Activation of this 

pathway begins when growth factors bind to receptor tyrosine kinases (RTKs) on the cell 

surface, such as the epidermal growth factor receptor (EGFR) (Figure 1-2). This binding 

triggers the RTKs to dimerize and autophosphorylate, for the formation of signalling 

complexes. RAS proteins are turned off if guanosine diphosphate (GDP)-bound and turned 

 

Figure 1-4: Overview of RAS Signalling Pathway 

In its active, GTP-bound state, RAS interacts with various effector proteins, stimulating their catalytic 

activities. Major effectors: RAF protein kinases initiate the MAP kinase cascade, leading to ERK activation. 

ERK acts on numerous cytoplasmic and nuclear substrates, including ETS transcription factors like ELK1, 

to regulate cell-cycle progression. (PI3Ks) produce second-messenger lipids, such as phosphatidylinositol-

3,4,5-trisphosphate, activating downstream targets, including the survival kinase AKT/PKB. RALGDS 

proteins function as guanine nucleotide exchange factors (GEFs) for RAL, a RAS-related protein, with 

downstream targets like Forkhead transcription factors.  Phospholipase Cε (PLCε) catalyzes the hydrolysis 

of phosphatidylinositol-4,5-bisphosphate, generating diacylglycerol and inositol trisphosphate. This results 

in protein kinase C (PKC) activation and mobilizes calcium from intracellular stores. Illustration was 

generated using Biorender. 
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on when GTP-bound. Despite RAS intrinsic capability of GTP hydrolysis and nucleotide 

exchange, this process is mainly regulated by extrinsic guanine nucleotide exchange 

factors (GEF) such as son of sevenless homologue 1 (SOS1) for GDP-to-GTP transition, and 

GTPase-activating proteins (GAP) such as neurofibromin for GTP hydrolysis (Lowenstein 

et al., 1992, Pierre et al., 2011). This activation leads to the recruitment and activation 

of the RAS GTPase, a small protein that acts as a molecular switch, cycling between an 

inactive GDP-bound state and an active GTP-bound state. 

Once activated, RAS engages multiple binding partners, triggering various downstream 

signalling pathways. These pathways include the canonical MAPK signalling 

(RAS/RAF/ERK) through interaction with RAF (Matallanas et al., 2011), PI3-Kinase 

signalling via its catalytic p110 subunit (Cuesta et al., 2021), and activation of RAL-

GTPases (Koyama and Kikuchi, 2001) and Rac (Lambert et al., 2002) through their 

respective GEFs.  

In the RAS/RAF/ERK pathway, active RAS-GTP (dimer) activates the RAF kinase family 

members (ARAF, BRAF, CRAF) (Lavoie and Therrien, 2015), which in turn phosphorylate 

and activate MEK1 and MEK2 (MAPK/ERK kinases). MEK proteins are dual-specificity 

kinases that specifically phosphorylate the ERK1 and ERK2 (extracellular signal-regulated 

kinases) (Braicu et al., 2019, Fanger et al., 1997). Phosphorylated ERKs translocate to the 

nucleus where they phosphorylate a variety of transcription factors that regulate gene 

expression. The genes activated by ERK signalling include those involved in cell cycle 

progression, survival, and differentiation, notably MYC, ELK1, and FOS. 

This intricate network of signals plays a vital role in modulating cellular responses to 

external stimuli, highlighting the complexity and importance of the RAS/RAF/ERK 

pathway in cellular function and oncogenesis. 

1.4.2.1 Pathophysiology of the RAS pathway 

Mutations in components of the RAS/RAF/ERK pathway are common in colon cancer. The 

most frequent mutations occur in the KRAS gene, affecting approximately 40-45% of colon 

cancer cases. These mutations result in a constitutively active RAS protein, which 

continuously signals to RAF, MEK, and ERK, regardless of external growth signals. 

BRAF mutations are also significant but less common, occurring in about 10% of colon 

cancers, often signifying a more aggressive disease and a poorer prognosis. BRAFV600E 

mutations in CRC often develop primaries in the right-side of the colon and are often 

associated with decreased response to chemotherapy (Kayhanian et al., 2018). In addition 

to its poor prognosis, BRAFV600E mutant CRC patients have worse health-related quality of 

life (Thomsen et al., 2017).  
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Continuous activation of the RAS/RAF/ERK pathway leads to uncontrolled cell division and 

survival, contributing to the initiation and progression of colon cancer. This pathway also 

influences the tumour microenvironment, promoting angiogenesis (formation of new 

blood vessels) and metastasis, further complicating the disease progression. 

1.4.2.2  Challenges in targeting the RAS pathway 

Five main strategies have been identified for targeting the RAS pathway: direct RAS 

targeting, targeting the RAS pathway, harnessing RAS through immunotherapy 

combinations, RAS targeting through metabolic pathways. Despite its significance in colon 

cancer, directly targeting the RAS component of the RAS/RAF/ERK pathway has been 

challenging. This difficulty arises from the high affinity of RAS proteins for GTP/GDP and 

their structural complexity, which lacks appropriate binding pockets for effective 

inhibition. Recent strides have been made with KRASG12C inhibitors such as sotorasib or 

adagrasib in patients with the KRASG12C mutation where improved response has been noted 

in patients that received combination of KRASG12C inhibitor and anti-EGFR therapy 

(CodeBreaK101 and KRYSTAL-1 trial) (Yaeger et al., 2023, Kuboki et al., 2024). Response 

rate from Sotorasib and Adagrasib was high in Non-Small cell lung cancers (NSCLC) but 

limited in CRC patients due to adaptive response selectively triggered in CRC. Moreover, 

both the inhibitors bind to KRASG12C in its GDP-bound state studies have revealed that 

EGFR signals can maintain the newly expressed KRASG12C protein in the active GTP-bound 

form, thereby evading treatment (Xue et al., 2020, Awad et al., 2021).  

Inhibition of pathway effectors other than RAS represents a further strategy targeting RAS 

mutant CRC, mainly in the form of combination therapies targeting multiple downstream 

kinases or upstream membrane RTK (Tolcher et al., 2018). Successful interventions have 

been achieved with inhibitors targeting downstream elements like BRAF and MEK. For 

example, BRAFV600E inhibitors such as vemurafenib, dabrafenib, and encorafenib have 

shown efficacy with BRAFV600 tumors. However, targeted inhibition of mutant BRAF led to 

paradoxical activation of EGFR/MAPK pathway through ERK-mediated regulatory feedback 

(Prahallad et al., 2012). Following this, MEK inhibitors were established as a cornerstone 

for targeting the RAS pathway, favoured over BRAF inhibitors. MEK inhibitors such as 

trametinib, binimetinib, and cobimetinib, prevent MEK phosphorylation of ERK ½, thus 

avoiding its dimerization and nuclear translocation. However, MEK inhibitors have not 

proved effective in CRC clinical trials as a single-agent (Rosen et al., 2016, Infante et al., 

2012) and are currently under investigation in combination with other therapeutic 

modalities to enhance effectiveness and counteract resistance mechanisms. Here are 

some challenges for targeting the p53 pathway: 

Resistance and Combination Therapies: Resistance to therapies targeting the 

RAS/RAF/ERK pathway is a frequent obstacle, leading to the exploration of combination 
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treatments that may include BRAF or MEK inhibitors paired with other targeted therapies, 

chemotherapy, or immunotherapy. This approach aims to improve outcomes by 

addressing multiple aspects of tumour biology simultaneously. 

Structural Complexity and Redundancy: The structural complexity of RAS proteins 

complicates the development of direct inhibitors. Furthermore, the pathway's 

redundancy and extensive feedback loops mean that inhibiting one part often triggers 

compensatory mechanisms through alternative pathways, undermining therapeutic 

efficacy (Xue et al., 2020, Awad et al., 2021). 

The ongoing evolution in our understanding of the RAS/RAF/ERK pathway’s role in colon 

cancer underscores the complexity of targeting this essential signalling mechanism. 

Effective treatment development requires an in-depth understanding of pathway 

dynamics and its interactions with other cellular processes, highlighting the necessity for 

comprehensive biomarker-driven strategies in cancer therapy. 

1.4.3 The P53 pathway 

More than forty years ago, four research laboratories across the world independently 

uncovered the existence of the p53 protein (Linzer and Levine, 1979, Lane and Crawford, 

1979, Kress et al., 1979, DeLeo et al., 1979).  

p53, often referred to as "the guardian of the genome," is a tumour suppressor protein 

that is activated in response to various cellular stresses, including DNA damage, oxidative 

stress, and oncogene activation (Levine, 2019a). The p53 pathway plays a critical role in 

maintaining genomic stability and preventing tumourigenesis by regulating cell cycle 

progression, DNA repair, apoptosis, and senescence (Levine, 2019a, Vogelstein et al., 

2000). 

Under normal conditions, p53 levels are kept low through its interaction with MDM2, a 

protein that promotes the degradation of p53 (Wu et al., 1993). When cellular stress is 

detected, p53 is stabilized and accumulates in the cell, primarily due to post-translational 

modifications that prevent MDM2-mediated degradation (Oren et al., 1982). 

Once activated, p53 can function as a transcription factor that regulates the expression 

of a wide range of genes involved in critical cellular processes, such as cell cycle arrest, 

apoptosis, senescence and DNA repair (Vogelstein et al., 2000). p53 can induce the 

expression of p21, a cyclin-dependent kinase inhibitor that blocks cell cycle progression, 

allowing time for DNA repair or activation of other protective mechanisms (Shieh et al., 

1997, Kastan et al., 1992). If DNA damage is irreparable, p53 promotes apoptosis through 

transcriptional activation of pro-apoptotic genes such as BAX, PUMA, and NOXA. p53 can 

also induce cellular senescence (a permanent state of cell cycle arrest) and upregulate 

genes involved in DNA repair mechanisms (Mallette and Ferbeyre, 2007). 
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1.4.3.1 Pathophysiology of the p53 pathway 

p53 is one of the most mutated genes in human cancers, including colon cancer (Nigro et 

al., 1989, Baker et al., 1989). Approximately 50-60% of colon cancer cases harbour 

mutations in the TP53 gene, resulting in loss of functions (LOFs) necessary for tumor 

suppression and even the gain-of-functions (GOFs) necessary for tumor growth (Sabapathy 

and Lane, 2018). Loss of functional p53 has been reported to cause: 

• Enhanced proliferation: The inability to arrest the cell cycle or induce apoptosis 

allows cells with damaged DNA to continue dividing, enhancing tumour growth 

(Drosten et al., 2014). 

• Resistance to Therapy: The loss of p53 function contributes to resistance against 

chemotherapy and radiation therapy, which often rely on p53-mediated apoptosis to 

kill cancer cells (Chang et al., 2023, Cao et al., 2020, Hientz et al., 2017, Keshelava 

et al., 2001, Drosten et al., 2014). 

• Increased Tumour Aggressiveness and Poor Prognosis: Studies have shown that 

tumours with p53 mutations are often more aggressive and associated with a worse 

prognosis compared to those with functional p53 (Russo et al., 2005, Hientz et al., 

2017, Stiewe and Haran, 2018, Olivier et al., 2010, Zhou et al., 2019). 

Despite extensive research, effective targeting of p53 in cancer therapy remains 

challenging due to the complexity of its regulation and the varied nature of its mutations. 

Advances in understanding the specific mechanisms of p53 inactivation and restoration in 

colon cancer will be crucial for developing effective treatments. 

1.4.3.2 Challenges in targeting the p53 pathway 

Since mutations in p53 contribute to cancer proliferation and metastasis, targeting the 

signalling pathways altered by p53 mutation appears to an attractive strategy. Depending 

on the p53 status, therapeutic strategies may include preventing the degradation of 

wildtype p53, inhibiting mutant p53, or restoring the wildtype functionality of mutant 

p53 (Zhu et al., 2020, Levine, 2019b, Zhou et al., 2019). Agents that stabilise wildtype 

p53 primarily achieve this by disrupting its interactions with negative regulators like 

MDM2, thereby preventing ubiquitination (Vassilev et al., 2004). Elevated wildtype p53 

levels are sufficient to induce tumor-suppressive responses. Additionally, p53 GOF 

mutations endow cancer cells with oncogenic properties, and thus targeting these specific 

mutations may inhibit cancer cell proliferation (Schulz-Heddergott and Moll, 2018). 

However, the development of p53-targeted drugs is particularly challenging as these 

agents must specifically target mutant p53 in cancer cells while having no effect on 

normal cells harbouring wildtype p53. Here are some approaches for targeting the p53 

pathway: 
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Stabilisation of wildtype p53 using small molecule inhibitors: The degradation of p53 is 

primarily mediated by ubiquitination via the E3 ubiquitin ligase MDM2, leading to 

proteasomal degradation. This process has spurred the development of small molecules 

that inhibit the MDM2-p53 interaction, stabilizing p53. The first inhibitors identified were 

nutlins, a class of cis-imidazolines (Vassilev et al., 2004).   

Targeting p53 GOF mutant tumors: Over the years many mutant p53-reactivating drugs 

have been described such as PRIMA-1, MIRA-1, and STIMA-1 which can potentially modify 

cysteines in the p53 protein to stabilise the wildtype conformation and prevent mutant 

p53 unfolding (Zache et al., 2008, Lambert et al., 2009, Saha et al., 2014). Despite 

demonstrating p53-dependent effects in vitro and in vivo, none have entered clinical 

trials, owing to solubility issues and toxicity in normal cells (Zache et al., 2008, Bou-

Hanna et al., 2015).  

Targeting truncated p53: While most cancer-associated TP53 mutations are missense 

mutations, approximately 10% result in nonsense mutations that produce truncated p53 

proteins. These truncated proteins are often rapidly degraded by the nonsense-mediated 

mRNA decay (NMD) pathway, making reactivation approaches less feasible. Instead, 

alternative methods have been proposed to activate the p53 pathway in cells with 

truncating mutations. One approach involves promoting translational readthrough, 

enabling ribosomes to bypass stop codons and produce full-length p53. Aminoglycoside 

antibiotics like gentamicin and its derivatives (e.g., G418 and NB124) have shown promise 

in this regard, as they restore full-length p53 synthesis and promote cancer cell apoptosis 

(Bidou et al., 2017, Floquet et al., 2011). Another strategy focuses on inhibiting the NMD 

pathway, with compounds like NMD14 targeting components such as SMG7(Martin et al., 

2014). Drugs like ataluren, already in phase III trials for cystic fibrosis, may also hold 

potential as anticancer agents. However, the toxicity of these compounds raises concerns 

about their viability as selective p53-targeted therapies (Dabrowski et al., 2018). 

As with targeting the Wnt and RAS pathways, a major concern regarding p53-based 

therapy is the emergence of resistance (Michaelis et al., 2011, Chapeau et al., 2017). 

Moreover, p53-targeted drugs are unlikely to succeed as standalone treatments in clinical 

settings. 

1.5 Disease modelling in mouse and drosophila  
While genetics give a central perspective about the nature of cancer, understanding 

tumour interactions with its surrounding environment gives us a systemic view of the 

disease. Given all the information on the common mutations that occur in CRC, mouse 

and Drosophila models can be developed that are based on the genetic make-up of 

tumors, generating realistic models of the human disease. We have made tremendous 
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progress in our understanding of colorectal cancer with the help of ex-vivo and whole 

animal models. Mouse, flies and organoids throw light on how tumours interact with 

surrounding micro- and macroenvironment and promote complex phenotypes such as drug 

resistance and metastasis. Patient-derived organoids implanted in mouse capture tumour 

complexity at organismic level - allowing strong preservation of tumoral and stromal 

architecture with high degree of fidelity to donor tumour. However, these samples 

represent late carcinoma and are usually taken from patients with highly advanced 

tumours who have undergone several cycles of chemotherapy. Moreover, the amount of 

viable tumour engrafted may not accurately represent intra-tumoural heterogeneity. 

One of the commonly used models is the multiple intestinal neoplasia (MIN) model 

(referred to as APCMin+/-). This model was generated by N‐ethyl‐N‐nitrosourea (ENU) 

mutagenesis which causes loss of function of Apc gene at codon 850.These mice 

predominantly develop multiple adenomas in the small intestine and a smaller number of 

colonic polyps (Moser et al., 1990, Moser et al., 1993).  APCMin+/- mice with SMAD4 and 

SMAD2 deletion, key proteins of TGF-β signalling pathway, showed advanced 

adenocarcinoma without any changes in number of polyps, suggesting this pathway is 

critical in adenoma to carcinoma progression. The development of genetically engineered 

mouse and fly models enabled us to understand the significance of individual and 

collective genetic alterations in CRC. KRAS mutation coupled with APC loss showed 

accelerated tumour formation and metastatic progression to lungs and liver in mice. 

Subsequent restoration of KRAS led to extinction of metastases and spontaneous 

regression of tumour (Boutin et al., 2017). While mutated KRAS is reported in 40% of 

human CRCs, the study showed that KRAS alone is insufficient to induce tumourigenesis 

but increases the susceptibility of intestinal mucosa to carcinogens (Haigis et al., 2008, 

Calcagno et al., 2008). Similarly, loss and gain-of-function TP53 mutations are found in 

approximately 40-60% of human CRCs (Nakayama and Oshima, 2019). When coupled with 

APC loss, intestinal tumours in p53 mutant mice show increased invasiveness and 

Epithelial Mesenchymal Transition (EMT). Restoration of APC led to spontaneous tumour 

regression in mice. Loss of p53 in mice with constitutively active Notch signalling 

background led to intestinal tumour formation and metastasis (Chanrion et al., 2014). 

FBXW7 is critical for degradation of c-myc, ccne1, jun and notch and is reported to be 

regulated in sizeable proportion of human cancers. Intestinal deletion of FBXW7 in 

APCMin+/- mice leads to aggressive tumour development and double knockout mice models 

of TP53 and FBXW7 show more aggressive intestinal cancers with lymph node and liver 

metastasis (Sancho et al., 2010, Grim et al., 2012). PI3/AKT pathway dysregulation is 

reported in 60-70% of colorectal cancers (Faes and Dormond, 2015). Constitutively active 

PIK3ca has been reported as a driver mutation causing rapid tumourigenesis and invasion 

of adjacent organs. This coupled with loss of Apc leads to adenoma to carcinoma 
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progression and metastasis (Leystra et al., 2012). Moreover, maintaining transgenic mice 

colonies is laborious and resource intensive. Fly models help complement mouse models 

by accommodating multiple mutations in a resource and time-efficient manner. Bangi et 

al., developed a 9-hit (KRAS-TP53-APC-FBXW7-TGFßR2-SMARCA4-FAT4-MAPK14-CDH1) 

personalised fly avatar to mimic the genetic profile of a patient with advanced KRAS 

mutant pT3N2a colon carcinoma (Bangi et al., 2019) for developing personalised targeted 

therapy as a part of a clinical trial. Such a bench-to-bedside clinical trial for late-stage 

patients would not be possible using mouse models. This study identified trametinib plus 

zoledronate as a candidate treatment combination which led to significant response in 

the patient: target and non-target lesions displayed a strong partial response and 

remained stable for 11 months (Bangi et al., 2019).  

1.5.1 Spatio-temporal transgene regulation in mice models 

The development of Cre-Lox (Cre) technologies in the 1990s enabled researchers to delete 

any gene in any tissue of interest (Nagy, 2000). This system involves interaction between 

two major components: a Cre recombinase and LoxP sites. In this method, mice carrying 

a Cre transgene (under the control of an inducible tissue specific promoter) are crossed 

to mice bearing an inducible allele in which the target region is flanked 

by LoxP recombination sites (Figure 1-5). Cre Recombinase is an enzyme derived from 

bacteriophage P1, that can recognize and interact with specific DNA sequences known as 

LoxP sites which are specific 34 base-pair sequences. When two LoxP sites flank a gene 

or DNA segment of DNA, Cre-mediated recombination can excise or modify this segment 

depending on the orientation and position of the LoxP sites. This can be either an essential 

exon(s) of a gene, to produce a conditional knockout, or a Stop motif to activate an 

oncogene, eg Kras, within adult tissue. The inducibility of Cre recombinases is achieved 

by coupling the Cre enzyme to the estrogen receptor (generating CreER), leading to 

activation of Cre with an estrogen agonist. To address the limitations of non-specific 

activation of CreER by endogenous estrogens, CreERT2 was developed (Zhao et al., 2006). 

The CreERT2 recombinase is a fusion protein that contains three mutations in the human 

ER, so that the complex is efficiently activated by synthetic estrogen-like agonists 

tamoxifen (Zhao et al., 2006). However, this approach still has some limitations including 

"leakiness," where Cre activity can occur without an inducer, leading to unintended 

recombination. Additionally, mosaicism may arise if not all targeted cells undergo 

recombination, resulting in a heterogeneous population of cells.  

I have utilised this system to generate the transgenic mouse models described in this 

thesis. Briefly, tamoxifen inducible Cre-recombinase was expressed under the control of 

the epithelium-specific Villin1 promoter (VillinCreERT2), allowing targeted genetic 

recombination throughout the intestine (El Marjou et al., 2004). To target the most 
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frequently altered pathways in CRC - Wnt, RAS and p53 -  I used Apcfl (Shibata et al., 

1997), KrasG12D (Jackson et al., 2001), Trp53fl (Jonkers et al., 2001) alleles respectively, 

to generate compound mutant mice.  

It has been shown that acute deletion of both copies of Apc results in a crypt progenitor 

phenotype characterized by increased proliferation and altered migration and 

differentiation (Sansom et al., 2004, Andreu et al., 2005). Site-directed activation of Apc 

using 4-hydroxy tamoxifen resulted in development of colonic adenomas (discussed in 

Chapter 3). Our mouse models, combining mutation of Apc with aberrant expression of 

mutated KrasG12D/wt resulted in higher number of intestinal adenomas compared to mice 

bearing loss of Apc alone (discussed in Chapter 3). This observation is also corroborated 

by other groups (Sansom et al., 2006, Janssen et al., 2006). Expression of KrasG12D/wt alone 

did not accelerate tumorigenesis in mice, as these mice developed adenomas and 

adenocarcinomas at very long latencies (>500 days) (Sansom et al., 2006). In these mouse 

models, Apc mutation seems to act as an initiator, reducing latency and increasing tumor 

burden. However, this is a problem as compound mutant mice Apcfl/wt KrasG12D/wt develop 

multiple tumors and thus need to be euthanized earlier due to higher tumor burden, 

 

Figure 1-5: Illustration of Tamoxifen-inducible Cre-Lox system in mice.  

In an inducible Cre line, Cre is fused to mutated hormone-binding domains of the estrogen receptor. Cre-

ER is inactive until tamoxifen is added. Inducible lines allow for both spatial and temporal control by 

combining the tissue-specific expression of Cre-ER by CD31 and its tamoxifen-dependent activity of the 

enzyme. Illustration was generated using Biorender.com. 
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before any tumors have had the opportunity to invade or metastasize (discussed in 

Chapter 3).  

Similar to mutant KrasG12D/wt mice, loss of p53 alone does not drive intestinal tumorigenesis 

in mice. This is also noted in patients with Li-Fraumeni syndrome who carry germline 

mutations in the p53 gene usually develop soft tissue sarcomas of mesenchymal origin 

(Strong et al., 1992). In mouse intestines, an increase in tumor burden and progression 

was observed with concomitant loss of Apc in Apc Min/+ Tp53 −/− compound mice (Halberg 

et al., 2000). Similarly, I have also observed increased intestinal tumor burden in mice 

bearing mutations in Apc, Kras and p53 genes (Apcfl/wt KrasG12D/wt Trp53fl/fl, discussed in 

Chapter 3). 

