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Abstract 
 
Colorectal cancer (CRC) remains the world's third most deadly cancer. The 

molecular mechanisms underlying cancer development are multifactorial; 

however, hyperactivation of the Wnt pathway is the most common and primary 

molecular driver of this disease. Therefore, a better characterisation of the 

molecular mechanisms underlying the differences of Wnt/β-catenin signalling 

pathway action in normal versus cancer cells is warranted. Identifying specific 

protein(s) regulating Wnt/β-catenin differentially in healthy versus cancer cells are 

particularly of clinical interest. 

Previous work in Dr Nateri's lab used a modified yeast two-hybrid Ras-Recruitment 

System (RRS) and identified several new proteins that bind β-catenin protein. One 

of the β-catenin interacting proteins was FLYWCH1, a previously uncharacterised 

protein product of the human FLYWCH1 gene. Hitherto, only a few published 

studies investigated the interplay of physiological and molecular mechanisms of 

FLYWCH1. For example, FLYWCH1-mediated transcriptional regulation was 

particularly crucial for the cardiovascular system. Another study reported that in 

humans, FLYWCH1 mutation variants might be deleterious and associated with 

familial mitral valve prolapse (MVP) in humans.  

Furthermore, the roles of FLYWCH transcription factors (known as FLH-1 and FLH-

2) regulating microRNAs (miRNAs) were previously reported in C. elegans. 

Therefore, the FLYWCH1 protein likely plays an essential role in regulating gene 

expression. Our lab has also shown that overexpression of FLYWCH1 antagonises 
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β-catenin/TCF4 signalling during cell polarity/migration in cultured CRC cells and 

influences the AML cells proliferation. 

However, we are beginning to provide insights into the molecular mechanisms 

through which the FLYWCH proteins function. More recent unpublished in-situ 

hybridisation (ISH) data from our lab reported the high Flywch1 expressing 

population of normal and adjacent tumour-free crypt-based cells (2-6 cells), to be 

the stem cells and transiently amplifying cells. In contrast, Flywch1 expression was 

not detected in differentiated epithelial cells in the villi and highly down-regulated 

at the crypt-based cells of a tumour in ApcMin mouse.  

Considering the FLYWCH1 expression data, we hypothesised that FLYWCH1 might 

play a critical role in regulating Wnt/β-catenin mediated colon/intestinal 

development and tumour formation activities. Therefore, this project was aimed 

to explore the biological significance, cellular and molecular mechanism(s) of 

FLYWCH1 via several in vitro approaches through gain and loss of function analysis 

of FLYWCH1 in cultured human skin fibroblast cells (TIG119), CRC cell lines, 3D-

organoids models, and eventually clinically orientated CRC TMA analyses. 

As a result, herein, Chapter 3 demonstrated that Flywch1 crypt-expression is 

crucial for maintaining the growth and proliferation of the intestinal crypt using 

murine intestinal organoids. Loss of Flywch1 accelerates the proliferation (Ki-67+ 

cells) of normal intestinal organoids via increasing the transcription of Lgr5/Olmf4 

intestinal stem cell markers. In CRC patient-derived tumour organoids (PDOs), 

over-expressing human FLYWCH1 protein significantly reduces PDOs sizes and 

growth by regulating a subset of Wnt target genes involved in cancer invasion, 

stemness and EMT. Furthermore, we showed that loss of FLYWCH1 in SW620 cell 
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lines conferred more stemness activity in vitro by increasing the colonosphere 

forming efficiency. Our data provided proof of concept regarding the role of 

FLYWCH1 in regulating Wnt-mediated biological responses in CRC. Additionally, 

the data suggested that an over-activation of Wnt signalling decreases FLYWCH1 

expression, affecting its stability and cellular localisation. More importantly, our 

immunohistochemistry-based analysis revealed a significant reduction in 

FLYWCH1 protein expression in patient's tumour tissues compared to normal 

samples. Further analyses indicated a significant correlation between low 

FLYWCH1 expression, cytoplasmic localisation, CRC staging and overall survival. 