Collectively, nearly all the common human mutations in CRC lead to increased tumor 

burden and tumor progression, although alone these mutations do not provoke rapid 

tumorigenesis. I used these models to study the interplay between aberrations in Apc, 

Kras and p53 in tumorigenesis and tumor progression.  

1.5.2 Spatio-temporal transgene regulation in Drosophila models  

The GAL4/UAS system, a workhorse of Drosophila genetics for spatiotemporal regulation 

of transgenes, was developed by Brand and Perrimon (Duffy, 2002, Brand and Perrimon, 

1993). This bipartite system consists of two main components: the GAL4 transcriptional 

activator, identified in the yeast Saccharomyces cerevisiae (Laughon and Gesteland, 

1984) and a transgene controlled by an Upstream Activating Sequences (UAS) promoter 

that is largely silent in the absence of GAL4 (Brand and Perrimon, 1993).  

A modification of this system, Gal80ts, is a temperature-sensitive variant of Gal80 that 

allows conditional control over Gal4 activity. At lower, permissive temperatures, Gal80ts 

represses Gal4; however at higher, restrictive temperatures, it becomes inactive, 

allowing Gal4 to activate transcription. This feature is particularly useful when combined 

with specific promoters, such as the byn, which is active in the hindgut of Drosophila, 

enabling targeted gene expression to these tissues (Figure 1-6). 

This system is highly versatile and can be used for cell- or tissue- specific genetic mutant 

rescue, gene overexpression, RNA interference (Ri) screens, and many other applications. 

It has been extensively employed in developmental studies in various tissues, including 

the hindgut (byn: (Lengyel and Iwaki, 2002)), and midgut (esg: (Micchelli and Perrimon, 

2006, Potten, 1998)).  

Expression of transgenes in Drosophila hindgut using byn promoter: In Drosophila, byn 

is expressed in the ring of cells that will internalize to form the hindgut and continues to 

be expressed in the hindgut throughout embryogenesis. Byn specifically regulates 



32 

transgene expression specifically in the drosophila hindgut (Fox and Spradling, 2009, 

Takashima et al., 2008, Lengyel and Iwaki, 2002).  

To investigate which aspects of tumorigenesis are recapitulated by mutations in the RAS, 

WNT and p53 pathways, I targeted transgenes specifically to the Drosophila hindgut 

epithelium. The Drosophila hindgut which functions as the equivalent of mammalian 

colon, is a single layer of epithelium divided into three main sections along its anterior-

posterior axis (Fox and Spradling, 2009, Takashima et al., 2008, Lengyel and Iwaki, 2002). 

The pylorus is the anterior-most region of the hindgut that controls the passage of gut 

contents from the midgut to the hindgut. The ileum contains differentiated enterocytes 

and the rectum sits most posteriorly.  

For my thesis, I employed the temperature-sensitive GAL4/GAL80ts system in combination 

with the hindgut-specific byn promoter to control the timing and location of transgene 

expression. This model has been well-characterized by Bangi et al. for recapitulating key 

features of tumorigenesis (Hanahan and Weinberg, 2011): disruption of normal tissue 

architecture, evasion of apoptosis, oncogene-induced senescence, migration and 

metastasis (Bangi et al., 2016).  

Drosophila Stock Maintenance Using Balancer Chromosomes: One of key advantages of 

Drosophila as a model organism is the availability of balancer chromosomes. These 

chromosomes suppress recombination with their homologues, enabling the maintenance 

of lethal and sterile mutants as balanced heterozygotes. All balancers carry dominant 

 

Figure 1-6: GAL4 and UAS system for spatiotemporal transgene expression in fruit-flies. 
Female virgins bearing GAL4 under a tissue-specific promoter (byn: hindgut), are crossed with male flies 
bearing gene of interest under the control of upstream activating sequence (UAS). In the parental line, 
gene of interest in not expressed in the absence of GAL4. Gene of interest is expressed only in the F1 
progenies that carry both UAS and GAL4 proteins. GAL80ts allows temporal control of transgene expression; 
at 18°C transcription is blocked by GAL80ts; at 29°C GAL80ts is inactive, allowing GAL4 to activate 
transcription of gene of interest. 
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markers that unambiguously distinguish homozygous mutants from their heterozygous 

siblings. The TM6B balancer (Craymer, 1984) carries the Tb1 dominant mutation, is 

characterized by a distinct phenotype in which the flies exhibit a rounded and somewhat 

bloated abdomen, which makes them appear "tubby". This balancer is particularly useful 

during examination of suitable mutant larvae for dissection and analysis.  

1.6 Genetic Complexity and drug resistance in CRC 
Although tremendous progress has been made in modelling human cancers in mouse and 

flies, we still lack models representing an integrated view of the genetic and genomic 

changes and their significance for colorectal tumourigenesis(Ocana et al., 2010, 

Caponigro and Sellers, 2011). Only 6% of cancer clinical trials lead to FDA approval, 

highlighting a huge disconnect between pre-clinical response and clinical outcome (Hay 

et al., 2014). This suggests that our current models albeit powerful are insufficient to 

understand the complex disease biology of cancer and its treatment. Development of new 

treatment options requires development of novel screening methodologies. Current 

models of drug screening including in vitro cell systems, orthotopic models and 

genetically engineered mouse and fly models fail to capture patient tumour complexity 

and heterogeneity. The efficacy of any therapeutic strategy is highly dependent on 

tumour burden and its growth kinetics; tumour heterogeneity, physical barriers, immune 

system and microenvironment, undruggable cancer drivers, and the consequence of 

therapy pressure (Grizzi and Chiriva-Internati, 2006). Many of the mouse models cannot 

be used to analyse large scale drug screening as they are not only resource intensive but 

also not the ideal models to study metastasis. While fly models provide scalability for 

whole-animal screening and help exploration of cancer processes at the level of single 

cells, they lack adaptive immune system and cannot be used to study certain types of 

cancer. It is an established fact that tumours are comprised of a heterogenous population 

of cells and is complex system that continuously evolves during disease progression. 

However, there are very few models that capture this complexity of cancer in its true 

essence. Indeed, cancer models focussing on single-gene or single pathways have provided 

us with deeper understanding of signalling pathways involved and facilitated significant 

breakthroughs in the field. To develop effective therapeutic strategies, we need more 

innovative in vitro and in vivo models that can encapsulate the complexity of this disease. 
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1.7 Aims 
Despite numerous clinical studies, there remains a significant unmet need for effective 

treatments in patients with KRAS-mutant colorectal cancer (CRC). The differential 

responses observed in clinical settings suggest variations in MAPK pathway dependency in 

KRAS-mutant colorectal cancers, warranting a detailed investigation. Several studies have 

implicated genetic complexity in imparting drug resistance. This thesis posits that a 

deeper understanding of current CRC models is essential to study the mechanisms of drug 

resistance effectively.  

Transgenic mouse models developed by the Sansom group and patient-specific fly avatars 

from the Cagan lab, provide a unique opportunity to explore the interplay between 

multiple deregulated pathways across species. My thesis leverages Drosophila and mouse 

models to dissect the cellular and molecular dynamics of CRC driven by oncogenic Ras 

signalling, offering critical insights into the interaction of signalling pathways. 

Utilizing transgenic mouse models from the Sansom group and patient-specific Drosophila 

models from the Cagan lab, my research focuses on the following key aims: 

AIM 1: Characterization of Ras-Driven Models of Colorectal Cancer: 

In Chapter 3, I aim to characterize Drosophila and mouse models that incorporate relevant 

mutations in the WNT, KRAS, and P53 pathways. This involves studying how these 

mutations disrupt tissue homeostasis and contribute to tumour initiation and progression, 

as well as exploring the interactions between multiple oncogenic mutations. 

AIM 2: Investigate MAPK Dependency in Ras-Driven CRC Models: 

In Chapter 4, I will examine the MAPK pathway's role in genetically complex Drosophila 

and mouse CRC models. Understanding how these models respond to Ras pathway 

inhibition at various tumour stages will provide insights into why Ras inhibitors have been 

unsuccessful in clinical settings. 

AIM 3: Identify and Target Resistance Mechanisms: 

In Chapter 5, I investigated and validated the upregulation of a toxin clearance pathway—

glucuronidation—in mouse models of colorectal cancer (CRC). This mechanism was 

initially identified in Drosophila models in collaboration with Dr. Bojie Cong. My goal was 

to determine whether this resistance mechanism is conserved in mammals. I 

demonstrated that genetically complex Ras-driven colon tumours exhibit lower drug 

concentrations compared to adjacent normal tissues. By employing a combinatorial 

strategy, I was able to enhance drug accumulation specifically within the tumour. I then 

assessed whether increasing the drug concentration in the tumours would lead to tumour 

regression and improved survival in mice bearing intestinal tumours. 
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Chapter 2 Materials and Methods 

2.1 Fly models of Ras-driven colon cancer 
Drosophila melanogaster (fly) lines were cultured at room temperature or 25-29°C on 

standard fly media. Our fly media consisted of: Tayo agar 10g, Soya flour 5g, Sucrose 15g, 

Glucose 33g, Maize meal 15g, Wheat germ 10g, Treacle molasses 30g, Yeast 35g, Nipagin 

10ml, Propionic acid 5ml prepared in 1 litre water. All reagents were purchased from 

Scientific Laboratory Supplies (SLS). 

Fly lines used in this study are: UAS-rasG12V (second chromosome, G. Halder), UAS – armS10, 

UAS-p53Ri (second chromosome, VDRC), byn-Gal4 (third chromosome, V-Hartenstein) and 

byn-Gal4/Gal80ts (third chromosome, Bloomington). The following fly lines were made 

by Cagan lab at Mount Sinai, USA.  

Fly Line Genotype Human Ortholog 

CPCT036 UAS – rasG12V apcRi p53Ri agoRi 

chicoRi smoxRi evaRi sdhARi rassfRi 

efa6Ri 

KRASG12V, APC, P53, IRS1, FBXW7, 

SMAD4, SDHA, RASSF, PSD 

RAP-P1-M3B UAS – rasG12V apcRi p53Ri agoRi 

wtsRi CG7742Ri atg2Ri 

KRAS, APC, P53, FBXW7, LATS1, 

TBC1D19, ATG2B/2A 

RAP-P2-M1B UAS – rasG12V apcRi p53Ri vrp1Ri 

ryRi khc-73 Ri 

KRAS, APC, P53, WIPF1, XDH, 

KIF13A 

RAP-P5-M4A UAS – rasG12V apcRi p53Ri amy-pRi 

btRi ppk26Ri 

KRASG12V, APC, P53, AMY2B, 

TTN, ASIC1 

RAP-P7-M2B UAS – rasG12V apcRi p53Ri kn Ri 

CG12730 Ri CG4733 Ri 

KRAS, APC, P53, EBF3, CMTM4, 

PPP2R3B 

RAP-P13-M1A UAS – rasG12V apcRip53Ri tefuRi 

CG31223Ri idaRi 

KRASG12V, APC, P53, ATM, 

ZNHIT2, ANAPC5 

RAP-P19-M1A UAS – rasG12V apcRi p53Ri ptenRi 

tetRi morRi 

KRAS, APC, P53, PTEN, TET1, 

SMARCC2 

 

2.1.1 Optimising Developmental Temperature for Flies 

Developmental temperature for fly lines – RAP-P1-M3B, RAP-P2-M1B, RAP-P7-M2B and 

RAP-P19-M1A were optimised by colleagues in Cagan laboratory. To optimise the 

developmental temperature for the CPCT036 fly line for subsequent rescue-from-lethality 

assays, a breeding stock population consisting of 12 female virgins (driver lines) of either 

byn-Gal4 or byn-Gal4/Gal80ts and 4 males (responder flies) per vial was established. Flies 

were allowed to acclimatise by culturing for 48 – 72 hours at room temperature. After 

acclimatisation, breeding population were transferred into fresh vials containing fly 
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media and placed in an 18°C incubator for egg laying. This temperature was chosen to 

minimise transgene expression during embryogenesis, thereby preventing embryonic 

defects or lethality. Post embryogenesis, larvae were raised at 25°C, 27°C and 29°C 

respectively until eclosion. Once all the flies had eclosed, the number of empty pupal 

cases were counted to determine viability. 

2.1.2 Drug Treatment 

The following drugs were used in this study: trametinib (Selleckchem), Regorafenib 

(Selleckchem), Rapamycin (Selleckchem), Pyrvinium (Selleckchem), LY294002 (LC Labs), 

Dabrafenib (Selleckchem), Bortezomib (Selleckchem), and Simvastatin (Selleckchem). All 

compounds were reconstituted in DMSO and mixed with fly media to make drug-food (0.1% 

final DMSO concentration). Drug media was prepared by diluting drug stocks in semi-

defined fly media to a final concentration of 0.1% DMSO.  

2.1.3 Rescue-from-lethality assay 

A breeding population consisting of 12 female virgins (bynGal4/Gal80ts) and at least 4 

males (flies with gene of interest) per vial were transferred into vials with fly media. Flies 

were allowed to acclimatise by culturing for 48 – 72 hours at room temperature. Post 

acclimatisation, the breeding population was transferred to vials with drug media and 

transferred to 18°C for egg laying. Egg laying was performed at 18°C to minimize 

transgene expression during embryogenesis and to prevent defects or lethality that could 

not be rescued by drug feeding. Vials containing eggs and embryos were allowed to age 

at 18°C for 72 hours to complete embryogenesis before transferring them to incubators 

set to optimised temperatures for the assay. Larvae were reared on drug media, which 

took approximately 11 to 14 days to reach adulthood, depending on the temperature. 

Once all flies had eclosed, the number of empty pupal cases was counted to calculate 

viability.  

2.1.4 RNA isolation and RNA Sequencing 

Hindguts from twenty third-instar larvae were dissected and collected in microcentrifuge 

tubes containing RNAlater™ Stabilization Solution (Qiagen, #AM7020). For sample 

processing, fly hindguts were washed with an equal volume of PBS and centrifuged at 

 

Figure 2-1: Illustration of study plan in Drosophila 
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1000 rpm for 10 minutes. Total RNA was extracted according to the manufacturer's 

instructions (Qiagen RNeasy Kit, #740106). 

Quality control of all RNA samples was performed using the Agilent Tapestation 4200 High 

Sensitivity RNA screentape. RNA concentrations were determined with a Qubit 

Fluorometer using the Qubit RNA Broad Range assay (both Thermo Fisher), with an initial 

input of 500 ng of total RNA. Libraries were prepared following standard procedures 

(Illumina Stranded mRNA) using IDT for Illumina RNA UD Indexes to index the libraries. 

Post-library quality control was conducted using High Sensitivity D1000 screentape 

(Agilent) for sizing and profiling, with quantification using the Qubit High Sensitivity DNA 

assay. The libraries were pooled equimolar to a final concentration of 4 nM prior to 

sequencing on an Illumina NextSeq 500 instrument, utilizing a High-Output 150 cycle run 

with paired-end 74 bp read length. 

The reference genome used was Drosophila melanogaster (BDGP6.46.110, Ensembl). 

Reads underwent quality checks using FastQC, followed by trimming with Trim Galore to 

remove adapters and low-quality reads (Phred score < 20). Aligned reads were processed 

using Hisat2, and gene-level counts were obtained using featureCounts. Differential 

expression analyses were conducted in R using DESeq2, which employs a Wald test to 

assess significance between groups. Graphs were generated using the ggplot2 package in 

R. Downregulated genes were marked in blue (Adjusted p-values < 0.05 & log2Fold change 

< -1), while upregulated genes were marked in red (Adjusted p-values < 0.05 & log2Fold 

change > 1). 

2.2 Mouse models of Ras driven colon cancer 

2.2.1 Mouse Housing and Ethics 

All mouse experiments were performed according to the UK Home Office regulations 

(project licenses: PP3908577 and 70/9112) with approval from the University of Glasgow 

Animal Welfare and Ethical Review Board. Male and female mice between 12 to 16 weeks 

of age and weighing ≥20 g were utilized. Mice were housed in conventional cages within 

an animal room at a constant temperature (19 to 23°C) and humidity (55% ± 10%), 

maintained under a 12-hour light-dark cycle and were fed a standard chow diet and water 

at ad libitum. Mice were euthanized humanely at predefined time points or when 

exhibiting clinical signs such as hunching, progressive weight loss, or anemia, indicative 

of intestinal tumour burden. 

2.2.2 Genetic Alleles 

Mice used were on a C57BL/6J background for the following alleles: VillinCreERT2 transgene 

(El Marjou et al., 2004), Apcfl (Shibata et al., 1997), KrasG12D (Jackson et al., 2001), Trp53 
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(Jonkers et al., 2001). For genotyping, mice were ear notched upon weaning and ear 

punches was sent to Transnetyx (Cordova, TN) where samples were genotyped using the 

established genotyping procedure for the individual alleles. 

2.2.3 Treatment groups and Drug Formulations:  

trametinib (LC Laboratories), a selective MEK1/2 inhibitor, was reconstituted in 0.5% 

hydroxypropyl methylcellulose (HPMC) + 0.1% Tween-80 and mice were dosed as 

described below. Duration of treatment which depended on model and study plan has 

been noted in the subsequent sections.  

TL – trametinib(low-dose) – dosed at 0.2mg/kg and formulated as 0.05mg/ml trametinib, 

administered once daily by oral gavage. 

TM – trametinib(mid-dose) – dosed at 0.4mg/kg and formulated as 0.1mg/ml trametinib, 

administered once daily by oral gavage. 

TS – trametinib(standard-dose) – dosed at 0.8mg/kg and formulated as 0.2mg/ml trametinib, 

administered once daily by oral gavage. 

Vor - vorinostat (Selleckchem) - was reconstituted in 0.5% hydroxypropyl methylcellulose 

(HPMC) + 0.1% Tween-80 and mice were dosed at 50mg/kg and formulated as 12.5mg/ml, 

administered once daily by oral gavage. 

For combination treatments, drugs were reconstituted together at appropriate 

concentrations and co-administered at the same frequency. For example: 

TL + Vor (trametinib(low-dose) + vorinostat) treated mice received trametinib at 0.2mg/kg 

and vorinostat at 50mg/kg, administered once daily by oral gavage. Drug formulation 

contained trametinib (0.05mg/ml) and vorinostat (12.5mg/ml).  

TS + Vor (trametinib(standard-dose) + vorinostat) treated mice received trametinib at 0.8mg/kg 

and vorinostat at 50mg/kg, administered once daily by oral gavage. Drug formulation 

contained trametinib (0.2mg/ml) and vorinostat (12.5mg/ml).  

Upon reconstitution, drugs were stored at 4°C and replenished fortnightly where 

applicable. 

2.2.4 Inductions, Treatment Regime and Sample processing 

Cre recombination was activated across the whole intestine using Tamoxifen (for Short-

term model and Long-term model) or spatially localised using 4-Hydroxy Tamoxifen (for 

Colon Tumour model).  
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Tamoxifen (#T5648, Merck) was dissolved in Absolute Ethanol to a stock solution of 

100mg/ml. This was diluted in corn oil (#C8267, Merck) to a final working concentration 

of 10mg/ml for intraperitoneal injection. 

4-Hydroxy Tamoxifen (#H6278, Merck) was dissolved in Absolute Ethanol to a stock 

solution of 10mg/ml or 25mM. This was diluted in PBS to a final working concentration of 

100µM for intracolonic injection. 

2.2.4.1 Short-term Model 

Transgene Activation and Treatment Regime: In mice with homozygous lox-flanked Apc 

allele (Apcfl/fl), robust Cre recombination across the entire intestine was achieved via a 

single administration of Tamoxifen (80mg/kg, i.p.) on Day 0. Mice were randomly assigned 

to treatment groups starting Day 1 and culled on Day 3. Drugs were administered once 

daily by oral gavage (p.o.), and BrdU (0.25ml, 10mM) was given two hours prior to culling 

on Day 3. 

Sample Processing: Upon dissection, intestines were flushed with water and fixed using 

the following methods:  

 

Figure 2-2:  Illustration showing transgene activation and treatment plan for different Ras-driven 
intestinal tumour models of CRC 
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Methacarn fixation: This method is optimal for assaying proliferation in intestinal crypts, 

as it preserves the three-dimensional structure of the gut with minimal cross-cuts. 

Methacarn fixation is ideal for BrdU staining but less suitable for other 

immunohistochemical stains. The proximal small intestine (first 7 cm) was opened 

longitudinally on Whatman filter paper and submerged overnight at room temperature in 

freshly prepared Methacarn solution consisting of absolute methanol (Sigma, #32213), 

chloroform (Fisher Scientific, #C4960/PB17), and glacial acetic acid (Sigma, #695092) in 

4:2:1 ratio. The following day, guts were rolled and transferred to 10% Neutral Buffered 

Formalin (NBF) for further histological processing. 

Quick Fixation: Entire colon and part of proximal SI is fixed using this method for 

immunohistochemical assays that cannot be done on Methacarn fixed samples. This 

method is ideal for B-catenin IHC. Longitudinally cut Colon was pinned out on wax plates 

while part of proximal SI was cut into 1cm lengths and bundled with surgical tape. Tissues 

were fixed in 10% NBF at 4°C for no more than 24h. The following day samples were 

transferred to 70% ethanol for further histoprocessing.  

2.2.4.2 Long-term Model 

Transgene Activation and Treatment Regime: In mice with heterozygous lox-flanked Apc 

allele (Apcfl/wt), Cre recombination across the entire intestine was achieved by a single 

administration of Tamoxifen (80mg/kg, i.p.) on Day 0. Mice were allocated to treatment 

groups from Day 21 and aged until clinical end-point (progressive weight loss, hunching, 

anaemia). Drugs were administered once daily by oral gavage (p.o.), and BrdU (0.25ml, 

10mM) was given two hours prior to sampling at clinical end-point. 

Sample Processing: Upon dissection, intestines were flushed with water and “optimal-

fixed” in 10% NBF. This fixation is suitable for all immunohistochemical stains. 

Optimal Fixation: Small intestine, colon and caecum were cut open longitudinally and 

pinned on wax plates. Samples were submerged in 10% NBF for 24-72 hours at room 

temperature. Post-fixation, guts were rolled and transferred to 70% ethanol for further 

histological processing.  

2.2.4.3 Colon Tumour Model 

Transgene Activation and Treatment Regime: To drive spatially resolved Cre 

recombination in the colon, mice with homozygous lox-flanked allele (Apcfl/fl) received 

colonoscope-guided injection of 4-hydroxy Tamoxifen (70µl, 100nM) into the colonic sub-

mucosa under general anaesthesia (Roper et al., 2017). Post confirmation of tumour 

establishment by colonoscopy, mice were assigned to treatment groups. Drugs were 

administered once daily by oral gavage (p.o.) for 5 days and BrdU (0.25ml, 10mM) was 

administered 2h before sampling on Day 5.  
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Sample processing: Upon dissection, colon was flushed with water and cut open 

longitudinally to reveal tumour and adjacent normal tissue. Both colon tumour and 

adjacent normal tissue were optimally fixed on Whatman filter paper in 10% NBF for 24 

to 72 hours, after which they were transferred to 70% ethanol for further histological 

processing.  

2.2.4.4 Intracolonic Transplantation Model 

Organoid transplantation and Treatment Regime: Wild-type C57BL/6 mice were 

purchased from Charles River Laboratories. Intestinal organoids with the genotype Apcfl/fl 

KRasG12D/wt p53fl/fl were transplanted into the colonic submucosa via colonoscopy (Roper et 

al., 2017). Post confirmation of tumour establishment by colonoscopy, mice were 

assigned to treatment groups. Drugs were administered once daily by oral gavage (p.o.) 

for 5 days and mice were sampled on Day 5.  

Sample Processing: Samples were collected for histological processing and metabolite 

analysis using LC/MS. Upon dissection, the intestines were flushed with ice-cold PBS, and 

tissues of interest were collected for histological processing and metabolite analysis, as 

follows: 

A. Histological processing: The colon was cut open longitudinally to reveal tumour and 

adjacent normal tissue. Both colon tumour and adjacent normal tissue were optimally 

fixed on Whatman filter paper in 10% NBF for 24 to 72 hours, after which they were 

transferred to 70% ethanol for further histological processing.  

B. Sample processing for LC/MS analysis of drug metabolites: Upon dissection, the 

intestines were flushed with ice-cold PBS, and tissues of interest (~20 mg) such as 

tumor, adjacent normal tissue, liver, serum, and stool were collected and snap-frozen 

in Precellys tubes (CK28-R, Bertin Technologies) for further analysis. Metabolites were 

extracted from the frozen tissue fragments using an ice-cold polar solvent mixture 

(Methanol:Acetonitrile:Water, 5:3:2) at a concentration of 20 mg/ml. The tissues 

were homogenized using a Precellys homogenizer. Samples were then centrifuged to 

remove any debris and prepared for LC/MS analysis. 

Samples were analysed using reverse phase chromatography (ZORBAX Eclipse Plus C18, 

2.1x50mm, 1.8-micron) using water 0.1% formic acid as mobile phase A and 

acetonitrile 0.1% formic acid as mobile phase B. Elution started at 99% A (one minute), 

followed by a linear increase to 92% A for 12 minutes, a washing step of 1% A for 5 

minutes and a final re-equilibration step to 99% A for 3 minutes. Column oven was set 

to 35 °C and flow rate to 250 µl min–1. 

Metabolite analysis was performed using a Q Exactive Orbitrap mass spectrometer 

(Thermo Fisher Scientific) equipped with electrospray ionization in positive ionisation 

mode. Resolution (RES) was set to 70,000 at 200 m/z, with a scan range of 100 to 
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1000 m/z (automatic gain control (AGC) target of 3 × 106 and maximal injection time 

(IT) of 200 ms). Data analysis was carried out in Skyline (version 24.1.0.199). 

2.2.5 Histoprocessing  

Following fixation, samples were processed by the CRUK Scotland Institute Histology 

Department and embedded into paraffin wax using standard histological techniques. 3-

4μm sections were cut for Haematoxylin and Eosin (H&E), and IHC or in situ hybridisation 

techniques (RNAscope®). H&E staining was performed according to standard protocols. 

2.2.6 Tumour Scoring  

Tumours were characterised and scored using H&E-stained sections on HALOTM (Indica 

Labs). Briefly, small intestinal and colon tumours were annotated, and their area was 

calculated using a tissue classifier module. Tumours were sorted by size: small (0.001 – 

0.1mm2), medium (0.1 – 1.5mm2) and large (>1.5mm2). Pathologically they were 

categorised as dysplastic adenomas (low-grade vs high-grade) or adenocarcinomas. 

Histologically, adenomas are preinvasive pedunculated or sessile lesions. More advanced 

adenomas, characterized by architectural complexity, increased cytologic atypia, and 

loss of tumour cell polarity, are categorized as high-grade dysplastic adenomas. 

Adenocarcinomas, on the other hand, are malignant neoplasms of glandular epithelium 

that penetrate through the muscularis mucosa. They can be subclassified based on several 

criteria, including degree of differentiation (well-differentiated, moderately 

differentiated, or poorly differentiated) and histologic type. Pseudo-invasion, a common 

finding in the mouse intestine, can occur independently of cancer development and is 

likely due to the relatively thin muscularis mucosae. In mice, this muscular layer is only 

a few cells thick, allowing the mucosa to penetrate the muscle with relative ease. 
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2.2.7 In vivo proliferation Assay 

Proliferation levels were assessed by measuring BrdU incorporation. Briefly, mice were 

administered with 0.25ml BrdU (10mM, Amersham Biosciences) 2h before sampling. IHC 

staining for BrdU was performed using the anti-BrdU (#347580, BD Biosciences) antibody.  

For intestinal crypts, BrdU scores were determined by counting number of BrdU positive 

cells per half crypt using AperioTM (Leica Biosystems). For tumours, BrdU scores were 

assessed counting number of BrdU positive cells per 1000 dysplastic cells. This was done 

using an adaptation of the CytoNuclear V 2.0.9 algorithm in HALOTM.  

   

Figure 2-2. Histopathological features of mouse intestinal tumours. A-B, Adenomas have an 

intact basal membrane with conserved glandular structure with high grade of differentiation and little 

stromal infiltrate. C- Adenocarcinomas are characterized by broken basal membrane, rich stromal 

infiltrate and loss of crypt architecture. D- Pseudoinvasion caused by displacement of adenomatous 

epithelium due to torsion or trauma to the lesion.  
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2.2.8 Immunohistochemistry and RNA in situ hybridisation 

IHC staining was performed by the CRUK Scotland Institute, Histology Department using 

the following primary antibodies as listed in Table 2-1: β-catenin, BrdU, Cleaved PARP, 

p21, p53, gH2Ax, p16, cyclin D1. 

Table 2–1:  

Antibody Cat# Supplier Secondary Antigen Retrieval Dilution 

BrdU 347580 BD Biosciences Envision 

Mouse 

TRS High 1:250 

cleaved 

PARP 

ab32064 Abcam Envision Rb TRS High 1:1000 

p21 ab10709 Abcam Immpress Rat ER2 20min 1:250 

p53 NCL-L-

p53CM5p 

Leica Envision Rb TRS High 1:750 

gH2Ax #9718 Cell Signalling 

Technology 

Envision Rb ER2 10min 1:120 

cyclin D1 #55506S Cell Signalling 

Technology 

Envision Rb ER2 30min 1:150 

  

RNAscope®: 

RNA in situ hybridisation (ISH) or RNAscope® was performed by the CRUK Scotland 

Institute Histology Department on a Leica Biosystems BOND RX automated IHC/ISH stainer 

using the RNAscopeTM 2.5 LS Reagent Kit–BROWN (Advanced Cell Diagnostics, #322100). 

Mm-PPIB probe (Advanced Cell Diagnostics, #313918) were run as a positive control to 

confirm integrity of RNA. dabP probe (Advanced Cell Diagnostics, #312038) was used as a 

negative control. RNAscope® probes used: Dusp6 (Advanced Cell Diagnostics, #429328), 

Notum (Advanced Cell Diagnostics, #428988), Axin2 (Advanced Cell Diagnostics, #400338), 

Anxa1 (Advanced Cell Diagnostics, #509298).  

2.2.9 Slide Scanning 

Slides were scanned by the CRUK Beatson Institute Histology Department using a SCN400F 

Leica Slide Scanner at 20x magnification for IHC and 40x magnification for RNAscope® 

analysis.  

2.3 Crypt isolation and organoid culture 

Intestinal crypts were isolated and cultured as organoids following an adapted protocol 

(Sato et al., 2011). Small intestines were flushed with cold water and longitudinally cut 

open on a paper towel. Villi were gently scraped out using a glass coverslip at 45° angle. 

The villi-free intestine was cut into 1cm fragments and washed twice with ice-cold sterile 
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PBS, with subsequent steps performed in a biosafety cabinet. Tissues were washed 10 

times with 50ml ice-cold PBS to remove digested food. Tissues were then rolled at 60rpm 

for 30 minutes in the cold room, in PBS supplemented with 25mM EDTA to help detach 

crypts from the surrounding tissue. After gently washing the intestinal bits with PBS, 

crypts were isolated by mechanical hard pipetting. Crypt fractions were combined with 

50ml Advanced DMEM/F12 (ADF) and filtered through a 70µM cell strainer to isolate crypts 

and remove any villi or tissue bits. To eliminate single cells from the fraction, the crypt 

suspension was centrifuged at lower speed 600rpm for 5 minutes.  

The pellet was re-suspended with growth factor reduced Matrigel® (Merck, # CLS356231) 

at 2000crypts/ml and plated on 6-well plates as 20µl domes, supplemented with organoid 

culture media (OCM) that consisted: Advanced DMEM/F12 (Gibco, #12634-028) 

supplemented with 100U/ml penicillin/streptomycin (Thermo Fisher Scientific, 

#15140122), 10mM HEPES (Thermo Fisher Scientific, #15630080), 2 mM L-glutamine 

(Thermo Fisher Scientific, #25030081). Additional supplements: 1:100 N2-supplement 

(Thermo Fisher Scientific, #17502001) and 1:50 B27-supplement (Thermo Fisher 

Scientific, #17504044), 100 ng/ml recombinant murine Noggin (Peprotech, #250-38). 

Organoid media for wildtype organoids was additionally supplemented with a growth 

factor mix comprising: 50ng/ml recombinant murine EGF (Peprotech, #AF-100- 15), 500 

ng/ml recombinant mouse Rspondin-1 (R&D systems, #3474-RS), 2.5μM CHIR99021 (GSK3 

inhibitor) (Sigma, #SML1046), and 10 μM 62Y-27632 (ROCK inhibitor) (Cambridge 

Bioscience, #SMO2-1).  

Organoids were passaged 1-2 times per week. For passaging, Matrigel domes were scraped 

off the plate using a P1000 pipette and sterile PBS. They were dissociated into fragments 

and washed in PBS, followed by centrifugation at 1200 rpm for 5 minutes. After one more 

wash in sterile PBS, the organoids were re-suspended and seeded in fresh Matrigel.  

2.3.1 Determination of IC50 

To determine IC50 of crypt organoids against trametinib, organoids were dissociated into 

single cells following incubation in 0.25% TrypLE at 37°C for 7 minutes, with frequent 

pipetting in between. Post incubation, TrypLE was neutralised with OCM and passed 

through 40µm filter to eliminate multicellular clusters. Cell density was determined using 

Countess automated cell counter (Thermo Fisher Scientific). 6µl of Matrigel containing 

1000 cells were seeded in standard 96-well black-walled cell culture plates, and plates 

were incubated for 10 min in a 37°C and 5% CO2 cell culture incubator to allow jellification 

of Matrigel before adding 100 µl of organoid growth media (OCM). Cells were allowed to 

form organoids for 24 hours prior to initiating drug treatment. At treatment endpoint, 

media was supplemented with 20µl CellTiter-Glo® 3D Cell viability assay (Promega, # 

G9681) and viability was measured after 4hours as per manufacturer’s instructions. 
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2.3.2 Western blot and antibodies used 

Two wells of a 6-well plate, typically containing 6 organoid domes/well were harvested 

as described in Section 2.2.10. Cells were lysed at 4°C for 45 minutes using RIPA buffer 

supplemented with phosphatase and proteinase inhibitors. The lysate was centrifuged at 

maximum speed for 45 minutes to pellet cellular debris. The protein concentration of the 

supernatant was determined using a BCA assay according to the manufacturer’s 

instructions. 

Protein samples (20 µg) were mixed with a 10X reducing agent and 4X loading buffer, then 

adjusted to a final volume of 30 µl. Samples were heated to 95 °C for 5 minutes before 

loading onto NuPAGE 4-12% gradient Bis-Tris gels. MOPS buffer was used to fill the running 

tank. Gels were run at 200 V for approximately 50 minutes. Following electrophoresis, 

proteins were transferred to nitrocellulose membranes using a semi-dry transfer method 

at 15 V for 1.5 hours. Membranes were blocked with 5% BSA in TBS-T for 1 hour at room 

temperature to reduce non-specific binding. After blocking, membranes were cut into 

horizontal strips and incubated with appropriate primary antibodies, followed by the 

corresponding secondary antibodies. Membranes were reassembled for signal detection. 

For signal detection, Immobilon Chemiluminescent horseradish peroxidase substrate 

(Merck) was used according to the manufacturer's instructions. 

2.3.3 Cell cycle analysis  

Intestinal organoids were treated 5nM trametinib or 0.1% DMSO as Vehicle control for a 

period of 72hours. Post-treatment, organoids were dissociated into single cells and fixed 

with 70% ice-cold ethanol drop-wise while vortexing to prevent clumping. Cells were 

washed thrice using ice-cold PBS at 1200 rpm for 5 minutes at 4°C to remove residual 

ethanol. Cells were then resuspended in 500µl FxCycle PI/RNase (Thermo Fisher 

Scientific, #F10797). Cell cycle analysis was performed on Attune using YL1 to detect PI.  

2.4 Statistical analyses 

All statistical analyses except for differential expression analysis in DESeq2 was 

performed using GraphPad Prism V10. Further details on exact statistical test have been 

mentioned in the figures.  

2.5 Illustrations 

Some illustrations were generated using Biorender.com, which was indicated in the figure 

caption where applicable. 
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Chapter 3 Characterisation of models to study 

drug response in Ras driven colon cancer 

The Fruit-fly intestine has a lot of similarities with mammalian intestine, both at the 

cellular and molecular levels. Our intestine is similar to that of the fly, not only in function 

but also in its development and maintenance.  

Modelling colorectal cancer using Drosophila melanogaster, the common fruit-fly, offers 

several advantages due to their genetic versatility and rapid life cycle. I used patented 

patient-specific fruit fly avatars where fruit flies are genetically modified to carry 

mutations that mirror the genetic profile of human colorectal cancer patients, allowing 

precise simulation of the disease progression and tumour response. Incorporating 

patient’s genetic mutations into fly genome, allowed us to model patient tumours in a 

manner that is both biologically relevant and cost-effective.  

In recent years, there has been a growing interest in using fruit-flies as a drug discovery 

platform as it provides a unique opportunity to screen small molecules or FDA approved 

drugs against complex diseases in a whole animal setting.  

3.1 Genetically complex fruit-fly models of Ras-driven 

colorectal cancer 

Key similarities between fruit-fly hindgut and mammalian intestinal crypts have been 

explored in depth in Section 1.5. Briefly, the proximal part of fly hindgut, the hindgut 

proliferation zone (HPZ) is reminiscent of transit-amplifying zone (TAZ) in mammalian 

intestinal crypts. The interplay between key signalling pathways is well conserved 

between fly hindgut and mouse intestine, wherein hyperactivated Wnt signalling results 

in expansion of HPZ in the fly hindgut and enlargement of crypts in mouse intestine.  

3.1.1 Oncogenic Ras signalling in larval hindgut results in 

enlarged hindgut proliferation zone. 

I studied how mutations in Ras, Wnt and p53 - the most deregulated pathways in CRC, 

affect homeostasis in the larval hindgut using data generated by Dr Bojie Cong. Transgene 

expression in larval hindguts was induced by a temperature regulated hindgut specific 

driver: bynts-Gal4 (hereafter bynts). Oncogenic Ras signalling in larval hindgut 

(bynts>rasG12V) resulted in an enlarged hindgut proliferation zone (HPZ) (Figure 3.1, C) 

compared to wildtype animals that served as control. Similarly, hyperactivated Wnt 
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signalling (bynts >armS10) also resulted in expansion of the HPZ (Figure 3.1, D). 

Simultaneous perturbation of Ras-Wnt signalling (bynts >rasG12V armS10) or Ras-p53 

signalling (bynts >rasG12V p53Ri) or Ras-Apc-p53 signalling (bynts > rasG12V armS10 p53Ri, 

hereafter byn>RAP) also resulted in an enlarged HPZ in the larval hindgut. This expansion 

of HPZ was only observed in larvae that had rasG12V suggesting hyperproliferation of HPZ 

is an emergent property of oncogenic ras activity. Due to disruption of hindgut 

homeostasis, none of the larvae survived to adulthood. 

3.1.2 Spatio-temporal regulation of transgenes in a patient-

specific fly avatar mirrors clinical response 

Having established the hyperproliferation phenotype in the larval HPZ in single- and multi-

hit fly models, I studied the patient-specific fly avatar (UAS-CPCT036) developed by the 

Cagan Laboratory for modelling human colorectal cancer (Bangi et al., 2016). Briefly, a 

patient tumour was modelled in a fruit-fly hindgut. RNA interference (Ri) lines were used 

to knockdown tumour suppressor genes, and a rasG12V transgene to model the oncogenic 

isoform of KRASG12V. Mutational profile of UAS-CPCT036 is listed in Table 3-1 below.  

 

Figure 3-1:Transgene activation in fly hindgut leads to expansion of Hindgut Proliferation 
Zone 

Bright-field images of Hindgut Proliferation Zone (HPZ, marked by dotted lines) of fly hindguts in – (A) bynts 

> GFP (wildtype), (B) bynts > rasG12V, (C) bynts > armS10, (D) bynts > rasG12V armS10, (E) bynts > rasG12V p53Ri, (F) 

bynts > rasG12V armS10 p53Ri. These data were generated by Dr. Bojie Cong in the Cagan Laboratory, University 

of Glasgow.  
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I utilised the temperature-sensitive Gal4/Gal80ts system (Described in Chapter 1.7) and 

hindgut-specific promoter byn or bynts for spatio-temporal regulation of transgene 

expression (Brand and Perrimon, 1993). The temperature-sensitive Gal4/Gal80ts system 

allows for the management of transgene expression, where gene activity is controlled via 

temperature regulation. At high temperatures such as 29°C, Gal80ts is inactive, resulting 

in robust Gal4 activity under the byn promoter. Conversely, at lower temperatures such 

as 18°C, Gal80ts actively engages with Gal4, completely repressing its activity.  

Male flies bearing patient-specific mutations (UAS-CPCT036) were crossed with 15-20 byn 

or bynts virgin females to generate desired progenies – byn>CPCT036 or bynts>CPCT036 

respectively. I used the tubby marker, characterized by a visibly distinct rounded 

abdomen, to facilitate the selection of desired F1 progeny in genetic crosses. Specifically, 

in my experiment, the desired F1 progeny, which carry the patient-specific fly avatar 

(UAS-CPCT036) were identified by the absence of this tubby phenotype. These non-tubby 

larvae and pupae, with their standard Drosophila morphology, lack the bloated 

appearance typical of tubby mutants, allowing them to be easily distinguished (Figure 

3.2, A). Other progenies that displayed tubby phenotype (Figure3-2, A) served as internal 

controls to evaluate potential temperature or drug related toxicities. Survival to 

adulthood was calculated by counting the number of empty experimental and control 

pupal cases (indicating an adult fly has successfully eclosed).  

I tested various development temperatures ranging from 25°C to 29°C to optimise 

Gal4/Gal80ts activity in the larval hindgut, aiming to determine the ideal temperature for 

baseline survival rates between 10-20%. The idea is that a subsequent therapeutic 

intervention would improve survival rates by restoring homeostasis in the HPZ. 

Constitutive expression of transgenes in larval hindgut (byn>CPCT036) was embryonically 

lethal; as no larvae survived to adulthood due to disruption of hindgut homeostasis at any 

of the temperatures tested (Figure 3-2, C). However, when transgene expression was 

regulated both spatially and temporally (bynts>CPCT036), improvements in larval-to-

adulthood survival rates were evident (Figure 3-2, D). Specifically, bynts>CPCT036 larvae 

that developed at 25°C had almost 100% survival compared to tubby controls, which might 

be due to sub-optimal transgene expression. Whereas bynts>CPCT036 progenies that 
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developed at 27°C had 43% survival and those that developed at 29°C had 0% survival. 

Since the survival rate at 27°C was too high for baseline and 29°C was lethal, 28°C was 

estimated as a better temperature for transgene regulation. 

A recent fly-to-bedside clinical trial (Bangi et al., 2019), demonstrated that combination 

of trametinib and zoledronate significantly improved survival, in a specific fly avatar – 

bynts>CPCT006, when compared to single-agent trametinib. Trametinib is a MEK inhibitor 

that suppresses MAPK pathway and zoledronate is a bisphosphonate prescribed to patients 

with bone resorption disorders, with no known anti-cancer activity. The response was also 

translated in the patient for whom the fly avatar was generated. Target lesions in the 

patient reduced by 45% and remained stable for several months before new lesions 

emerged that were non-responsive to the combination therapy (Bangi et al., 2019). 

Seeking to uncover the synergy between trametinib and zoledronate, I tested this drug 

combination on bynts>CPCT036, which also exhibits mutations in the Ras-Apc-p53 pathway 

among others (Table 3-1). Briefly, crosses for the drug screen were set up at 28°C as 

 

Figure 3-2: Characterisation of fly hindgut as a model of human CRC. 

(A) Illustration of fly cross. (B) Trametinib improves survival of bynts>rasG12V fly line, (Mann-Whitney test). 

(C) Larvae with constitutive transgenes expression under hindgut-specific byn promoter fail to reach 

adulthood. (D) Larvae under spatiotemporal regulation of transgene expression (bynts) demonstrate a 

temperature dependent survival to adulthood. (E) Rescue from lethality assay demonstrates a significant 

survival benefit in larvae treated with Trametinib as a single agent and in combination with Zoledronate. 

Asterisks represent P values obtained from One-way ANOVA, Kruskal–Wallis test followed by Dunn’s 

correction; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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described earlier in this section. Egg lays were performed on drug laden fly media which 

consisted of trametinib (1µM) with or without zoledronate (0.7µM). 0.1% DMSO and 

zoledronate (0.7µM) treated flies served as controls. Single-hit fly line, byn> rasG12V that 

showed 70% improvement in survival when treated with trametinib (Figure 3-2, B). In 

contrast, bynts>CPCT036 larvae treated with trametinib as a single agent or in 

combination with zoledronate had a moderate improvement in survival (33.2% & 23% vs 

05, p<0.005, n=10) (Figure 3.2, E). Flies that received Vehicle (0.1% DMSO) failed to reach 

adulthood. This variation observed between single-hit and multi-hit fly lines emphasises 

what is observed in clinics – resistance to targeted therapies. Our multi-hit fly models 

capture key features of human colon tumours which show complex multigenic regulation.  

3.2 Mouse Models of Kras-driven colorectal cancer 

Unlike fruit-fly models, oncogenic Kras signalling or loss of p53 alone exert minimal 

effects on mouse intestinal homeostasis (Sansom et al., 2006). However, acute loss of 

Apc precipitates rapid hyperproliferation of crypts accompanied by altered proliferation, 

differentiation and apoptosis(Sansom et al., 2004). This study explores impact of 

oncogenic KRas in the background of loss of p53 and/or loss of Apc. For spatio-temporal 

regulation, our model incorporates a tamoxifen-inducible Cre-recombinase under the 

control of the intestinal epithelium-specific Villin1 promoter (VillinCreERT2)(El Marjou et 

al., 2004), allowing targeted genetic recombination at specific genetic sequences (“loxP” 

sites). The following alleles were used for targeting Apcfl (Shibata et al., 1997), KRasLSL-

G12D(Jackson et al., 2001), and p53fl(Jonkers et al., 2001).  

Short-term Model: To assess how oncogenic Kras disrupts intestinal homeostasis, mice 

expressing VillinCreERT2 were crossed with mice harbouring conditional alleles of oncogenic 

Kras (KrasG12D/wt), inactivated Apc (Apcfl/fl) and/or inactivated p53(p53fl/fl). This generated 

single mutant – VillinCreERT2; Apcfl/fl (hereafter A-HOM) or compound mutants - VillinCreERT2; 

Apcfl/fl KrasG12D/wt (hereafter AK-HOM) and VillinCreERT2; Apcfl/fl KrasG12D/wt p53fl/fl (hereafter 

AKP-HOM). Note that -HOM refers to homozygosity of Apcfl allele. Acute loss of Apc by 

Tamoxifen administration (80mg/kg, i.p.) results in rapid hyperproliferation of the crypt-

villus axis upon Cre recombination in both single and compound mutants (Figure 3-3, A).  

Due to rapid expansion of the crypt and a hyperproliferative phenotype, this model has a 

shorter latency, and mice must be culled at 3 days post transgene activation.   

I have utilised the short-term models to investigate the effects of acute loss of Apc, p53 

and oncogenic Kras on intestinal homeostasis (Chapter 3.2.1) and to explore whether 

targeting the MAPK pathway could abrogate the hyperproliferative phenotype (Chapter 
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3.2 and 3.3). A primary limitation of this model is its short latency, which precludes the 

development of adenoma.  

Long-term Model: To assess the role of oncogenic Kras in intestinal tumourigenesis, we 

generated compound mutants bearing a single-copy of lox-flanked Apc allele - VillinCreERT2; 

Apcfl/wt KRasG12D/wt (hereafter AK-HET) and VillinCreERT2; Apcfl/wt KRasG12D/wt p53fl/fl (hereafter 

AKP-HET). I also studied VillinCreERT2; Apcfl/wt (hereafter A-HET) mice were used to 

understand baseline tumourigenesis by loss of Apc. Administration of Tamoxifen 

(80mg/kg, i.p.) induces a heterozygous loss of Apc throughout the intestine. The sporadic 

loss of the second Apc allele drives subsequent tumour formation. 21 days after transgene 

activation, mice are randomly allocated to treatment groups and monitored until clinical 

endpoint (hunching, progressive weight loss and anaemia) (Figure 3-3, B). 

Due to its extended latency, this model is particularly useful for studying tumour 

initiation, progression and overall survival (Chapter 3.1). In Chapters 3.2 and 3.3, I have 

investigated whether targeting the MAPK pathway can reduce tumour burden and increase 

overall survival (Chapter 3.2 and 3.3).  A caveat of this model is that transgene activation 

across the whole intestine results in multiple tumours which can have a significant impact 

on the overall health of the mice. Mice predisposed to forming fewer tumours might live 

longer, despite experiencing progressive tumourigenesis. Conversely, mice with multiple 

tumours may succumb earlier, though with less advanced tumours. Furthermore, it is 

challenging to ascertain the tumour burden at the onset of therapy; thus, tumours 

assessed at the clinical endpoint may have initiated at different points. 

Colon tumour Model: VillinCreERT2 mice bearing homozygous lox-flanked Apc allele (Apcfl/fl) 

receive intracolonic administration of 4-Hydroxy Tamoxifen into the colonic submucosa 

as described by (Roper et al., 2017). Cre recombination at the site of tamoxifen 

administration results in formation of a single tumour at the distal colon, extending 

latency of this model. Mice are allocated into treatment groups after confirmation of 

tumour establishment by colonoscopy. Mice are treated for 5 days and sampled at 

treatment endpoint (Figure 3-3, C). This model allows us to study signalling networks in 

fully established tumours. A big advantage of our intracolonic model is that treatment is 

begun after confirmation of tumour establishment, allowing us to study treatment 

response in fully established tumours. Since time of tumour initiation is known and a 

single tumour has a lower impact on the overall health of the mouse, I used this model to 

study how mutations in colon tumours impact response to targeted therapy in Chapters 

3.2.3 and 4.3.3.  

Intracolonic Transplantation Model:  This model involves intracolonic transplantation of 

sex-matched intestinal organoids into the colonic submucosa (Roper et al., 2017) (Figure 
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3-3, D). I used this model to corroborate my in vitro drug metabolism studies (Cong et 

al., 2023) at a whole animal level. While the intracolonic model allows the study of colon 

tumour at the distal end of colon, this approach allows transplantation of organoids of 

interest into the colonic sub-mucosa. The only caveat of the study is that p53 loss is 

required for successful transplantation. We found limited success in transplanting 

organoids with wildtype p53. 

3.2.1 Short-term Model 

Transgene activation in A-HOM, AK-HOM and AKP-HOM mice was carried out with 

Tamoxifen administration (80mg/kg, i.p.) on Day 0. Mice were then treated with 0.5% 

HPMC + 0.1% Tween (Vehicle control) from Day 1 to 3. BrdU (0.25ml, 10mM) was 

administered 2h before sampling. This is a shorter latency model as homozygous loss of 

Apc leads to rapid hyperproliferation of crypt across the whole intestine and mice must 

be culled at day 3 post-induction due to ethical reasons. Wildtype mice subjected to 

tamoxifen administration served as controls to understand baseline proliferation rate. I 

studied haematoxylin and eosin (H&E) stained sections to assess alterations in crypt 

architecture following hyperactivation of the Wnt and MAPK pathways and the loss of p53. 

 

Figure 3-3:Illustration of different Kras-driven mouse intestinal tumour models utilised in 
this thesis. 

(A) Short-term model, (B) Long-term model, (C) Colon tumour model, (D) Intracolonic transplantation model.    
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The analysis revealed a significant increase in crypt length along the crypt-villus axis, 

with densely packed, morphologically atypical 'crypt- progenitor like' cells predominating 

this region, suggestive of enhanced proliferation and altered differentiation (Figure 3-4). 

Comparatively, crypts were more densely packed than those in wildtype mice, resulting 

in a higher number of crypts per unit area (Figure 3-4).  

 

Figure 3-4: Changes in intestinal crypt pathology upon tamoxifen administration in short-
term model. (Representative images) 

H&E-stained section of a small intestinal (proximal) gut roll of (A) wildtype and, (B) AKP-HOM mouse, 

showing thickening of the gut epithelium in AKP-HOM mouse. Transgene activation results in altered 

proliferation. BrdU-positive cells in (C) wildtype and (D) AKP-HOM proximal small intestinal crypts 2h post 

BrdU injection are confined to a transit amplifying zone (TAZ) within the crypts. 
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The Transit Amplifying Zone (TAZ) within the normal crypt has been well characterised 

by previous studies, where cycling cells are confined to the mid-crypt region (Figure 3.4, 

A-B). In my analysis, BrdU labelling was used to quantify the number of S-phase cells per 

half-crypt in the proximal small intestine and mid-colon of A-HOM, AK-HOM, and AKP-

HOM mice.  

Loss of Apc alone doubled proliferation rates in the small intestine (22 vs 9 BrdU positive 

cells per half crypt, A-HOM vs wt, n = 5, p <0.0001). Further activation of oncogenic Kras 

(AK-HOM) led to 200% increase in proliferation rate (69 vs 22 BrdU positive cells per half 

crypt, AK-HOM vs A-HOM, n = 5, p < 0.005). Loss of p53 has been implicated in increased 

tumour proliferation in several studies. I hypothesised that additional loss of p53 would 

increase proliferation due to deregulation of cell cycle checkpoints and apoptosis. 

Interestingly, the additional loss of p53 resulted in 30% lower proliferation rates than its 

wildtype counterpart suggesting complex interactions between these pathways (48 vs 69 

BrdU positive cells per half crypt, AKP-HOM vs AK-HOM, n = 5, p < 0.05) (Figure 3-4, B). 

This increase in cellular proliferation in cells with functional p53 (AK-HOM) might be due 

  

 

Figure 3-5: Oncogenic Ras activation leads to rapid hyperproliferation of intestinal crypts. 

A-HOM (N=5), AK-HOM (N=5), and AKP-HOM (N=5) mice were administered with tamoxifen (80mg/kg, i.p) on 

Day 0 and sampled on day 3. BrdU (0.25ml, 10mM) was administered 2h before sampling. (A) Illustration of 

study plan. (B-C) BrdU score was calculated by counting number of BrdU-positive cells per half crypt (n = 

25) from small intestine and colon. Small dots represent single half-crypts, large dots represent mean of 

biological replicates. Asterisks represent P values obtained from One-way ANOVA, Kruskal–Wallis test 

followed by Dunn’s correction; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). Table 

3-2: summary of BrdU score in small intestine and colon. 

 

       

    



56 

to compensatory cell proliferation activated by JNK and Wnt pathways (Ryoo et al., 2004). 

However, this warrants further investigation. In the colon, proliferation rate was similar 

between AK- and AKP-HOM. Suggesting, loss of p53 did not affect proliferation in the 

colon (Figure 3-4, C). Differences in proliferation between the small intestine and the 

colon has also been reported by other studies (Andreu et al., 2005, Gândara et al., 2012). 

In summary, our short-term models are good for studying the effects of acute activation 

of Wnt signalling in the background of oncogenic Ras signalling with or without functional 

p53. Our group has (Sansom et al., 2004) shown that acute activation of Wnt produces 

many of the phenotypes associated with early colorectal lesions: failure to differentiate 

and increased proliferation. Overall, this serves as a good model for pre-adenoma stage, 

and I will be exploring this model further in section 3.2 to understand MAPK dependency. 

I have also utilised intestinal organoids generated from this model for in vitro studies, 

which is discussed in section 3.3.  

3.2.2 Long-term model 

I next wanted to check how oncogenic Ras signalling impacts intestinal tumour burden 

and survival in a hyperactivated Wnt background. I utilised the long-term model to study 

this in detail which has been described in section 3.1.2. Transgene activation in A-HET, 

AK-HET, and AKP-HET mice was carried out with tamoxifen administration (80mg/kg, i.p.) 

on Day 0 and mice were aged until they showed clinical signs of distress such as hunching, 

progressive weight loss and anaemia. While A-HET mice were aged until clinical end-point 

post transgene induction, AK- and AKP-HET mice were treated with 0.5% HPMC + 0.1% 

Tween (Vehicle control) once daily by oral gavage (p.o, q.d) from Day 21 post transgene 

induction and aged until clinical endpoint. This is a longer latency model as loss of 

heterozygosity of the Apc allele is required for dysplasia and subsequent tumour 

formation.  

3.2.2.1 Loss of Apc leads to tumour formation predominantly in the SI 

To understand the impact of constitutive Ras signalling in a High-Wnt background, it was 

important to establish a baseline of intestinal cancer initiation and progression driven 

solely by functional loss of Apc. I studied the baseline survival profile and 

histopathological features of tumours arising from A-HET mice. Unlike the short-term 

model described in the earlier section (Section 3.2.1), Tamoxifen administration (80 

mg/kg, i.p) resulted in a loss of one copy of Apc throughout the intestinal epithelium and 

drove a predisposition to tumour formation in the intestine by loss of heterozygosity. 

Following induction, mice were aged up to a defined clinical end-point for this model 

which included signs of weight loss, anaemia, and hunching, and then sampled.  
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Figure 3-6: Figure 3-5: Loss of Apc predisposes tumour formation in the small intestine. 

(A) Illustration of study plan. (B) Survival probability of A-HET mice (n = 20) post transgene activation by 

administration of tamoxifen (80mg/kg, i.p). Mice are aged until clinical endpoint: hunching, anaemia 

and/or weight loss. Median survival: 178 days post induction. Table 3-2, Summary of median survival. 

Representative images of H&E-stained sections of gut roll depicting tumour burden in green (C) proximal 

small intestine, (D) colon. Tumour burden calculated by (E) number of tumours and (F) total dysplastic 

area. Mann-Whitney test. Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), 

and **** P(<0.0001). 
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A-HET mice had a median survival of 178 days post induction (DPI) (Range: 83 – 358 DPI, 

n = 20) (Figure 3-5, B).  

Upon dissection, macroscopic tumours were noted predominantly in the small intestine 

and only occasional formation of colonic adenomas (Figure 3.5, C-F). Only one of the 20 

mice developed adenocarcinoma in the small intestine, perhaps longer latency 

contributed towards tumour progression. To further understand the tumour burden, I 

characterised them by size and number using HALOTM. A-HET mice developed an average 

of 7 small intestinal tumours and occasional colon tumours. By area, small intestinal 

tumours were the largest with a median size of 0.2mm2 and reaching upto 7mm2. Colonic 

tumours on the other hand were relatively small not exceeding 2mm2.  

3.2.2.2 Oncogenic Ras signalling enhances tumour development in 

the colon  

Having established a baseline model incorporating Apc loss in the intestinal epithelium, I 

then went on to assess the impact of oncogenic Kras activation. To do this, VillinCreERT2; 

Apcfl/wt mice were crossed with mice bearing a conditional KrasLSL-G12D allele (hereafter 

KrasG12D), thus generating VillinCreERT2; Apcfl/wt KrasG12D/wt (AK-HET) mice. As described 

previously for this model, Tamoxifen administration (80mg/kg, i.p.) induced Cre 

recombination across the whole intestinal epithelium resulting in loss of one copy of Apc 

and activation of KrasG12D allele. Loss of heterozygosity of Apc leads to tumour formation 

with cells comprising Apcfl/fl and KrasG12D/wt alleles. To understand the phenotype of 

oncogenic Kras signalling in high-Wnt background, I studied mice treated with Vehicle 

(p.o, q.d) from 21 days post induction (DPI) and aged until clinical endpoint. Median 

survival of AK-HET mice on Vehicle treatment was 74.5 DPI (Range: 64 – 96 DPI, n = 10) 

(Figure 3.6, A). Upon dissection, macroscopic tumours were noted predominantly in the 

proximal and distal part of the colon and in the proximal small intestine. Thickening and 

widening of the whole gut was also noted during dissection. I used (H&E) stained tissue 

sections to histologically characterise these tumours. Activation of oncogenic Kras 

signalling led to a 15-fold increase in overall tumour number (Figure 3.6, B). Number of 

colonic tumours were on average twice small intestinal tumours Figure 3.6, E (92 vs 50 

tumours, Colon vs SI, n = 10, p = 0.054). Tumours in the SI ranged from low- to high- grade 

dysplasia and colonic tumours were all low-grade dysplasia. Tumours in the small intestine 

were sessile in their architecture while colonic tumours were mostly adenomatous polyps. 

None of the tumours in the SI or colon had invasive features, hence all tumours were 

categorised as dysplastic adenomas. Interestingly, colonic tumour burden accounted for 

more than 80% of the overall tumour burden in these mice. This is in contrast with our A-

HET mice where tumour burden was predominantly in the small intestine, suggesting 

oncogenic Kras drives tumour development in the colon. 



59  

 

Figure 3-7: Oncogenic Kras shortens survival in mice by increasing colonic tumour burden. 

(A) Illustration of study plan. (B) Survival probability of A-HET mice (grey, n = 20) and AK-HET mice(black, 

n = 10) post transgene activation by administration of tamoxifen (80mg/kg, i.p). Mice are aged until 

clinical endpoint: hunching, anaemia and/or weight loss. Median Survival (MS) reduces by 58% upon 

activation of KrasG12D/wt (MS: 178 vs 74.5 DPI, p <0.005, Log rank test). Table 3-3, Summary of median 

survival. Representative images of H&E-stained sections of gut roll depicting tumour burden in (C) proximal 

small intestine, (D) colon. Tumour burden calculated by (E) number of tumours and (F) total dysplastic 

area. Mann-Whitney test. Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), 

and **** P(<0.0001). 
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3.2.2.3 Loss of p53 further increases the overall tumour burden and 

impacts overall survival 

Approximately 20% of all KRAS-driven CRCs are accompanied by concomitant loss of Apc 

and p53. Several studies have implicated loss of p53 in drug resistance. To understand 

the impact of loss of p53 in tumours driven by hyperactivated Wnt and MAPK signalling, 

mice bearing Apcfl/wt and KrasG12D/wt alleles were crossed with mice bearing p53fl/fl allele, 

thus generating VillinCreERT2; Apcfl/wt KrasG12D/wt p53fl/fl (AKP-HET) mice. As described 

previously for this model, Tamoxifen administration (80mg/kg, i.p.) induced Cre 

recombination across the whole intestinal epithelium resulting in loss of one copy of Apc 

and homozygous loss of p53 along with activation of oncogenic Kras. As loss of 

heterozygosity of Apc is required for tumour formation, tumours arising from the intestine 

of these mice have homozygous loss of Apc, p53 and oncogenic Kras activation. Similar to 

AK-HET mice, AKP-HET mice were also treated with Vehicle (p.o., q.d.) from 21 days post 

induction and aged until clinical endpoint as described previously for this model.  

AKP-HET mice reached median clinical endpoint at 44 DPI (Range: 33 – 66 DPI, n = 9) which 

was significantly lower than AK-HET mice (74.5 DPI, n = 10, p < 0.0001, Log-rank test) 

(Figure 3-7, B).  

Like AK-HET mice, macroscopic tumours were noted predominantly in the proximal and 

distal colon and in the proximal small intestine (Figure 3-7, C-F). Histopathological 

assessment revealed colonic tumour burden contributed to majority of the overall tumour 

burden. While the colonic tumour burden was similar in AK-HET and AKP-HET mice, it 

should be noted that AKP-HET mice showed clinical signs much earlier, suggesting tumour 

growth in a shorter span of time. Like AK-HET mice, tumours in the small intestine were 

sessile in their architecture while colonic tumours were mostly adenomatous polyps. A 

notable increase in SI tumour burden was observed (Figure 3-8, E-F).  
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Figure 3-8: Further loss of p53 reduces median survival by increasing overall tumour 
burden. 
(A) Illustration of study plan. (B) Survival probability of A-HET mice (light grey, n = 20), AK-HET mice (grey, 

n = 10) and AKP-HET mice (black, n =9) post transgene activation by administration of tamoxifen (80mg/kg, 

i.p). Mice are aged until clinical endpoint: hunching, anaemia and/or weight loss. Median Survival (MS) 

further reduces by 40% upon loss of p53 (MS: 44 vs 74.5 DPI, AKP-HET vs AK-HET, p <0.005, Log rank test). 

Table 3-4, Summary of median survival. Representative images of H&E-stained sections of gut roll 

depicting tumour burden in (C) proximal small intestine, (D) colon. Tumour burden calculated by (E) 

number of tumours and (F) total dysplastic area. Mann-Whitney test. Asterisks represent P values; ns 

P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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3.2.2.4 Discussion 

In summary, I have shown that loss of Apc predisposes tumour formation predominantly 

in the small intestine, with occasional colonic polyps. These mice typically develop fewer 

than 20 tumours and exhibit longer median survival (178 days post-induction, A-HET). The 

activation of KrasG12D/wt significantly reduces survival by approximately 60% (median 

 

Figure 3-9: Oncogenic Kras signalling accelerates tumour development in the colon and loss 
of p53 accelerates overall tumour burden. 
Overall tumour burden in A-, AK- and AKP-HET mice at clinical endpoint quantified by (A) total number of 

tumours and, (C) total dysplastic area. (B&D) Tumour burden in small intestine and colon. (E) Box-plot of 

median survival of A-, AK- and AKP-HET mice scored for tumour burden. (F-H) Tumours sorted by size, 

small (<0.1mm2), medium (0.1-1.5mm2) and large (>1.5mm2). One-way ANOVA, Kruskal-Wallis test. . 

Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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survival of 74.5 days post-induction, AK-HET) due to a significant increase in tumour 

burden, particularly in the colon. Notably, the further loss of p53 shifts the balance 

towards the formation of more small intestinal tumours (median survival of 44 days post-

induction, AKP-HET). However, the shorter duration of these tumours does not allow them 

to develop into invasive adenocarcinomas. 

3.2.3 Colon tumour model 

Our short-term models are good for studying early stages of tumour initiation and 

progression. Long term models develop multiple tumours throughout the intestine 

including the small intestine. Human colon cancer has little similarity with small intestinal 

cancer. In our long-term models, I observed that small intestinal tumours progress faster 

than colon tumours. At clinical endpoint, colon tumours were low-grade well-

differentiated adenomas with no high grade or invasive features. Another approach to 

induce colon tumours is with induction of single colon tumour with injection of 4-hydroxy 

Tamoxifen into the colonic submucosa guided by colonoscopy. Development of single 

tumour extends latency of this model and gives an opportunity for tumour progression.  

To generate a single colonic tumour, tamoxifen (4-OHT) was injected into the colonic 

sub-mucosa of A-HOM, AK-HOM and AKP-HOM mice to induce focal transgene induction. 

Tumours resulting from these mice are referred as A, AK and AKP colon tumours 

respectively. Mice were monitored for tumour growth by colonoscopy 21-days post 

induction. Upon confirmation of tumour establishment, mice were treated with Vehicle 

(0.5% HPMC + 0.1% Tween) for 5 days (p.o, q.d.) and sampled at treatment endpoint. In 

short, tumours in these models had a similar time for initiation and progression. 

Histopathological assessment showed well-differentiated tubular adenomas with no 

detectable invasion, reminiscent of human adenomas. This model recapitulates key 

features of colonic adenomas in a fully immunocompetent environment, allowing 

 

Figure 3-10: Brightfield images of intracolonic tumors stained with haematoxylin & eosin. 

Bright-field images of A-, AK-, and AKP colon tumour sampled at  5 days post-tumour confirmation. Tissue 
sections stained with Haematoxylin & Eosin (4x magnification), show well-differentiated adenomatous 
polyps. 
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fundamental questions of tumour initiation and dependency on key signalling pathways. 

A, AK and AKP intracolonic tumours look similar in histology. Notably, p53 loss was not 

sufficient to cause invasive tumours in the colon (Figure 3-10).  

Homeostasis: I studied homeostasis by assessing the rate of proliferation and cell death 

in the colon tumour models. To assess rate of proliferation and cell death, I assessed BrdU 

and cPARP of the intracolonic tumours by counting number of positive cells per 1000 

dysplastic epithelial cells. Interestingly, Ras driven tumours (AK and AKP) had a non-

significant reduction (<25%) in proliferation rate compared to its wildtype counterpart (A) 

(Figure 3-9, B). This reduction in proliferation might be attributed to oncogene-induced 

senescence that is reported by several groups in Ras driven tumours. Moreover, rate of 

cell death remained similar across the different tumours (Figure 3-9, C).  

 

Figure 3-11: Analysis of key signalling pathways in colon tumour model. 

A-, AK- and AKP- colon tumours (N=3) were generated by intracolonic induction of 4-hydroxy Tamoxifen 

in A-, AK- and AKP-HOM mice guided by colonoscopy. Post confirmation of tumour, mice were treated 

with Vehicle for 5 days (p.o. q.d) and BrdU (0.25ml, 10mM) was administered 2h before sampling. (A) 

Brightfield images of colon tumours. (B) Rate of proliferation assessed by counting number of BrdU 

positive cells/ 1000 dysplastic cells. (C) Cell death assessed by counting number of cPARP positive cells/ 

1000 dysplastic cells. (D) Wnt status assessed by RNAscope analysis of Axin2. (E) MAPK status assessed 

by RNAscope analysis of Dusp6. (F-G) p53 status assessed immunohistochemical analysis of p53 and p21. 

One-way ANOVA Kruskal-Wallis test. Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), 

*** P(<0.001), and **** P(<0.0001). 
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Wnt, MAPK and P53 status: I next assessed status of Wnt, MAPK and p53 pathway by 

studying Axin2 RNAscope (Wnt marker), Dusp6 RNAscope (MAPK marker), and p53 and p21 

immunohistochemistry. Axin2 Rnascope analysis revealed Wnt status remained largely 

similar across the tumours (Figure 3-9, D), suggesting oncogenic Kras does not perturb the 

Wnt signalling pathway. As anticipated, the number of Dusp6 transcripts per cell almost 

doubled in tumours with oncogenic KrasG12D/wt suggesting activation of MAPK pathway 

(Figure 3-9, E). 

To assess p53 activity, I looked for p53 and p21 staining pattern in the tumour. P53 has a 

very short half-life (<15 minutes) and is often undetectable in the absence of stress 

signals. Hence, I also studied tumour sections stained for p21 as it is directly regulated 

by p53. Loss of Apc alone was not sufficient to activate p53 and p21 as observed in A 

colon tumours, suggesting hyperactive Wnt signalling alone is not sufficient to induce p53 

(Figure 3-9, F&G). However, in AK colon tumour, oncogenic Kras triggers p53 activity as 

seen by high levels of p53 as well as p21 in the dysplastic tumours (Figure 3-9, F&G). 

Interestingly, AKP colon tumours, without functional p53, had high p21 levels compared 

to tumours with loss of Apc alone, suggesting p21 is induced by mechanisms independent 

of p53. (Figure 3-9, F&G). 
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3.3 Intestinal organoids 

The development of gut organoid cultures has significantly advanced our understanding 

of tissue dynamics by replicating many aspects of in situ tissue structures and functions 

(Sato et al., 2009). For our in vitro studies, organoids were generated from the small 

intestinal crypts of wildtype (wt), KrasG12D/wt (K), Apcfl/fl (A), Apcfl/fl KrasG12D/wt (AK), and 

Apcfl/fl KrasG12D/wt Trp53fl/fl (AKP). These organoids were maintained in organoid culture 

media and routinely passaged as outlined in Section 2.3. The organoids derived from wt, 

K, and A models required additional supplementation with EGF and R-spondin to support 

growth. 

The structural organization and cellular hierarchy of the wildtype and KrasG12D/wt 

organoids closely mimic that of the native intestinal epithelium. Within these organoids, 

stem cells and highly proliferative transit-amplifying cells are localized within crypt-like 

domains (Figure 3-10, A-B), closely resembling their in vivo counterparts as described by 

(Sato et al., 2009). Dying cells are typically observed in the central region of the organoid. 

Organoids exhibiting loss of Apc function display a distinctive non-budding stem cell 

morphology, highlighting significant alterations architecture (Figure 3-10, C-E). 

 

Figure 3-12: Loss of Apc results in altered cellular organisation in organoids. 

Bright field images of small intestinal organoids derived from crypts of (A) wildtype, (B) KrasG12D/wt, (C) 

Apcfl/fl, (D) Apcfl/fl KrasG12D/wt, (E) Apcfl/fl KrasG12D/wt Trp53fl/fl mice. Organoids were imaged 48 hours post 

seeding at 10x magnification. Wildtype and Kras organoids form highly branched morphology that mimics 

tissue organisation in situ whereas organoids with deficient Apc form cystic structures. Dark patches visible 

in the organoids are created by dying cells that were shed into the lumen of the cyst.   
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3.2.4 Orthotopic Transplantation Model   

I sought to utilise the orthotopic transplantation approach to develop an in vivo model of 

intestinal organoids where cultured intestinal organoids are grown in the native colon 

environment of wildtype (C57BL/6J) recipient mouse. For this, sex-matched intestinal 

organoids derived from the crypts of AKP-HOM mice were transplanted into the colonic 

sub-mucosa of wildtype guided by colonoscopy. Transplanted organoids engraft into the 

colonic submucosa and form glandular architecture reminiscent of colonic adenomas 

observed in the colon tumour model.  

3.3 Discussion 

Understanding the mechanisms underlying Ras-driven colon cancer is crucial for 

developing effective therapies, as these pathways play significant roles in tumour 

initiation and progression. In this chapter, I extensively characterized Ras-driven colon 

cancer models – specifically Drosophila and mouse models – to elucidate the key signalling 

pathways involved in human CRC.  

 

 

Figure 3-13: Orthotopic transplantation of mouse derived intestinal organoids in the colon. 
C57BL/6J mice were intracolonically transplanted with AKP-HOM intestinal organoids. Post tumour 

establishment mice were treated with or Vehicle (0.5% HPMC + 0.1% Tween20, p.o, q.d) control for 5 days 

and sampled at treatment endpoint. Bright-field images of tumour stained with Haematoxylin & Eosin to 

study tumour architecture at (A &B) 4x magnification, (C&D) 20x magnification.   
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The findings from this research highlight a conserved mechanistic link across species, 

evidenced by the hyperproliferation observed in both the hindgut of fruit flies and the 

intestinal crypts of mice following the activation of oncogenic Ras, alongside mutations 

in Apc and p53. The Drosophila hindgut serves as a genetically tractable model system for 

studying colon cancer development and progression, recapitulating essential features of 

human colorectal cancer (CRC). These include increased proliferation, disruption of tissue 

architecture, evasion of apoptosis and senescence, epithelial-mesenchymal transition 

(EMT), and dissemination to distant sites (Bangi et al., 2016).  

 

In my experiments, oncogenic Ras signaling led to hyperproliferation in the Hindgut 

Proliferation Zone (HPZ) of larval hindguts. This disruption in hindgut homeostasis 

resulted in larval lethality unless the phenotype was resolved. I utilized this approach to 

perform rescue screens, demonstrating that trametinib strongly rescues single-mutant 

bynts>rasG12V larvae but only modestly improves survival in the genetically complex 

patient-specific fly avatar (bynts>CPCT036). This suggests that drug resistance is an 

emergent feature of genetically complex tumours, mirroring challenges faced in clinical 

settings. 

 

Similar to the observations in Drosophila models, oncogenic Ras signaling accelerates 

hyperproliferation in intestinal crypts in mice. In my short-term models, the acute loss of 

Apc alone doubled the proliferation rate in the mouse intestinal crypts, while further 

activation of KrasG12D/wt resulted in a nearly 300% increase. However, contrary to my 

expectations, the additional loss of p53 resulted in significantly lower proliferation rates 

compared to its wild-type counterpart. This finding indicates complex interactions 

between these pathways and suggests that loss of p53 may have unanticipated regulatory 

effects on cell proliferation, possibly due to feedback mechanisms that warrant further 

investigation. Our short-term models are good for studying the effects of acute activation 

of Wnt signalling in the background of oncogenic Ras signalling with or without functional 

p53. (Sansom et al., 2004) showed that acute activation of Wnt produces many of the 

phenotypes associated with early colorectal lesions: failure to differentiate and increased 

proliferation. Overall, this serves as a good model for pre-adenoma stage, and I will be 

exploring this model further in Chapter 4 to understand MAPK dependency. I have also 

utilised intestinal organoids generated from this model for in vitro studies, which is 

discussed in (Section 4.2). 

 

In mice that develop tumours throughout the intestine, as observed in our long-term 

model, loss of Apc predisposes tumour formation predominantly in the small intestine, 

with occasional colonic polyps. These mice typically develop fewer than 20 tumours and 
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exhibit longer median survival (178 days post-induction, A-HET). The activation of 

KrasG12D/wt significantly reduces survival by approximately 60% (median survival of 74.5 

days post-induction, AK-HET) due to an increased tumour burden, primarily in the colon, 

while small intestinal tumours remain consistent. Notably, the further loss of p53 shifts 

the balance towards the formation of more small intestinal tumours (median survival of 

44 days post-induction, AKP-HET). However, the shorter duration of these tumours does 

not allow them to develop into invasive adenocarcinomas. 

 

A key limitation of our long-term models is the development of multiple tumours 

throughout the intestine, a phenomenon that is less common in human CRC. Since loss of 

heterozygosity of the Apcfl allele is required for tumour initiation, these tumours arise at 

different time points following transgene induction, complicating the correlation 

between tumour burden and clinical outcomes. 

 

To overcome this limitation, I investigated intracolonically induced tumours, representing 

a more refined colon tumour model. In contrast to our short-term models, which depict 

the pre-adenoma stage, proliferation rates remained similar across A-, AK-, and AKP colon 

tumours. This suggests distinct tumour dynamics during the pre-adenoma versus early 

adenoma stages. Histologically, these colon tumours exhibited highly differentiated 

architecture and represented low-grade adenomas, aligning closely with human 

adenomatous lesions. 

 

In the next chapter, I will further investigate the MAPK dependency of these tumours 

using trametinib, aiming to elucidate therapeutic strategies that may enhance treatment 

efficacy in Ras-driven colon cancer. 
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Chapter 4  

Targeting the MAPK pathway in our CRC models  

The MAPK pathway plays a critical role in colorectal cancer (CRC) by regulating cell 

growth and survival, often activated by KRAS mutations. Trametinib, a selective MEK1/2 

inhibitor, offers advantages over other MEK inhibitors by minimizing off-target effects 

and providing a favorable pharmacokinetic profile. While clinical trials have shown mixed 

results for trametinib in CRC, ongoing studies are exploring its efficacy in combination 

therapies. My models facilitate the investigation of MAPK dependency in KRAS mutant 

CRC at various tumour stages, enhancing our understanding of tumour dynamics. 

4.1 Investigation of MAPK dependency in Drosophila 

model of CRC 

4.1.1 Response of patient-specific fly avatar to targeted 

therapies 

Having observed a modest yet favourable response of patient-specific fly avatar 

(bynts>CPCT036) to trametinib (MEK inhibitor) (Chapter 3.1.2), I investigated if treatment 

with other Ras pathway inhibitors and other poly-pharmocological drugs which have 

known significance downstream of RAS signalling pathway, would elicit a similar, if not 

better response than trametinib. Most of these drugs were candidate hits during a 

largescale screening for the fly-to-bedside clinical trial (Bangi et al., 2016, Bangi et al., 

2019). Dabrafenib, a selective BRAF inhibitor, targets MAPK signalling pathway. Several 

studies have suggested that combined inhibition of BRAF and MEK leads to improved 

suppression of MAPK signalling. Regorafenib is a multi-kinase inhibitor that targets and 

inhibits receptor tyrosine kinases (RTKs) in the Ras/Raf/MEK/ERK pathway, which 

participates in the signalling of oncogenesis, angiogenesis, and cancer proliferation and 

metastasis. Pyrvinium, a recognized inhibitor of β-catenin in Wnt signalling pathway was 

a consistent candidate hit in the fly-to-bedside clinical trial (Bangi et al., 2019). Several 

reports have suggested simultaneous down-regulation of both β-catenin and KRAS to 

induce significant cell death and tumour growth inhibition. Oncogenic RAS signalling is 

known to affect cell metabolism, stress resistance and signalling in colon tumours 

(Najumudeen et al., 2021). LY294002 is a PI3K inhibitor that increases drug accumulation 

and initiates apoptosis by activation of caspases 9 and 3 in RAS activated colorectal 

tumours.  

Seeking to uncover if treatment with other RAS pathway inhibitors and poly-

pharmacological drugs would improve survival outcomes in genetically complex fly avatar, 
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I performed rescue-from-lethality assay on bynts>CPC0T36 larvae. Intriguingly, only larvae 

treated with trametinib showed significant dose-dependent rescue (Figure 4-1, A). No 

notable rescue was observed in flies treated with Regorafenib, Pyrvinium, Rapamycin, 

Bortezomib, LY294002, Dabrafenib and Simvastatin (Figure 4-1, B-H).   

4.1.2 Screening of genetically complex Drosophila models on 

trametinib 

Following the response of patient-specific fly avatars to combination of trametinib as a 

single agent and in combination with zoledronate (Figure 3-2, E), I studied if other fly 

avatars have a similar response. I utilised fly avatars developed based on the mutational 

profile from the TCGA database. I picked fly avatars that share mutations in Apc, Kras 

and p53 among other passenger mutations. Rescue-from-lethality survival assay revealed 

varied response among these models to trametinib as a single agent or in combination 

with zoledronate. For instance, RAP-P1-M3B responded better to trametinib as a single 

 

Figure 4-1: Genetically complex Drosophila avatar is resistant towards most targeted 
therapies. 
Rescue-from-lethality assay demonstrates a significant survival benefit in bynts>CPCT036 larvae treated 

with (A) Trametinib. No other drug offers survival benefit in these larvae (B) Binimetinib, (C) Dabrafenib, 

(D) Regorafenib, (E) Pyrvinium, (F) Rapamycin, (G) LY294002, (H) Bortezomib. One-way ANOVA, Kruskal-

Wallis test. Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** 

P(<0.0001). 

 

 



72 

agent compared to combination with zoledronate (66 vs 42% survival, p<0.005) (Figure 4-

2, A). Whereas, RAP-P2-M1B responded better to combination therapy compared to 

trametinib as a single agent (48 vs 19% survival, p<0.005) (Figure 4-2, B). This variation 

in drug response might be due to additional passenger mutations that warrant further 

investigation. 

 

 

Figure 4-2: Passenger mutations impact response to trametinib. 
Patient-specific fly avatars designed using the TCGA database that have additional mutations apart from 

Ras-Apc-p53 show varied response to Trametinib as a single agent and in combination with Zoledronate. 

Larval eclosion data of (A) bynts>RAP-P1-M3B, (B) bynts> RAP-P2-M1B, (C) bynts> RAP-P5-M4A, (D) bynts>RAP-

P7-M2B, (E) bynts>RAP-P13-M1A, (F) bynts>RAP-P19-M1A. One-way ANOVA, Kruskal-Wallis test. Asterisks 

represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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 4.2 Investigating MAPK dependency in mouse intestinal 

organoids 

In Chapter 3.1.2.1, I showed that oncogenic KRAS contributes to a rapid hyperproliferative 

phenotype in mouse intestinal crypts of AK-HOM and AKP-HOM mice (Short-term model). 

I studied MAPK dependency of intestinal organoids derived from the small intestinal crypts 

of AK- and AKP-HOM mice.  

4.2.1 Determination of IC50 value 

I generated dose-response curves for wildtype, KRASG12D/wt, AK- and AKP-HOM organoids 

against trametinib. Organoids were seeded as fragments in Matrigel into a 96-well plate 

and allowed to grow with organoid culture media supplemented with Noggin and N2-B27. 

Wild-type and KrasG12D/wt organoids were additionally supplemented with EGF and R-

spondin. 48h post-seeding, organoids were treated with various concentrations of 

trametinib (10nM to 10µM). 0.1% DMSO treated organoids served as vehicle control and 

Staurosporin (0.25uM) treated organoids were taken as positive control for cell death. 

Proliferation rate and organoid forming efficacy was monitored 72h post drug treatment 

using CellTiter-Blue Cell viability assay (Promega, G8080). 

Much like what has been reported in fly CRC models (Bangi et al., 2016), presence of 

additional mutations made Ras-driven organoids less sensitive to trametinib. Overall, AK- 

and AKP-HOM organoids were less sensitive to trametinib compared to KrasG12D/+ and 

wildtype organoids with an IC50 value of 6.4nM and 14.3nM respectively. This 

 

Figure 4-3: Genetic complexity impacts response to MEK inhibition in intestinal organoids.  
Small intestinal organoids (wildtype, VillinCreERT2; KrasG12D/wt, VillinCreERT2;Apcfl/fl KrasG12D/wt  or 
VillinCreERT2;Apcfl/fl KRasG12D/wt p53fl/fl  crypts) were seeded in 96-well plates and viability was determined 
using CellTiter Blue Assay. Dose-response curves (IC50) of RAS-driven small intestinal organoids treated 
with trametinib reveals drug resistance in genetically complex organoids. 
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corroborates our earlier findings that drug sensitivity decreases with increasing 

mutational burden. Much like the KrasG12D/+, WT organoids had an IC50 value of 0.2nM 

(Figure 4-3). Whether the reduced drug efficacy is due to impaired apoptotic pathway 

(p53 loss) or aberrant Wnt signalling pathway (Apc loss), remains to be elucidated.  

4.2.2 Qualitative analysis of key signalling pathways 

I investigated the status of MAPK and apoptosis pathways to check if additional mutations 

impair response to MEK inhibition. AK- and AKP-HOM organoids were treated with 

trametinib or 0.1% DMSO for 6- and 18-hours and sampled for western blot analysis. 

Cisplatin treated organoids served as positive control for the apoptosis pathway.  

Trametinib treatment leads to suppression of MAPK pathway 

Trametinib treatment led to accumulation of phospho-MEK in both AK- and AKP-HOM 

organoids at 6h and 18h. In line with that, phospho-ERK levels remain suppressed in both 

AK- and AKP-HOM organoids at 6h. Intriguingly, phospho-ERK levels return to baseline 

levels in AK-HOM line at 18h, while remaining suppressed in the AKP-HOM organoids. 

 

Figure 4-4: Trametinib suppresses MAPK activity in Kras driven intestinal organoids 

AK- and AKP-HOM organoids were treated with Trametinib or cisplatin for 6h or 18h. Protein was then 

extracted and analysed by western blotting for key proteins involved in the RAS pathway. *cisplatin treated 

organoids were taken as a positive control to check for proteins involved in p53-dependent apoptosis 

pathway. 

 



75 

Higher levels of phospho-ERK were observed in AKP-HOM compared to AK-HOM (Figure 4-

4). Suppression of RAS/RAF/ERK pathway is also corroborated by levels of Dual specificity 

phosphatase 6 (Dusp6), which is a feedback regulator activated by phospho-ERK. Dusp6 

levels were higher in AKP-HOM compared to AK-HOM, suggesting increased activation of 

RAS pathway under loss of p54. Activated Kras can also lead to phosphorylation of AKT 

(phospho-AKT), through the PI3K pathway. AKP-HOM organoids had higher phospho-AKT 

levels compared to AK-HOM organoids. Moreover, trametinib treatment resulted in a 

slight increase in levels of phospho-AKT, suggesting that suppression of RAS/RAF/ERK 

pathway led to acute compensatory activation of RAS/PI3K/AKT pathway (Figure 4-4). 

We surmised that loss of p53 might have a varied impact on drug response, given the 

impaired apoptotic pathway. We also observed a p53-dependent activation of apoptotic 

machinery with increase in the protein levels of p21, cleaved PARP and PUMA in AK-HOM 

and a lack thereof in AKP-HOM. The levels of cleaved caspase-3 were significantly higher 

in AK lines at 6h and 18h post trametinib treatment, while there was only a mild increase 

in AKP line at 18h. Our data suggests that inhibition of the MAPK pathway causes apoptosis 

in a p53-dependent manner.  

 

Figure 4-5: Trametinib suppresses MAPK activity and induces cell death. 

AK- and AKP-HOM organoids were treated with Trametinib or cisplatin for 6h or 18h. Protein was then 

extracted and analysed by western blotting for key proteins involved in the apoptosis pathway. Intestinal 

organoids with loss of p53 have reduced cell death activity compared to its wildtype p53 counterpart. 

*cisplatin treated organoids were taken as a positive control to check for proteins involved in p53-

dependent apoptosis pathway. 
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4.2.3 Cell cycle analysis of Ras-driven small intestinal 

organoids 

Our studies so far show that MAPK suppression upon trametinib treatment is quite 

effective in both AK and AKP in vitro and in vivo models. However, the apoptosis pathway 

is dysregulated in the AKP model due to loss of p53. I utilised AKPT intestinal organoids 

derived from the crypts of VillinCreERT2; Apcfl/fl KrasG12D/wt Trp53fl/fl Tgfbr2fl/fl to understand 

cell cycle dynamics under p53 loss.  

Understanding the cell cycle dynamics of AKP organoids upon MEKi, could give a clue 

about therapy response in these cells. I performed cell-cycle analysis using FACS. Briefly. 

AK, AKP, and AKPT organoids were seeded as fragments in matrigel domes in 6-well 

plates. They were treated with or without 5nM trametinib for a period of 72hours. Post-

treatment, matrigel domes were dissociated to harvest organoids. Organoids were treated 

with TrypLE for 7 mins at 37°C in a water bath to dissociate them into single cells. Single 

cell suspension was passed through a 40µM cell strainer to remove clumps. Cells were 

fixed with 70% ice-cold ethanol drop-wise whilst vortexing to avoid clumping. Cells were 

washed thrice using ice-cold PBS at 850g for 5 minutes at 4°C to remove residual ethanol. 

Cells were then resuspended in 500ul FxCycle PI/RNase (Thermo Fisher Scientific, 

F10797). Cell cycle analysis was performed on the Attune using YL1 to detect PI.  

There were no significant differences in the cell cycle dynamics across AK, AKP and AKPT 

at baseline following Vehicle treatment. For instance, the average percentage of cells 

across all genotypes were 43.7% ± 1.6% in G0/G1, 25.3% ± 2.7% in G2/M, 28.4% ± 2.9% in 

S and 2.7% ± 1.1% in sub-G0. Similarly, percentage of cells in G2/M phase did not differ 

significantly across genotypes and between treatments (Figure 4-6). Upon trametinib 

treatment, the percentage of cells in S phase contracted by more than 50% in AKP and 

AKPT organoids, compared to less than 30% in AK organoids. Thus, demonstrating the anti-

proliferative effects of MEK inhibition. We also observed accumulation of cells in G0/G1 

stage in both AKP and AKPT organoids. In contrast, AK cells had accumulated in sub-G0 

(Figure 4-6). This observation reiterates our early observations that p53 impacts the 

ability of cells to undergo apoptosis. These cells, we believe, are primarily arrested in G1 

phase of the cell cycle. It would be interesting to see if these undergo quiescence or 

senescence. As both these phenotypes have been implicated in development of drug 

resistance mechanisms. To understand what happens to AKP cells after G1 arrest, we 

sought to look for markers of quiescence. Studies from other labs have demonstrated that 

cyclin-dependent kinase (CDK) inhibitor, p27 inhibits CDK1, 2, 4 and 6 via interaction with 

cyclin-CDK complex and inhibits cell cycle progression at the G0-G1 and G1-S transitions. 

Its expression is strictly regulated by atleast two kinds of ubiquitin ligases; KPC promotes 
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proteolysis of p27 at G0-G1 transition and SCFSkp2 promotes its proteolysis at the S/G2/M 

phase.  

4.3 Investigating MAPK dependency in mouse models 

of CRC 

4.3.1 Targeting MAPK in Kras driven hyperproliferation 

model 

As described in the section earlier, our short-term models are useful to check acute 

effects of drug treatment. Transgene induction by administration of Tamoxifen (80mg/kg, 

i.p.) leads to homozygous loss of Apc and activation of oncogenic KrasG12D/wt in case of AK-

HOM mice. Combined loss of Apc and oncogenic activation of KrasG12D/+ (AK-HOM) leads to 

hyperproliferation of epithelial cells along the crypt-villus axis.  

While a wildtype crypt as around 20 BrdU positive cells/half crypt on average, it was 

noted that AK-HOM mice had an average of 60 BrdU positive cells/half crypt in the 

Figure 4-6: Organoids with loss of p53 arrest at G0/G1 upon MEK inhibition with trametinib. 

AK-, AKP-, and AKPT- intestinal organoids were treated with trametinib or vehicle control (DMSO) for 72h 

before dissociating into single-cells for cell-cycle analysis using FACS. At least 10000 cells were analysed 

for each condition and percentage of cells in each phase – subG0 (grey), G0/G1(pink), S (yellow), and 

G2/M(green) was calculated relative to total number of cells. Organoids with functional p53 (AK) 

underwent apoptosis upon trametinib treatment, whereas organoids with loss of p53 predominantly 

arrested at G0/G1. 
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proximal small intestine and 17 BrdU positive cells / half crypt in the mid-colon. Upon 

MEK inhibition with trametinib at 1mg/kg (p.o, q.d) for 3 days post tamoxifen induction, 

significant reduction in crypt cell proliferation was observed. Proximal region of small 

intestine had about 41 BrdU positive cells/half crypt and 11 BrdU positive cells/ half crypt 

in the colon. I also analysed if the increase in proliferation burden would also trigger cell 

death and scored dying cells with cleaved-PARP staining in small intestine and colon 

(Figure 4-7, B).  

I hypothesised that additional loss of p53 would lead to more rapid hyperproliferation and 

exacerbate the phenotype so far observed with the combination of Apc and Kras. Similar 

to the AK-HOM mice, transgene induction in AKP-HOM mice was done by Tamoxifen 

injection at 80mg/kg on Day0. Mice were treated with trametinib (1mg/kg, p.o, q.d) or 

 

Figure 4-7: Trametinib suppresses proliferation of hyperproliferative small intestinal and 
colon crypts of AK-HOM mice. 

AK-HOM mice were administered with Tamoxifen (80mg/kg, i.p) on Day 0 and treated with either Vehicle 

or Trametinib (1mg/kg) once daily by oral gavage from Day 1 -3. BrdU was administered 2h before 

sampling. (A) Illustration of study plan. To assess proliferative potential, number of BrdU positive cells 

per half crypt (n =25) were quantified from the proximal SI and mid colon. (B) BrdU score in small intestine. 

(C) BrdU score in colon. Dotted lines are mean BrdU positive cells per half crypt in wildtype crypt. Small 

dots represent single half-crypts, large dots are means of biological replicates. Small dots represent single 

half-crypts, large dots are means of biological replicates. Mann-Whitney test. Asterisks represent P values; 

ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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Vehicle (0.5% HPMC + 0.1% Tween, p.o, q.d) for 3 days. BrdU (0.25ml, 10mM) was 

administered 2 hours before sampling (Figure 4-8, A).  

As described in the earlier section, Vehicle treated mice had an average of 46 BrdU 

positive cells/half crypt. Upon treatment with trametinib, the rate of proliferation 

reduced to 33 BrdU positive cells/half crypt. Although this difference was not significant, 

it must be noted that the BrdU proliferation rate in AKP-HOM mice were already at a 

lower rate to begin with in comparison to BrdU proliferation rate of AK-HOM mice treated 

with Vehicle (Figure 4-8, B).  

Trametinib significantly suppresses proliferation in both AK- and AKP-HOM 

hyperproliferation CRC model. It must be noted that this model does not represent a CRC 

tumour. Due to a shorter latency, these mice need to be culled within a maximum of 3 

days post transgene induction. However, it is a good model to study acute effects of 

 

Figure 4-8: Trametinib suppresses proliferation of hyperproliferative small intestinal and 
colon crypts of AKP-HOM mice. 

AKP-HOM mice were administered with Tamoxifen (80mg/kg, i.p) on Day 0 and treated with either Vehicle 

or trametinib (1mg/kg) once daily by oral gavage from Day 1 -3. BrdU was administered 2h before sampling. 

(A) Illustration of study plan. To assess proliferative potential, number of BrdU positive cells per half crypt 

(n =25) were quantified from the proximal SI and mid colon. (B) BrdU score in small intestine. (C) BrdU 

score in colon. Dotted lines are mean BrdU positive cells per half crypt in wildtype crypt. Small dots 

represent single half-crypts, large dots are means of biological replicates.  Small dots represent single half-

crypts, large dots are means of biological replicates. Mann-Whitney test. Asterisks represent P values; ns 

P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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transgene activation on gut physiology and study the effect of intervention. In my study, 

trametinib was able to suppress proliferation in both AK- and AKP-HOM mice, both in the 

small intestine and colon. It further warrants studying the effect of trametinib in a tumour 

model.  

4.3.2 Targeting the RAS pathway in Kras driven intestinal 

tumour model 

To understand long-term effects of trametinib in our model, we used the long-term model 

described in section 3.2.2. Tamoxifen administration leads to heterozygous loss of Apc in 

AK-HET and AKP-HET mice. While this is not enough to cause tumour initiation, 

subsequent loss of heterozygosity leads to tumour initiation. Treatment begins 21 days 

post-tamoxifen induction. Mice are allocated into the following treatment groups: 

trametinib 0.8mg/kg (TS) or vehicle dosed once daily by oral gavage. Mice were treated 

until they developed clinical signs of end point – weight loss, hunching and anaemia. BrdU 

(0.25ml, 10mM) was administered 2h before sampling. Tumour scoring was performed by 

pathological assessment of H&E-stained sections.  

4.3.2.1 Response to MEK inhibition in Kras driven intestinal tumour 

model with functional p53 

AK-HET mice have a baseline median survival of 74.5 days post induction (n=10) (Figure 

4-9, B). Oncogenic activation of Kras leads to tumour formation in both small intestine 

and colon. Most of the tumours form in the proximal part of the small intestine and 

proximal and distal part of the colon. Rectal prolapse is often observed in these mice due 

to thickening of the distal gut. Hence, these mice are also sampled due to unresolved 

prolapse apart from other clinical signs such as hunching, paling and weight loss. 

Treatment was started on 21st day post induction to allow tumour initiation in the 

intestine.  As mentioned in Section 3.2.2.2, majority of the tumour burden in this model 

is primarily composed of colonic tumours (>80%). Trametinib treatment led to significant 

reduction in colonic tumour burden (Figure 4-10, B&C), which contributed to reduction in 

overall tumour burden in a dose-dependent manner for trametinib (Figure 4-9, C&D). 

Interestingly, SI tumours did not respond to trametinib as the tumour burden seemed to 

increase with trametinib dosage. This increase in SI tumour burden might be due to 

tumour growth due to survival extension.  

A clear dose-dependent reduction in colonic tumour burden was observed. While a dose-

dependent reduction in overall tumour burden was observed with trametinib treatment, 

this effect was more pronounced in the colon. 
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Figure 4-9: Trametinib treatment results in up to 30% survival extension in mice bearing 
Kras driven intestinal tumours with functional p53. 
(A) Illustration of study plan. (B) Survival curve of AK-HET mice post transgene activation by Tamoxifen 

(80mg/kg; i.p). Mice were treated with Vehicle (black, n=10),low-dose Trametinib 0.2mg/kg (TL, light 

pink, n = 6) or medium-dose Trametinib 0.4mg/kg (TM, orange, n = 6)  or standard-dose Trametinib 

0.8mg/kg (TS, dark pink, n = 8)  once daily by oral gavage from day 21 post induction and aged until 

clinical endpoint. Mice treated with Trametinib had up to 30% longer survival compared to Vehicle treated 

mice (p = 0.006, Log-rank test).  Tumour burden quantified by (C) total number of tumours, and (D) total 

dysplastic area. Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** 

P(<0.0001). 
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Figure 4-10: Survival extension in Trametinib treated in AK-HET mice is due to reduction of 
tumour burden in colon but not small intestine. 

AK-HET mice were sampled on day 21 (d21) to establish baseline tumour burden or treated with Vehicle (Veh, 

black, n=10), low-dose Trametinib 0.2mg/kg (TL, light pink, n = 5), medium-dose Trametinib 0.4mg/kg (TM, 

orange, n = 6), or standard-dose Trametinib 0.8mg/kg (TS, dark pink, n = 6) once daily by oral gavage until 

clinical end-point. (A)  Survival plot of AK-HET mice. Tumour burden quantified in small intestine and colon by 

(B) total number of tumours, and (C) total dysplastic area. One-way ANOVA (Kruskal-Wallis) test. Asterisks 

represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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4.3.2.2 Response to MEK inhibition in Kras driven intestinal tumour 

model with loss of p53 

Additional loss of p53 in the intestine, as modelled by our AKP mice, exacerbates tumour 

burden in both small intestine and colon (200 - 800 tumours) causing significant reduction 

in survival time (Median 44 DPI, n = 9) post induction in comparison to AK mice (Median 

74.5 DPI, n = 6) harbouring wildtype p53. Histopathological assessment of the tumours 

revealed that tumours in the small intestine are poorly differentiated in comparison to 

small intestinal tumours in AK mice.  Some mice were sampled at d21 post induction to 

assess baseline tumour burden at treatment onset. While the overall tumour burden 

ranged between 222 to 617 tumours (n=3) across the whole intestine. Both the small 

intestinal and colon tumours ranged between small and medium sized tumours. No large 

tumours were noted. Vehicle treated mice had median survival of 44DPI (Range 33-66 

days post induction, n = 9). Overall tumour burden ranged between 200 to 820 tumours 

across the whole intestine. All small intestinal tumours were either categorised as small 

 

Figure 4-11:  Distribution of tumour burden by size in small intestine and colon. 

AK-HET mice were sampled on day 21 (d21) to establish baseline tumour burden or treated with Vehicle 

(Veh, black, n=10), low-dose Trametinib 0.2mg/kg (TL, light pink, n = 5), medium-dose Trametinib 

0.4mg/kg (TM, orange, n = 6), or standard-dose Trametinib 0.8mg/kg (TS, dark pink, n = 6) once daily by 

oral gavage. (A-C) Tumours sorted by size, small (<0.1mm2), medium (0.1-1.5mm2) and large (>1.5mm2). 

One-way ANOVA, Kruskal-Wallis test. Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), 

*** P(<0.001), and **** P(<0.0001). 
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(0.001–0.1mm2) or medium (0.1 – 1.5mm2) and no large (>1.5mm2) tumours were noted in 

these mice. However, several small intestinal medium sized tumours showed features of 

high-grade dysplasia. Colon tumours on tumours on the other hand were also small – 

medium sized (Figure 4-14, A&B), although a couple of large sized tumours were noted in 

3 out of 6 mice (Figure 4-14, C), suggesting that colonic tumours might have a higher 

proliferative potential than SI tumours. Colon tumours were also predominately low-grade 

dysplasia by histopathological assessment.  

Mice treated with low-dose trametinib (TL 0.2mg/kg, p.o, q.d.) had a median survival of 

61 DPI (Range 49 – 67 DPI, n = 5). This survival time post induction is not superior to that 

of vehicle treated mice (p > 0.05). Overall tumour burden in these mice ranged from 262 

to 580 tumours across the whole intestine.  Both small intestinal and colon tumour ranged 

between small and mid-sized tumours. However, no large colonic tumours were noted in 

contrast to vehicle treated AKP mice, suggesting that trametinib at low doses is still able 

to supress tumour growth, although this did not reach statistical significance.  

Mice treated with standard-dose trametinib (TS 0.8mg/kg, p.o, q.d) had a significant 

extension in median survival 77.5 DPI (Range 69 – 112 DPI, n = 8, p <0.0001). This extension 

of survival was complimented with a significant reduction in tumour burden, especially in 

colon. Overall tumour number in these mice ranged between 31 to 178 tumours across 

the whole intestine. While the tumour number was significantly lower in both small 

intestine and colon, this reduction was more pronounced in the colon. Interestingly, I also 

noted large tumours in small intestine which was not observed in Vehicle or low-dose 

trametinib treated mice. The extension of survival might have led to some lesions to 

progress into adenocarcinoma (Figure 4-14, C&D). In TS treated mice, colonic tumours 

better responded treatment compared to small intestinal tumours. 3 out of 5 mice 

developed adenocarcinomas in the small intestine (Figure 4-14, D).  

RZAO23.2f - pT3, poorly differentiated, invasive carcinoma, less desmoplasia.  

RZAO38.3a - pT4, moderate-poorly differentiated, invasive carcinoma, less desmoplasia. 

RZAO25.2c – pT3, invasive carcinoma, less nuclear pleomorphism. 
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Figure 4-12: Trametinib treatment results in up to 75% survival extension in mice bearing 
Kras driven intestinal tumours with loss of p53. 

(A) Illustration of study plan. (B) Survival curve of AKP-HET mice post transgene activation by Tamoxifen 

(80mg/kg; i.p). At Day 21 post induction, some AKP-HET mice were sampled to establish baseline tumour 

burden (d21) or were treated with Vehicle (black, n=9) or low-dose Trametinib 0.2mg/kg (TL, light pink, n = 

7) or standard-dose Trametinib 0.8mg/kg (TS, dark pink, n = 8) by p.o, q.d and aged until clinical endpoint. 

Mice treated with Trametinib had upto 75% longer survival compared to Vehicle treated mice (p = 0.0005, 

Log-rank (Mantel-Cox) test). Tumour burden quantified by calculating (C) overall tumour number, and (D) 

overall tumour area. One-way ANOVA, Kruskal-Wallis test. 
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Figure 4-13: Survival extension in Trametinib treated AKP-HET mice is due to reduction in 

overall tumour burden. While this reduction in tumour burden is dose-dependent, it is more 

pronounced in the colon. 

AKP-HET mice were sampled on day 21 (d21) to establish baseline tumour burden or treated with Vehicle 

(Veh, black, n=10), low-dose Trametinib 0.2mg/kg (TL, light pink, n = 5), or standard-dose Trametinib 

0.8mg/kg (TS, dark pink, n = 6) once daily by oral gavage until clinical endpoint. (A)  Survival plot of AK-

HET mice. Tumour burden quantified in small intestine and colon by (B) total number of tumours, and (C) 

total dysplastic area. One-way ANOVA (Kruskal-Wallis) test.  
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Figure 4-14: Extension of survival causes progression to adenocarcinoma in some intestinal 
tumours. 

AKP-HET Mice were sampled on day 21 (d21) to establish baseline tumour burden or treated with Vehicle 

(Veh, black, n=9) or low-dose trametinib 0.2mg/kg (TL, light pink, n = 7) or standard-dose trametinib 

0.8mg/kg (TS, dark pink, n = 8) once daily by oral gavage and aged until clinical end-point.  

Extension of survival reveals tumour progression in some small intestinal tumours that form large 

adenocarcinomas. This is progression to adenocarcinoma is observed only in small intestinal tumours but not 

colon. Intestinal tumours are sorted by size –(A) small (<0.01mm2), (B) medium (0.01-1.5 mm2), (C) large 

(>1.5 mm2). (D) Bright-field images of H&E images of advanced adenocarcinoma. One-way ANOVA, Kruskal-

Wallis test. Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** 

P(<0.0001). 
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4.3.3 Targeting the RAS pathway in Kras driven colon 

tumour model. 

To overcome the limitations of our long-term models in which mice develop multiple 

tumours throughout the intestine, I studied MAPK dependency in the colon tumour model, 

where a single tumour is induced in the colon. Development of single tumour extends 

latency of this model and gives an opportunity for tumour progression.  

Histopathological assessment showed well-differentiated tubular adenomas with no 

detectable invasion, reminiscent of human colon adenomas. This model recapitulates key 

features of colonic adenomas in a fully immunocompetent environment, allowing 

fundamental questions of tumour initiation and dependency on key signalling pathways 

(Roper et al., 2017). To generate a single colonic tumour, 4-Hydroxy Tamoxifen (70µl, 

100mM) was injected into the colonic sub-mucosa of A-HOM, AK-HOM and AKP-HOM mice 

to induce focal transgene induction. Tumours resulting from these mice are referred as 

A, AK and AKP colon tumours respectively. Mice were monitored for tumour growth by 

colonoscopy 21-days post induction. Upon confirmation of tumour establishment, mice 

were treated with Vehicle (0.5% HPMC + 0.1% Tween) or standard-dose trametinib 

(0.8mg/kg) for 5 days (p.o, q.d.) and sampled at treatment endpoint.  

 

A. Trametinib does not suppress proliferation in an established colon tumour model. 

I have previously shown that Ras driven colon tumours (AK- and AKP) colon tumours have 

a slightly lesser proliferation rate compared to A-colon tumour, suggesting oncogenic Kras 

rewires metabolism in the tumour rather than proliferation. I studied if MEK inhibition 

would reduce proliferation and induce cell death in these tumours.  Trametinib treatment 

has little to no effect in reducing proliferation or Apoptosis in A-colon tumour. 

Interestingly, trametinib treatment led to an increased proliferation rate in both AK- and 

AKP-colon tumour (Figure 4-15, B). This increase in proliferation was also coupled with 

increase in cell death as evidenced by higher cleaved PARP positive cells in the tumours 

(Figure 4-15, C). 
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B. Trametinib effectively suppresses MAPK activity in Kras-driven colon tumours. 

I next checked if the reason for no change in proliferation is due to poor drug target 

engagement in established tumours. I checked MAPK status with RNAscope analysis of 

Dusp6 transcripts in the tumours. This revealed a significant suppression of MAPK activity 

in Kras driven tumours, AK- and AKP- colon tumours. There was a slight decrease in Dusp6 

in tumours with loss of Apc alone (Figure 4-16, B). But this is expected as MEK is a 

downstream target of Kras. Trametinib effectively suppresses the MAPK pathway in Ras-

driven tumour models. Trametinib treatment led to significant suppression of the MAPK 

pathway as evidenced by reduction in number of Dusp6 transcripts per cell in both AK- 

and AKP-colon tumours.  

 

Figure 4-15: Trametinib treatment does not suppress proliferation in Ras-driven colon tumour 
model. 

(A) Bright-field images of A-, AK-, and AKP colon tumour model treated with Trametinib(0.8mg/kg) or Vehicle 

for 5 days post-tumour confirmation. Tissue sections stained with Haematoxylin & Eosin (4x and 20x), BrdU 

to assess proliferation rate and cPARP to assess rate of cell death. (B) rate of proliferation was assessed by 

quantifying BrdU positive cells per 1000 dysplastic cells (C) rate of cell death was assessed by counting 

number of cPARP positive cells per 1000 dysplastic cells. Scale bars for images are: 1mm (4x magnification), 

and 100µm (20x magnification). Asterisks represent P values obtained from One-way ANOVA, Kruskal–Wallis 

test followed by Dunn’s correction; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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I hypothesised that suppression of the MAPK pathway would lead to shift in fetal 

progenitor population, as assessed by levels of Anxa1 transcripts in the tumour. Anxa1 is 

an oncofetal marker of revival stem cell population (Tape, 2024).  However, no significant 

changes were observed in Anxa1 across different tumours and across treatments (Figure 

4-16, C). 

 

 

 

 

Figure 4-16: Trametinib supresses MAPK activity is Kras driven colon tumour model. 

(A) Bright-field images of A-, AK-, and AKP colon tumour model treated with Trametinib(0.8mg/kg) or 

Vehicle for 5 days post-tumour confirmation. Tissue sections stained with Haematoxylin & Eosin (4x and 

20x), (B) MAPK activity was assessed with RNAscope® analysis of Dusp6. (C) Fetal stem cell markers 

assessed with RNAscope® analysis of Anxa1. Scale bars for images are: 1mm (4x magnification), and 100µm 

(40x magnification). Asterisks represent P values obtained from One-way ANOVA, Kruskal–Wallis test 

followed by Dunn’s correction; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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C. Trametinib treatment alters Wnt activity based on p53 status in the colon tumour 

model. 

To assess Wnt signalling activity, I performed RNAscope® analysis of Notum and Axin2 

which are markers of high Wnt activity. Notum from Apc mutant cells actively inhibits 

proliferation of surrounding wildtype cells by its Wnt inhibiting role, driving their 

differentiation and outcompeting the wildtype cells from the crypt niche (Flanagan et 

al., 2021). Axin2, part of the β-catenin destruction complex, is a β-catenin/TCF regulated 

target gene that serves as a feedback inhibitor to modulate high Wnt activity in normal 

cells. In a normal colon epithelium, Axin2 levels are generally low, however constitutive 

activation of Axin2 expression by the β-catenin/TCF transcriptional complex is observed 

 

Figure 4-17: Trametinib treatment alters Wnt signalling activity based on p53 status. 
(A) Bright-field images of A-, AK-, and AKP colon tumour model treated with Trametinib (0.8mg/kg) or 

Vehicle for 5 days post-tumour confirmation. Tissue sections stained with Haematoxylin & Eosin (4x), and 

Wnt signalling activity was assessed with RNAscope® analysis of (B) Notum and, (C) Axin2. Scale bars for 

images are: 1mm (4x magnification), and 100µm (40x magnification). Asterisks represent P values 

obtained from One-way ANOVA, Kruskal–Wallis test followed by Dunn’s correction; ns P(>0.05), * P(<0.05), 

** P(<0.005), *** P(<0.001), and **** P(<0.0001). 

 

 



92 

in CRCs (Klaus and Birchmeier, 2008). In Apc mutant CRCs, high levels of Axin2 promotes, 

rather than suppresses, a β-catenin/TCF-initiated, EMT program (Wu et al., 2012).  

In A- and AKP- colon tumour, where p53 is not activated or is functionally lost, Notum 

levels remain unchanged upon treatment with trametinib. Moreover, a modest reduction 

in Axin2 levels were noted upon trametinib treatment (Figure 4-17, B-C).  

However, in AK-colon tumour where p53 is functionally activated, an increase in both 

Notum and Axin2 transcripts were noted upon trametinib treatment (Figure 4-17, B-C). 

This was also reported by (Solberg et al., 2019) where MEK inhibition increased Wnt/β-

catenin activity via YAP in an APC-KRAS mutated cell line.  

D. Trametinib treatment induces p53 activity in Kras driven colon tumours. 

I next assessed how p53 activity is induced across the tumours upon MEK inhibition. As 

described in section 3.2.3, loss of Apc alone does not induce p53 or its target gene p21 

 

Figure 4-18: Trametinib treatment induces p21 in Ras driven colon tumour with functional p53. 
(A) Bright-field images of A-, AK-, and AKP colon tumour model treated with Trametinib (0.8mg/kg) or 

Vehicle for 5 days post-tumour confirmation. Tissue sections stained with Haematoxylin & Eosin (4x and 

20x), and p53 activity was assessed with immunohistochemical analysis of (B) p53 and, (C) p21. Scale bars 

for images are: 1mm (4x magnification), and 100µm (20x magnification). Asterisks represent P values 

obtained from One-way ANOVA, Kruskal–Wallis test followed by Dunn’s correction; ns P(>0.05), * P(<0.05), 

** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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(Figure 4-18, B-C. In tumours with oncogenic Kras and functional p53 (AK-colon tumour), 

trametinib treatment causes a further increase in p21 level. This suggests a p53 

dependent cell cycle arrest and apoptosis activity as evident from the cleaved-PARP levels 

discussed in section 4.3.3-A. 

Interestingly an increase in p21 levels were noted in AKP-colon tumours, which further 

decreased upon trametinib treatment. This increased in p21 might be due to a p53 

independent mechanism (Figure 4-18, C).  

E. Trametinib induces double strand breaks in Ras driven colon tumour with 

functional p53 

I next assessed if cell cycle arrest leads to senescence by studying levels of p16 within 

the tumours. P16 accumulation is normally observed during G0/G1 cell cycle phase. 

Depending upon the level of cellular stress, cells undergo either cell cycle arrest or 

 

Figure 4-19: Trametinib treatment induces double strand breaks in Ras driven colon tumour 
with functional p53. 
(A) Bright-field images of A-, AK-, and AKP colon tumour model treated with Trametinib (0.8mg/kg) or 

Vehicle for 5 days post-tumour confirmation. Tissue sections stained with Haematoxylin & Eosin (4x and 

20x), and senescence and DNA damage was assessed with immunohistochemical analysis of (B) p16 and, 

(C) gH2Ax. Scale bars for images are: 1mm (4x magnification), and 100µm (20x magnification). Asterisks 

represent P values obtained from One-way ANOVA, Kruskal–Wallis test followed by Dunn’s correction; ns 

P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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senescence. Interestingly, an increase in double strand breaks was also observed as noted 

with an increase in levels of gH2Ax noted only in AK-colon tumour (Figure 4-19, C). This 

suggests that p53 might have a role in causing double strand breaks.  

All the results described above are preliminary and warrant further validation to 

understand the role of multiple signalling pathways in an established colon tumour model.  

4.4 Discussion  
Our fruit fly avatar effectively recapitulates clinical observations of resistance to targeted 

therapies. The single mutant fly line bynts>rasG12V responds positively to MEK inhibition 

via trametinib, whereas the 10-hit fly line bynts>CPCT036 exhibits only a modest response 

to trametinib (Figure 3-2 & 4-1). Moreover, no other targeted drugs (binimetinib, 

regorafenib, dabrafenib, and rapamycin) demonstrated any survival benefit, underscoring 

that drug resistance is an emergent property of genetically complex tumours. My 

observations align with other studies that have also noted drug resistance in complex 

tumour models (Bangi et al., 2016).  

In line with my findings in fruit fly models, intestinal organoids derived from compound-

mutant mice (AKP) demonstrated greater resistance to MEK inhibition compared to single-

mutant Kras organoids (Figure 4-3). Analyzing key signaling pathways illuminated the role 

of p53 in modulating drug response over time (Figure 4-4). Both compound-mutant 

organoids with functional p53 (AK) and those lacking p53 (AKP) exhibited reduced MAPK 

activity following MEK inhibition at an early time point (6 hours), as indicated by 

diminished pERK levels. However, apoptosis was notably delayed in AKP organoids. 

Furthermore, pERK levels displayed distinct dynamics across both organoid types; 

intriguingly, pERK levels returned to baseline in AK organoids 18 hours post-treatment, 

while they remained suppressed in AKP organoids. The reduced pERK levels not only 

reflect decreased MAPK activity and lower proliferation rates but also suggest potential 

cell cycle arrest or senescence in the AKP organoids, likely stemming from the impaired 

apoptotic pathway. Cell cycle analysis revealed that organoids lacking functional p53 

arrested in the G0/G1 phase upon MEK inhibition, while those with functional p53 

underwent apoptosis in the AK organoids (Figure 4-6). These findings underscore the need 

for further investigations utilizing additional intestinal organoid models to deepen our 

understanding of these complex dynamics. 

In our mouse models, I demonstrate that the response to MEK inhibition is also dependent 

on the stage of tumour development and treatment onset. At the pre-adenoma stage, 

represented by our short-term models, hyperproliferative intestinal crypts respond to MEK 

inhibition irrespective of p53 status. A modest yet significant reduction in proliferation 

was observed in both AK- and AKP-HOM mice, indicating that dysplastic cells are 

dependent on the MAPK pathway during early tumour initiation. While this model helps 
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elucidate important processes in tumour formation, a clinically relevant setting is 

treatment response in established tumours. 

MEK inhibition contributes to survival extension in the Ras-driven intestinal tumour model 

(Long-term model). Interestingly, contrary to findings reported in several studies and our 

fly data, mice bearing AKP tumours initially appeared to respond better to MEK inhibition. 

AKP-HET mice experienced nearly a 70% extension in survival when treated with 

trametinib, while mice bearing AK tumours showed only a 30% survival extension 

compared to vehicle-treated mice. This increase in survival was largely due to the 

reduction in colonic tumour burden in both AK- and AKP-mice. 

However, small intestinal tumours exhibited a heterogeneous response to MEK inhibition 

depending on their p53 status. In mice bearing tumours with functional p53 (AK-HET), 

survival extension correlated with an increase in small intestinal tumour burden, as mice 

receiving trametinib had more small intestinal tumours compared to vehicle-treated 

mice. Conversely, mice with tumours lacking functional p53 (AKP-HET) demonstrated an 

overall reduction in small intestinal tumour burden, with half developing 

adenocarcinomas. Notably, adenocarcinoma was observed only in the small intestine, not 

in the colon, indicating differing tumour progression dynamics between these regions. 

These differences might be driven by epigenetic changes and differences in 

microenvironment in small intestine and colon. Thus, the response to MEK inhibition is 

not solely dependent on mutational background but also on tumour location. Further 

assessment of proliferation rates and the status of key signalling pathways between small 

intestinal and colon tumours is warranted. 

A significant caveat of our long-term model is that tumours develop throughout the entire 

intestine, not specifically in the colon, which may not be spatially relevant to human CRC. 

Moreover, tumours arise at different time points post-Tamoxifen induction, as tumour 

formation relies on the sporadic loss of the second copy of Apc. This complicates the 

determination of tumour burden at treatment onset and makes it challenging to ascertain 

whether treatment-resistant lesions initiated before or after treatment began. 

To overcome these limitations, I studied MAPK dependency in an established colon tumour 

model. This model consists of a single spatially resolved colon tumour induced by an 

injection of 4-hydroxy Tamoxifen (4-OHT) into the colonic submucosa. The colonic 

tumours in this model were adenomatous polyps with a high degree of differentiation and 

no invasive features, closely resembling human colonic adenomas and remaining relevant 

to human CRC. Contrary to the hyperproliferative crypts in our short-term models, the 

colon tumours exhibited no change in proliferation levels despite a reduction in MAPK 

activity following MEK inhibition. In the subsequent chapter, I will explore the 

mechanisms underlying drug resistance. 
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Chapter 5 Combination Strategies to target 

vulnerabilities of KRAS mutant CRCs 
While targeted therapies like trametinib initially show promise, resistance frequently 

develops, hindering long-term treatment success. This chapter investigates a potential 

strategy to overcome trametinib resistance in mouse models of CRC by combining 

trametinib with vorinostat. This approach stems from recent research highlighting the 

role of enhanced drug metabolism, specifically through the glucuronidation pathway, in 

driving trametinib resistance. 

Our recent work (Cong et al., 2023) demonstrated that trametinib-resistant RASG12V-APCi-

P53i  tumours in fly models (bynts> rasG12V apcRi p53Ri ; hereafter RAP) exhibited elevated 

levels of metabolites associated with the glucuronidation pathway. Glucuronidation, a 

crucial detoxification process, facilitates drug clearance from the body is normally 

activated in the liver. Trametinib metabolism is primarily through deacetylation after 

which it is glucuronidated (Ho et al., 2014). Inhibiting different steps within this pathway, 

including the HDAC1-mediated deacetylation step using vorinostat, effectively reversed 

trametinib resistance in our fly and intestinal organoid models. Importantly, this 

 

Figure 5-1: Glucuronidation pathway induces trametinib resistance in Drosophila and 
mouse intestinal organoids. 
(A) Illustration of rescue from lethality assay. (B) Triple mutant Drosophila (bynts>RAP) responds poorly 

to single agent trametinib. (C) LC/MS analysis in trametinib treated bynts>Ras and bynts>RAP flies reveal 

upregulation of metabolites involved in glucuronidation pathway. (D) An overview of the glucuronidation 

pathway. Addition of vorinostat improves trametinib response in (E) Drosophila and (F) mouse intestinal 

organoids. (Data generated in collaboration with Dr Bojie Cong and Dr Alejandro H Uribe at University of 

Glasgow) 
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resistance mechanism appears to be conserved in KRAS/APC/TP53 CRC models, suggesting 

potential clinical relevance. 

This chapter aims to build upon these findings by examining whether the 

trametinib/vorinostat combination yields similar results in mouse models of RAS-driven 

CRC. The results provide critical insights into the translatability of this therapeutic 

strategy and the development of more effective treatment options for CRC patients. 

5.1  Dose titration of trametinib 
Our studies in Drosophila and mouse intestinal organoids show that trametinib is cleared 

from the tumours by upregulation of the glucuronidation pathway – a toxin clearance 

pathway. This suggests a possibility of lesser accumulation of trametinib in Tumours 

compared to normal tissues. Moreover, trametinib, while effective as a MEK inhibitor, is 

associated with a range of toxicities, including rash, diarrhea, fatigue, and, more 

seriously, cardiopulmonary issues. These side effects often limit the dosage that can be 

administered safely to patients. Employing a low-dose trametinb can be a useful as a 

strategy to mitigate these adverse effects. This approach may also allow for combination 

with other therapies, enhancing efficacy with manageable side-effect profile. 

5.1.1 Dose titration of trametinib in short-term model 

To understand if HDAC inhibition can increase the availability of unaltered trametinib 

within tumours, I studied potency of different doses of trametinib in our short-term 

models to identify dosage of trametinib that can,  

A – supress MAPK activity and reduce proliferation in the hyperproliferative intestinal 

crypts, or   

B – supress MAPK activity but the dosage isn’t optimum to reduce proliferation within the 

hyperproliferative intestinal compartments.  

 

Figure 5-2: Schematic summary of targeting trametinib glucuronidation by blocking 
deacetylation step.  
Trametinib (tram) is a potent MEK inhibitor that effectively blocks RAS pathway signaling and oncogenic 

transformation in preclinical studies. Coactivation of RAS and WNT pathways induces PI3K/AKT signaling, 

AS160, and GLUT1/4 activation, promoting increased glucose influx into cells. This leads to heightened 

glucuronidation and clearance of trametinib. Potential therapeutic targets may include HDAC1, as its 

deacetylation activity is crucial for the glucuronidation process of certain drugs, including trametinib 
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Figure 5-3: Trametinib has a dose-dependent effect on suppressing proliferation and MAPK 
activity in the intestinal crypts. 
AKP-HOM mice were administered with 80mg/kg tamoxifen once on Day 0 and treated with Vehicle or 

various doses of Trametinib - 0.2mg/kg (T
L
) or 0.4mg/kg (T

M
) or 1mg/kg (T

S
) once daily by oral gavage for 

3 days. (A) Illustration of study plan. BrdU positive cells per half crypt (n = 25) were quantified from (B) 

small intestine and (C) colon. Small dots represent single half-crypts, large dots represent mean of 

biological replicates. Unpaired t test with Welch’s correction. Summary of BrdU score in small intestine 

(Table 5-1) and colon (Table 5-2). (D) Bright-field images of Dusp6 RNAscope in small intestine and colon. 

Average Dusp6 transcripts per cell in (E) small intestine and (F) colon. One-way ANOVA, Kruskal-Wallis 

test. Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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AKP-HOM mice were induced as described in Chapter 2.6 and treated with various doses 

of trametinib - 0.2mg/kg (TL, low-dose), or 0.4mg/kg (TM, mid-dose) or 1mg/kg trametinib 

(TS, standard-dose) or Vehicle from Day 1 to 3. BrdU (0.25ml, 10mM) was administered 2h 

before sampling on Day 3. BrdU scoring was performed as described in Chapter 2.6. I also 

assessed MAPK activity by checking transcript levels of DUSP6.  

A dose-dependent reduction was observed in number of BrdU score with increasing 

trametinib dosage. Briefly, mice treated with standard-dose trametinib (TS) had a 30% 

lower proliferation in both small intestine and colon when compared to Vehicle treated 

mice (SI: 33 ± 1.6 vs 48 ± 5 BrdU positive cells per half crypt, p<0.05), (Colon: 12 ± 0.6 vs 

17 ± 1 BrdU positive cells per half crypt, p<0.005) (Figure 5-3, B-C) (Table 5-1,2). This 

reduction in proliferation was also accompanied by significant reduction in average Dusp6 

transcripts per cell in small intestine (1.4 ± 0.2 vs 5.3 ± 0.2, p<0.05) and colon (4.8 ± 0.7 

vs 9.1 ± 1.1, p<0.05) (Figure 5-3, E-F).  

On the other hand, mice treated with low-dose trametinib (TL) had little effect (< 20%) 

on suppressing crypt proliferation in small intestine (39 ± 5.3 vs 48 ± 5 BrdU positive cells 

per half crypt, p > 0.05) and colon (15.3 ± 1 vs 17 ± 1 BrdU positive cells per half crypt, p 

> 0.05) (Figure 5-2, B-C). Dusp6 transcripts per cell were slightly lower in both small 

intestine (3 ± 0.2 vs 5 ± 0.4, p>0.05) and colon (6.6 ± 0.6 vs 8.3 ± 1.2, p>0.05) (Figure 5-

3, E-F). However, the reduction was not statistically significant.  

While this study was useful to determine effect of different doses of trametinib on 

proliferation, it should be noted that this is a hyperplastic model and not a tumour model. 

One of the benefits of this model is its shorter latency. It would be prudent to confirm if 

the same dose dependent trend is observed in tumour models, as described in the next 

section.  

5.1.2 Dose titration of trametinib in orthotopic transplantation model 

To confirm if trametinib has a similar dose-dependent response in an established Ras 

driven CRC tumour, I studied the effects of different doses of trametinib in orthotopic 

transplantation models. There are two major reasons for choosing this model: Early 

experiments to study glucuronidation pathway were studied on intestinal organoids 

derived from VillinCreERT2; Apcfl/fl KrasG12D/wt Trp53fl/fl mice(Cong et al., 2023). Orthotopic 

transplantation of these organoid would allow us to further explore the glucuronidation 

pathway at a whole-organism level, whilst minimising variables. Secondly, difficulty in 

generating transgenic mice in sufficient numbers would cause a huge delay in completing 

the study.   
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C57/BL6J recipient mice were orthotopically transplanted with Apcfl/fl KrasG12D/wt p53fl/fl 

organoids into the colonic sub-mucosae (Roper et al., 2017). Post confirmation of tumour 

by colonoscopy, mice were allocated into one of the following treatment groups –

trametinib 0.4mg/kg (TM), trametinib 0.8mg/kg (TS) or Vehicle. Drugs were administered 

once daily by oral gavage for 5 days. BrdU (0.25ml, 10mM) was administered 2h before 

sampling at treatment endpoint. 

I assessed proliferation rate by scoring BrdU positive cells in the tumour area and 

measured Dusp6 transcript levels by RNAscope to assess MAPK status. Dusp6 transcript 

levels were 30 - 40% (Ts & TM) (Figure 5-4, B&D) lower in mice that received trametinib, 

but this reduction was not statistically significant. Moreover, the reduction in MAPK 

activity did not translate to reduction in proliferation of cells as mice that received 

trametinib had similar proliferation rate compared to Vehicle treated mice (280 vs 293 

BrdU positive cells per 1000 dysplastic cells, p>0.05, n = 3) (Figure 5-4, B&C). These 

observations were quite interesting, and I chose this model to study how trametinib is 

metabolised within these tumours. 

 

Figure 5-4: Trametinib has a modest effect on suppressing proliferation in orthotopically 
transplanted model. 

C57BL/6J mice were intracolonically transplanted with Apcfl/fl KrasG12D/wt Trp53fl/fl intestinal organoids. Post 

tumour establishment mice were treated with different doses of Trametinib (TM, 0.4mg/kg or TS, 0.8 mg/kg) 

or Vehicle control for 5 days. 0.25ml BrdU was administered 2h before sampling at treatment endpoint. 

(A) Illustration of study plan. (B) Bright-field images of tumour stained with BrdU and Dusp6 RNAscope.  

(C) Number of BrdU positive cells per 1000 dysplastic cells. (D) Average number of Dusp6 transcripts per 

dysplastic cell. One-way ANOVA, Kruskal-Wallis test. Asterisks represent P values; ns P(>0.05), * P(<0.05), 

** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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5.2 CRC Orthotopic transplantation for mass spec analysis of 

trametinib and its metabolites  

To determine if concomitant HDAC inhibition (vorinostat) suppresses trametinib 

metabolism via glucuronidation, I utilised the orthotopic transplanted tumour model.  

Wildtype (C57BL/6) mice were intracolonically transplanted with intestinal organoids 

derived from AKP-HOM mice (Section 3.3.2). Upon tumour confirmation by colonoscopy, 

mice were allocated into the following treatment groups: trametinib (TS, 0.8 mg/kg; n = 

5), vorinostat (Vor, 50 mg/kg; n = 5), trametinib and vorinostat (TS + Vor, n = 5), or Vehicle 

(Veh, n = 5). The drugs were administered via oral gavage once daily for five days and 

mice were sampled at treatment endpoint for metabolite analysis.  

I checked accumulation of unaltered trametinib in various tissues using LC-MS analysis. 

As known from several pharmacokinetics studies, liver consistently had the highest 

amount of trametinib, and its metabolites compared to other tissues (Figure 5-5, B&F). 

Corroborating our earlier studies (Cong et al., 2023), mice that received trametinib as a 

single agent had 40% lower levels of trametinib in the tumour compared to adjacent 

normal tissue (n = 6, p = 0.006, uncorrected Dunn’s test) (Figure 5-4, A), suggesting higher 

drug clearance in tumour tissue. Addition of vorinostat led to an 80% increase in unaltered 

trametinib within the tumour (n = 6, p = 0.04, unpaired t-test). However, this increase in 

trametinib levels upon addition of vorinostat was not observed in other tissues such as 

adjacent normal tissue, liver and serum.   

The first stage of trametinib metabolism involves deacetylation of the drug. With addition 

of vorinostat, we hoped to suppress deacetylation of trametinib, thereby increasing its 

unaltered levels within the tumours. Contrary to my supposition, mice that received 

trametinib and vorinostat combination had higher levels of deacetylated trametinib in 

liver, stool and colon tumour compared to mice that received single-agent trametinib 

(Figure 5-5, E-H).  However, the levels of deacetylated trametinib was 20-fold lower than 

parent compound and represented only 2% of unaltered trametinib. While it was 

encouraging to observe that addition of vorinostat improves levels of trametinib within 

tumour tissue without affecting other tissues, it is necessary to determine if this 

translates to reduction in tumour burden and extension of survival in mice bearing 

Apc/Kras/p53 driven intestinal tumours. I will be exploring this drug combination in our 

long-term/ intestinal tumor model.  
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5.3 Combination of trametinib and vorinostat in short-term 

model 

We have established in Section 3.3.1, that treatment with low-dose trametinib (TL; 

0.2mg/kg) has little effect on suppressing proliferation in intestinal crypts. I tested if 

concomitant HDAC inhibition with addition of vorinostat would further improve trametinib 

efficacy in our short-term model. AKP-HOM mice were induced as described in Chapter 2 

on Day 0. Following transgene induction, mice were treated with low-dose (TL, 0.2mg/kg) 

with or without vorinostat (50mg/kg) for 3 days (Figure 5-6, A). Vehicle and vorinostat 

treated mice served as controls. BrdU (0.25ml, 10mM) was administered 2h before 

sampling at treatment endpoint. I chose this model due to its short latency. Proliferation 

rate was assessed by BrdU scoring and MAPK activity was assessed by measuring Dusp6 

transcript levels. Addition of vorinostat improved trametinib efficacy in the small 

intestine but not in the colon. 

 

Figure 5-5: LC-MS analysis revealed low-levels of Trametinib in colon tumour compared to 
adjacent normal intestine in mice that received trametinib as a single-agent. 

C57BL/6J mice were intracolonically transplanted with Apcfl/fl KrasG12D/wt Trp53fl/fl intestinal organoids. 

Post tumour establishment mice were treated with treated with Vehicle (Veh, n = 5) or Trametinib 

0.2mg/kg (TL, n = 5) or vorinostat 50mg/kg (Vor, n = 5) or trametinib and vorinostat (TL + Vor, n = 5) once 

daily by oral gavage for 5 days. Mice were sampled at treatment endpoint and tissues were prepared for 

LC/MS analysis (described in 2.2.4.4) 

Levels of unaltered trametinib (A – D) and deacetylated trametinib (E – H) in colon tumour, adjacent normal 

intestine, liver, serum and stool. Colon tumors have lower levels of trametinib compared to adjacent normal 

tissue (A). Addition of vorinostat improves levels of trametinib within the tumor without affect adjacent 

normal tissue and serum. One-way ANOVA, Kruskal-Wallis test. Asterisks represent P values; ns P(>0.05), * 

P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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 Mice that received combination of trametinib and vorinostat (TL + Vor) had 40% lower 

proliferation rate in the small intestinal crypts compared to mice that received trametinib 

as a single agent (27 vs 45 BrdU positive cells per crypt, p < 0.05, n = 5) (Figure 5-6, B&C). 

Interestingly, combination of trametinib and vorinostat had no effect in the colon, 

possibly due to tumor microenvironment, epigenetics or microbiome. Moreover, mice that 

received trametinib or vorinostat had similar proliferation rate to that of Vehicle treated 

mice. While it was encouraging to see that vorinostat was able to improve trametinib 

efficacy in our short-term hyperproliferative model, it was necessary to determine if this 

due to suppression of deacetylation of trametinib by vorinostat.  

 

 

Figure 5-6: Combination of Trametinib and vorinostat moderately suppresses proliferation 
in acute hyperplastic intestinal crypts. 
Mice were administered with 80mg/kg tamoxifen once on day0 and treated with Vehicle (Veh, n = 5) or 

Trametinib 0.2mg/kg (TL, n = 5) or vorinostat 50mg/kg (Vor, n = 3) or Trametinib and vorinostat (TL + Vor, 

n = 4) once daily by oral gavage for 3 days. (A) Illustration of study plan. BrdU positive cells per half crypt 

(n=25) were quantified from, (B) small intestine, (C) Colon. Small dots represent single half crypts, large 

dots are biological replicates. Average Dusp6 transcripts per cell in (E) small intestine and (F) colon. One-

way ANOVA, Kruskal-Wallis test. Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** 

P(<0.001), and **** P(<0.0001). 
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5.4 Combination of trametinib and vorinostat in Long-

term model 

To determine if combination of trametinib and vorinostat confers survival advantage to 

mice predisposed to tumour formation, I tested combination of vorinostat with both 

standard- (0.8mg/kg) and low-dose trametinib (0.2mg/kg).  

5.4.1 Combination of vorinostat and standard-dose trametinib offers 

no survival advantage 

As discussed in section 3.2.3.2, AKP-HET mice treated with standard-dose trametinib (TS, 

0.8mg/kg) had 76% extension in survival compared to Vehicle treated mice (77.5 vs 44 

days post induction, n = 8, p < 0.0001, Mantel-Cox test) (Figure 5-7, B). This extension in 

 

Figure 5-7: Addition of vorinostat does not contribute to survival extension at standard-
dose of Trametinib. 

(A) Illustration of study plan. (B) Survival curve of AKP-HET mice post transgene activation by Tamoxifen 

(80mg/kg; i.p). At Day 21 post induction, AKP-HET mice were treated with with Vehicle (black, n=9) or 

vorinostat 50mg/kg (Vor, green, n = 4) or standard-dose Trametinib 0.8mg/kg (TS, dark pink, n = 8) or 

combination of Trametinib and vorinostat (TS + Vor, blue, n = 6) by p.o, q.d and aged until clinical 

endpoint. Mice treated with Trametinib and vorinostat (TS + Vor) had similar median survival compared 

to mice that received Trametinib alone (MS: 89.5 vs 77.5, p>0.05 , Log-rank (Mantel-Cox) test). Tumour 

burden quantified by calculating (C) overall tumour number, and (D) overall tumour area. One-way 

ANOVA, Kruskal-Wallis test. Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** 

P(<0.001), and **** P(<0.0001). 
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survival was also coupled with regression in overall tumour burden. Mice treated with 

trametinib (TS) had markedly reduced overall tumour burden, specifically observed in 

reduction of small and medium sized tumours in small intestine and colon. However, 4 

out 8 mice (TS) had developed large adenocarcinomas in the small intestine. This 

suggested that while trametinib was able to resolve most of the tumours, some tumours 

escaped drug action representing drug resistant lesions. I sought to check if addition of 

vorinostat improved the outcomes noticed with trametinib as a single agent. Specifically, 

extension of survival coupled with regression of tumours. 

AKP-HET mice that received vorinostat along with standard dose trametinib (TS + Vor) had 

a similar median survival compared to mice that received trametinib (TS) as a single agent 

(Median survival: 89.5 vs 77.5 days post induction, n = 6, p >0.05, Mantel-Cox test) (Figure 

5-7, B).  

 

Figure 5-8: Addition of vorinostat has no additional impact on tumour burden at standard-
dose of Trametinib. 
AKP-HET mice were treated with Vehicle (black, n=9) or vorinostat 50mg/kg (Vor, green, n = 4) or 

standard-dose Trametinib 0.8mg/kg (TS, dark pink, n = 8) or combination of Trametinib and vorinostat (TS 

+ Vor, blue, n = 6) once daily by oral gavage from day 21 post induction and aged until clinical end-point. 

Mice treated with Trametinib and vorinostat (TS + Vor) had similar tumour burden compared to mice that 

received Trametinib alone. Tumour burden quantified in small intestine and colon by (B) total number of 

tumours, and (C) total dysplastic area. One-way ANOVA (Kruskal-Wallis) test. Asterisks represent P values; 

ns P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 

 

  

 



106 

Overall tumour burden was similar in mice that received trametinib with or without 

vorinostat. Like what was observed in TS treated mice, colonic tumours better responded 

treatment compared to small intestinal tumours. 3 out of 5 mice developed 

adenocarcinomas in the small intestine (Figure 5-9, D).  

RZAO27.1c - pT3, moderately differentiated, invasive carcinoma, less desmoplasia. 

RZAO25.5b - pT4, moderate-poorly differentiated, invasive carcinoma, less desmoplasia. 

RZAO27.1a – pT4, invasive carcinoma, less nuclear pleomorphism. We inferred that the 

reason we were not able to see survival advantage or improvement in tumour regression 

was because trametinib dosage was already at optimum levels. I wondered if vorinostat 

addition would be synergistic at low-dose trametinib. 

 

Figure 5-9: Emergence of drug-resistant lesions is observed in the small intestine of AKP-
HET mice 

AKP-HET mice were treated with Vehicle (black, n=9) or vorinostat 50mg/kg (Vor, green, n = 4) or 

standard-dose Trametinib 0.8mg/kg (TS, dark pink, n = 8) or combination of Trametinib and vorinostat (TS 

+ Vor, blue, n = 6) once daily by oral gavage from day 21 post induction and aged until clinical end-point. 

Mice treated with Trametinib and vorinostat (TS + Vor) had similar tumour burden compared to mice that 

received Trametinib alone. Tumour burden quantified in small intestine and colon by (B) total number of 

tumours, and (C) total dysplastic area. (D) Bright-field images of H&E images of advanced 

adenocarcinoma. One-way ANOVA (Kruskal-Wallis) test. Asterisks represent P values; ns P(>0.05), * 

P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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5.4.2 Combination of vorinostat and low-dose trametinib 

improves survival 

As discussed in section 3.2.3.2, AKP-HET mice treated with low-dose trametinib (TL, 

0.2mg/kg) had modest survival extension (40%) when compared to Vehicle treated mice 

(Median Survival = 61 vs 44 days post induction, n = 7, p > 0.05, Mantel-Cox test). Mice 

sampled at clinical endpoint exhibited significant intestinal tumour burden (average 400 

intestinal tumours) while most of them were smaller in size (<0.01m2).   

Mice treated with low-dose trametinib and vorinostat (TL + Vor) had a modest yet 

significant extension in survival (47%) compared to Vehicle treated mice (Median Survival: 

 

Figure 5-10: Addition of vorinostat has a modest impact on extension of survival at low-
dose Trametinib 

(A) Illustration of study plan. (B) Survival curve of AKP-HET mice post transgene activation by Tamoxifen 

(80mg/kg; i.p). At Day 21 post induction, AKP-HET mice were treated with Vehicle (black, n=9) or 

vorinostat 50mg/kg (Vor, green, n = 4) or low-dose Trametinib 0.8mg/kg (TL, light pink, n = 7) or 

combination of Trametinib and vorinostat (TL + Vor, light blue, n = 9)  by p.o, q.d and aged until clinical 

endpoint. Mice treated with Trametinib and vorinostat (TL + Vor) had similar median survival compared 

to mice that received Trametinib alone (MS: 61 vs 65, p>0.05 , Log-rank (Mantel-Cox) test). Tumour 

burden quantified by calculating (C) overall tumour number, and (D) overall tumour area. One-way 

ANOVA Kruskal Wallis test. Asterisks represent P values; ns P(>0.05), * P(<0.05), ** P(<0.005), *** 

P(<0.001), and **** P(<0.0001). 
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65 vs 44 days post induction, n = 9, p = 0.03, Log rank test) (Figure 5-8, B). However, 

median survival was similar to mice that received only trametinib (TL). A reduction in 

overall tumour burden was also noted in mice that received combination treatment 

(Figure 5-10, C&D). This reduction in overall tumour burden was contributed by reduction 

in tumours in the small intestine and colon (Figure 5-9, A-E).   While most of the tumours 

regressed, adenocarcinoma was also noted in mice that received drug combination, 

suggesting resistance to combination treatment. 

 

Figure 5-11: Addition of vorinostat has a modest impact on reduction in tumour burden at 

low-dose Trametinib. 

AKP-HET mice were treated with Vehicle (black, n=9) or vorinostat 50mg/kg (Vor, green, n = 4) or low-

dose Trametinib 0.2mg/kg (TL, light pink, n = 7) or combination of Trametinib and vorinostat (TL + Vor, 

blue, n = 5) once daily by oral gavage from day 21 post induction and aged until clinical end-point. Mice 

treated with Trametinib and vorinostat (TL + Vor) had a slightly lower tumour burden compared to mice 

that received Trametinib alone. One-way ANOVA (Kruskal-Wallis) test. Asterisks represent P values; ns 

P(>0.05), * P(<0.05), ** P(<0.005), *** P(<0.001), and **** P(<0.0001). 
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5.5 Discussion  

Resistance to therapy remains one of the most pressing challenges in the treatment of 

Ras-driven colorectal cancer (CRC). Using Drosophila and mouse intestinal organoids, we 

previously uncovered that glucuronidation—a critical toxin clearance pathway—is 

upregulated in Ras/Apc/P53-driven CRCs (Cong et al., 2023). Our findings demonstrated 

that trametinib undergoes metabolism via a two-step process: deacetylation followed by 

glucuronidation, mirroring observations from studies conducted on CRC patients (Ho et 

al., 2014). Importantly, we showed that blocking the deacetylation of trametinib using 

an HDAC inhibitor, vorinostat, effectively suppressed its metabolism.  

In this chapter, I explored whether our observations in Drosophila and intestinal organoids 

are recapitulated in mouse models of CRC. LC/MS analysis revealed that AKP colon 

tumours had lower levels of trametinib compared to adjacent normal tissue (Figure 5-4). 

Notably, the addition of vorinostat improved trametinib levels within the tumour without 

affecting other tissues, such as adjacent normal tissue, liver, or serum. This confirms that 

glucuronidation is upregulated in the tumor tissues and not in other normal tissues. I have 

also shown that Vorinostat is able to enhance the therapeutic index of trametinib by 

selectively increasing its availability in tumour tissues. 

To further assess whether improved availability of trametinib translates into a better 

response to MEK inhibition, I considered the pharmacokinetics and half-life of trametinib. 

Following oral dosing, trametinib has a half-life of approximately four days and is 

associated with acute toxicities such as rash, diarrhea, fatigue, and liver injury (Welsh 

and Corrie, 2015). Given this profile, there is a potential risk of exacerbated toxicities if 

vorinostat increases the circulation of unaltered trametinib in the body. To mitigate this 

risk, I designed two combinatorial treatment strategies: one with low-dose trametinib 

and the other with standard-dose trametinib, both in conjunction with vorinostat. 

My findings indicate that the improvement in trametinib response is dependent on the 

stage of the tumour model being studied. In our short-term models, which represent the 

pre-adenoma stage, the combination of trametinib and vorinostat showed a stronger 

suppression of proliferation compared to single-agent trametinib, particularly in small 

intestinal crypts. While this response is promising, it is crucial to determine if a similar 

effect is observed in more established intestinal tumour models. 

In the AKP-HET intestinal tumour models, mice treated with vorinostat and standard-dose 

trametinib demonstrated a modest survival benefit; however, this extension was not 

statistically significant. Additionally, treatment arms were underpowered to detect true 

statistical significance. Notably, mice that survived longer on the combination regimen 
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also developed adenocarcinomas in the small intestine, suggesting that these treatment-

resistant lesions may be independent of the MAPK pathway. 

Conversely, intestinal tumour models treated with the low-dose trametinib combination, 

while not yielding significant survival extensions, showed a marked reduction in tumour 

burden in terms of both number and area. Mice in this group lived slightly longer, although 

it is important to note that the study is currently ongoing and underpowered. 

Overall, I have identified a drug resistance mechanism and investigated how it can 

potentially be overcome. While the addition of vorinostat improved the levels of 

trametinib within the tumours, its impact on reducing tumour burden and enhancing 

survival was modest. This underscores the complexity of drug resistance in Ras-driven 

CRC and suggests that further studies are needed to optimize combinatorial therapeutic 

strategies. 
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Chapter 6    Discussion and Outlook 
Nearly half of colorectal cancers (CRCs) harbor mutations in the KRAS gene, which 

significantly limits the effectiveness of standard treatment options (Jones et al., 2017, 

Yoon et al., 2014). Patients with KRAS mutations poorly respond to targeted therapies, 

particularly anti-EGFR agents and immune checkpoint inhibitors. In advanced disease, 

KRAS mutations are associated with worse progression-free survival (PFS) and serve as 

negative predictors for responses to epidermal growth factor receptor (EGFR) inhibitors 

(Henry et al., 2021, Modest et al., 2016). Despite several clinical studies, there remains 

a considerable unmet need for patients with KRAS-mutant cancers, particularly in CRC. 

Although recent developments of drugs that target KRASG12C have emerged, the majority 

of KRAS oncoproteins remain undruggable. 

The KRASG12C mutation is most prevalent in lung adenocarcinomas (14%), followed by 

colorectal tumours (5%). Results from phase I/II clinical trials using KRASG12C inhibitors, 

such as Sotorasib (NCT04303780; CodeBreaK 200) and Adagrasib (NCT03785249; KRYSTAL-

1), have demonstrated significant responses in about half of lung cancer patients but not 

in colon cancer patients (de Langen et al., 2023, Yaeger et al., 2023). This discrepancy 

raises questions about whether these differential responses are a consequence of 

differences in MAPK dependency of KRAS mutant colorectal cancer. 

My thesis research leverages Drosophila and mouse models to dissect the cellular and 

molecular underpinnings of CRC, driven by oncogenic Ras signalling. Here are some of the 

key observations that emerge from my thesis:  

6.1 Oncogenic Ras signalling perturbs intestinal homeostasis 

In drosophila, oncogenic Ras signalling is sufficient to induce a rapid expansion of the 

hindgut hyperproliferation zone. Additional mutations in apcRi and p53Ri, as observed in 

compound mutants, also contribute to this hyperproliferative phenotype (Figure 3-1). This 

disruption of hindgut homeostasis ultimately results in lethality as the larvae continue to 

develop to adulthood. 

In contrast to our Drosophila model, loss of Apc is necessary for the disruption of intestinal 

homeostasis in the mouse model. Oncogenic Kras (KrasG12D/wt) and loss of p53 (p53fl/fl) 

alone are insufficient to perturb intestinal homeostasis. Therefore, all my mouse studies 

were conducted within a hyperactivated Wnt background. 

Our short-term mouse models simulate acute transgene activation, akin to the Big Bang 

theory of CRC initiation and progression. The acute loss of Apc resulted in a doubling of 
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the proliferation rate in intestinal crypts compared to wild-type controls. Further 

activation of oncogenic Kras drove a rapid hyperproliferation throughout the intestine, 

leading to a 300% increase in proliferation rate across the intestinal crypts. Due to the 

disruption of intestinal homeostasis and the severity of the phenotype, these mice were 

sampled three days post-transgene activation (Figure 3-4). 

Loss of p53 has been implicated in uncontrolled proliferation due to impaired cell-cycle 

checkpoints and apoptosis. Interestingly, the further loss of p53 in our short-term model 

did not result in an increase in proliferation; rather, these crypts exhibited slightly 

reduced proliferation compared to their wild-type counterparts. This difference was only 

noted in the small intestine, not in the colon (Figure 3-4). 

Given that this is an acute model with a brief time interval between transgene activation 

and sampling, it likely represents pathway dynamics and tissue dependencies at very early 

stages of tumour development. 

6.2 Oncogenic Kras accelerates tumour development in the 

mouse colon 

In our long-term model, transgene activation leads to the formation of multiple tumours 

throughout the entire intestine. The loss of Apc is a prerequisite for tumour development 

within the intestinal tract. Tumours predominantly arise in the small intestine, with 

occasional occurrences of colonic polyps (Figure 3-5). Oncogenic Kras significantly 

increases the overall tumour burden and reduces survival by more than 50%. Notably, the 

formation of tumours is primarily observed in the colon, indicating a critical role for 

oncogenic Kras in colon tumour development (Figure 3-6). Additionally, further loss of 

p53 accelerates tumourigenesis across the entire intestine, underscoring the importance 

of signalling pathways in intestinal tumour development (Figure 3-7). 

6.3 Oncogenic Kras does not accelerate proliferation in 

established colon tumours in mice 

In our colon tumour model, spatially resolved Cre recombination in the colon leads to the 

formation of a single tumour. Interestingly, the proliferation rates remain comparable 

across A-, AK-, and AKP colon tumours, despite evidence of increased MAPK signaling, as 

indicated by elevated Dusp6 transcript levels. 
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6.4 Genetically complex Ras-driven tumours are resistant to 

MAPK suppression 

Our studies in Drosophila and mice align with findings reported by several groups, 

highlighting that drug resistance is an emergent characteristic of genetically complex 

tumours. This is particularly evident in colorectal cancer, which is highly complex and 

heterogeneous. As discussed in the previous section, oncogenic Ras signaling disrupts 

intestinal homeostasis in the larval hindgut. Unless homeostasis is restored, larvae fail to 

survive to adulthood. 

In our experiments, MEK inhibition with trametinib effectively rescues single mutant (Ras 

alone) larvae, but not genetically complex larvae (Ras-Apc-p53). Moreover, resistance to 

trametinib was observed in patient-specific Drosophila avatars containing additional 

passenger mutations alongside Ras, Apc, and p53. 

6.5 MAPK dependency changes during the course of tumour 

development in mice 

In KrasG12D/wt-driven hyperproliferative crypts, early intervention with MEK inhibition post-

transgene activation can suppress proliferation, albeit modestly. However, this 

suppression diminishes if the treatment onset is delayed, as observed in our colon tumour 

model, where MEK inhibition ultimately fails to reduce proliferation rates. 

6.6 Tumour microenvironment impacts response to MAPK 

suppression 

In our long-term models, trametinib treatment significantly reduces the colonic tumour 

burden in both Kras-driven models (AK- and AKP-HET), regardless of p53 status. This 

reduction in tumour burden is dose-dependent, with both tumour number and size 

decreasing in proportion to the dosage in both AK- and AKP-HET mice. There is a direct 

correlation between the extent of tumour reduction and increased survival. Conversely, 

the response of small intestinal tumours varies. 

In AK-HET mice, small intestinal tumours not only increased in number but also in size 

under trametinib treatment, indicating signs of tumour progression compared to vehicle-

treated mice. In contrast, AKP-HET mice displayed a significantly lower tumour burden in 

the small intestine. Notably, about half of the trametinib-treated AKP-HET mice 

developed a large adenocarcinoma in the small intestine. It remains unclear whether 

these lesions initiated before or after the onset of treatment, suggesting potential 

intrinsic or acquired resistance to MEK inhibition. 
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It is important to note that these tumours, while differing in location, share the same 

genetic background and originate from the same site—intestinal crypts. Regional 

differences in tumour response may be attributed to variations in Wnt signalling levels 

across different segments of the intestine. (Leedham et al., 2013) reported an intestinal 

gradient of Wnt and stem cell modulators in murine and human intestines, showing an 

inverse gradient of the Wnt agonist Sfrp2 between species. Wnt agonists are notably lower 

in the colon compared to the small intestine in mice, which could explain the disparate 

responses of small intestinal tumours compared to colonic tumours. These findings 

suggest further investigations are needed to clarify the role of Wnt and stem cell 

modulators in our models. 

6.7 Colon tumours evade drug response by upregulating a 

toxin-clearance pathway 

LC/MS analysis conducted on our trametinib-resistant Drosophila model (ras-apc-p53 flies) 

indicated an upregulation in metabolites associated with the glucuronidation pathway. 

Glucuronidation, a primary mechanism for drug metabolism and clearance, typically 

occurs in the liver and involves a large family of enzymes known as UDP-

glucuronosyltransferases (UGTs). This pathway is responsible for the metabolism of over 

70 therapeutic agents and has been implicated as a potential mechanism of anticancer 

drug resistance, including in colon cancer. However, the complexity of this pathway and 

the diversity of UGTs involved have historically rendered them challenging targets for 

intervention. 

Our recent findings (Cong et al., 2023) demonstrated that tumours in the trametinib-

resistant fly models (bynts> rasG12V apcRi p53Ri or RAP) exhibited elevated glucuronidation 

activity. This process facilitates the rapid clearance of drugs from the body, including 

trametinib, which undergoes metabolism primarily through deacetylation followed by 

glucuronidation (Ho et al., 2014). Our experimental interventions targeting HDAC1-

mediated deacetylation using vorinostat have successfully reversed trametinib resistance 

in both fly and intestinal organoid models. This suggests a conserved resistance 

mechanism across KRAS/APC/TP53 CRC models, highlighting potential clinical 

implications. 

Further exploratory studies were conducted in mouse models of CRC to determine if 

similar patterns were observable. LC/MS analysis of AKP colon tumours revealed lower 

levels of trametinib compared to adjacent normal tissue (Figure 5-4). Interestingly, co-

administration of vorinostat selectively increased trametinib concentrations within 

tumour tissues without affecting normal adjacent tissue, liver, or serum levels. This 
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indicates that vorinostat may enhance the therapeutic efficacy of trametinib by 

increasing its bioavailability specifically within tumour cells. 

Further investigations whether enhanced intratumoural concentration of trametinib 

translates to improved tumour response, suggest a synergistic effect in our short-term 

models, which represent pre- or early adenoma stages immediately following transgene 

activation. However, the extension of survival observed in our long-term tumour models 

was modest. This raises important questions about the efficacy of this combination 

therapy in established colon tumours and warrants further investigation to understand 

the underlying resistance mechanisms. 

Throughout this thesis, a consistent theme has emerged: the challenge of drug resistance 

in Ras-driven CRC. My investigations revealed that the mechanisms of resistance are not 

merely a consequence of specific mutations, but also involve complex regulatory 

pathways such as the glucuronidation pathway that governs drug metabolism. By 

characterizing the pharmacokinetics of trametinib and its metabolites, I highlighted the 

need for strategies that enhance drug accumulation in tumours while minimizing systemic 

toxicity. 

The combined treatment strategies employed in my studies offer promising avenues for 

future exploration. The differential responses observed between short-term and long-

term models underscore the importance of context in drug efficacy. It is evident that a 

deeper understanding of the signalling networks involved in drug resistance is necessary 

to devise more effective therapeutic regimens. While response to early-stage tumours 

may inform on important processes in tumour formation, the most clinically relevant 

setting is the treatment of established tumours at late stage. In late-stage tumours we 

see resistance to targeted therapy. A deeper understanding of late-stage tumours is 

necessary to unravel more clinically relevant targeting approaches. 

OUTLOOK 

To build upon the foundational insights gained from this research, I propose the following 

future experiments designed to deepen our understanding of tumour dynamics. 

1. Further Investigations into Late-Stage Adenomas and Drug Resistance Mechanisms 

Our colon tumour model effectively mimics drug resistance as observed clinically. Despite 

significant MAPK pathway suppression by trametinib, these fully established colon 

tumours continue to proliferate. Previously, I highlighted changes in Wnt signalling 

contingent upon p53 status. While immunohistochemistry and in situ hybridization have 

provided a broad overview of signalling pathways and key targets within the tumour, a 
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more granular analysis is needed. Single-cell sequencing or spatial analysis of A-, AK-, and 

AKP-colon tumours treated with trametinib could elucidate the interactions between 

various epithelial and mesenchymal cell populations that contribute to the evasion of 

drug responses. 

2. Investigation on the role of tumour microenvironment in drug response.  

Our long-term intestinal tumour model has demonstrated differential responses to MAPK 

suppression by trametinib in small intestinal versus colon tumours. Specifically, Kras-

driven colon tumours showed a significant reduction in tumour burden regardless of p53 

status. In contrast, the response in small intestinal tumours was inconsistent; those with 

functional p53 (AK-HET) showed no reduction in tumour burden, whereas those lacking 

p53 (AKP-HET) exhibited overall reduction but some progressed to adenocarcinomas. This 

suggests a heterogeneous tumour response to pathway suppression. A limitation of this 

model is the variable timing of tumour development post-tamoxifen induction, 

complicating the determination of tumour stage at the clinical endpoint. 

To overcome this, we could study spontaneous small intestinal tumours in AK- and AKP-

HOM mice, which develop tumours due to leaky Cre activity. Monitoring these mice for 

clinical signs such as anaemia, which indicates spontaneous tumour development, and 

enrolling them into treatment groups upon confirmation could help refine treatment plan. 

Comparing these spontaneous small intestinal tumours to colon tumours induced by 

intracolonic tamoxifen could highlight differences in late-stage tumour behaviors. 

3. Investigation on the role of clonal dynamics on drug response using orthotopic 

transplantation model. 

The tumour models discussed in my thesis, while genetically complex, do not exhibit the 

clonal heterogeneity seen in human colorectal cancers (CRCs). Our studies have focused 

on genetically homogeneous tumours; thus, understanding the response of a mixed clonal 

population to therapy could provide new insights into drug resistance mechanisms. 

An initial method to explore this could involve orthotopic transplantation of a mix of 

labeled AK- and AKP-intestinal organoids in equal proportions. Following confirmation of 

tumour establishment via colonoscopy, treatment could commence. This approach would 

allow us to assess how multiclonal tumours respond to therapy and potentially guide the 

development of more effective treatment strategies. 

These proposed studies will enhance our understanding of drug resistance mechanisms, 

the influence of the tumour microenvironment on therapy outcomes, and the impact of 

clonal diversity on treatment efficacy, thereby informing future therapeutic strategies 

for CRC. 
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