The data indicate that a low expression of FLYWCH1 could predict a poor prognosis 

in CRCs. In Chapter 4, the data demonstrated for the first time that FLYWCH1 could 

play as a novel participant in DNA-damage/ repair pathways, co-localising with 

γH2AX and overexpressing FLYWCH1 induces the expression of γH2AX protein 

(Almozyan S., et al. 2021).  

Altogether, these findings suggest that deregulation of FLYWCH1-WNT signalling 

and/or FLYWCH1-γH2AX axis via DNA repair pathway could be a significant 

modulator of tumorigenesis in CRC. However, future studies integrating omics 

data with in vivo models will allow us to understand the flow of our current 

developed data that underlies intestinal tissue homeostasis and cancer.
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1.1 A Brief Introduction to Colorectal Cancer  

Colorectal cancer (CRC) is the fourth most diagnosed cancer and the third most 

deadly cancer in the world (1, 2). It is anticipated for over 1.93 million new cases 

and almost 935,173 deaths in 2021, according to the World Health Organization 

GLOBOCAN database (1, 3). According to Cancer Research UK (2017), around 

42,317 people are diagnosed with bowel cancer in the UK each year, accounting 

for 10% of all cancer deaths. Both hereditary and environmental risk factors are 

important drivers in CRC development. Around 70% of all cases develop sporadic 

CRC, with no family history or genetic predisposition, mainly caused by different 

somatic mutations (4). In comparison, the hereditary colorectal cancer syndromes 

represent 25% of cases and can be sub-divided as non-polyposis (i.e. mainly Lynch 

syndrome) and familial polyposis adenomatous (FAP) (5-7). Other forms of 

hereditary CRC entail rare genetic syndromes named Hamartomatous Polyposis 

Syndromes (HPS) (<1%), and result from less penetrant inherited mutations (8). 

Similar to other forms of cancer, the risk of developing CRC depends on many 

other factors, among which, the intrinsic factors include age, genetics, diabetes 

mellitus, stomach ulcer or inflammatory bowel disease, whereas, the extrinsic 

factors include  some potentially avoidable lifestyle factors such as smoking, 

alcohol intake, high-fat diets and lack of physical exercise (9). Fortunately, in 

recent years, overall survival has increased due to significant improvements in 

surgery, treatment strategies, early diagnosis, and more importantly, 

advancement in our current understanding of the molecular basis of CRC. 
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1.2 The Multi-Step progression of CRC 

CRC is a heterogeneous disease, and the underlying causes of CRC are complex. To 

date, CRC is considered the prime example of multi-step carcinogenesis (6), where 

several genetic and epigenetic changes accumulate sequentially over time to drive 

CRC through a multi-step process known as the adenoma-carcinoma sequence 

(10). This process can be described as a series of histopathologic events associated 

with distinct molecular alterations that accumulate over the years, to form tumour 

(Figure 1-1) (11). 

In general, multi-step cancer development starts with the gradual formation of 

benign adenomas or so-called adenomatous polyps which accumulate within the 

lining of the intestinal mucosa, causing an initial genetic change (9). Later, the 

balance at the innermost lining of the mucosa in the small intestine is 

progressively interrupted. This interruption promotes the acquisition of more 

mutations in multiple genes including tumour suppressor genes/oncogenes, DNA 

stability genes, as well as several critical genes associated with cell proliferation 

and apoptosis (12). This ultimately results in the inactivation of these genes and 

gradual tumour formation. In CRC, this process takes place over a long period of 

about 10–15 years (9). 

In 1990, Fearon and Vogelstein (13) presented the concept for a multi-step genetic 

model for CRC development. This model is based on understanding the key genetic 

alterations in CRC (13, 14). Later, researchers further explored the importance of 

the timing of these mutations in tumour progression. It was found that, for 

example, KRAS and p53 mutations can co-exist within a tumour (15). Also, it is 

generally believed that the severity of intestinal cancer highly depends on the 
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initiation mutations (16). Therefore, increasing our understanding of the initiating 

mutation drivers and early events of CRC development is essential for resolving 

the complexity of colorectal tumorigenesis. 

Amongst several genetic and epigenetic defects, disruption of the adenomatosis 

polyposis coli (APC) gene was proposed as the key driver for adenoma initiation, 

at the early stage of CRC initiation (17, 18). It triggers the stabilisation of β-catenin 

and leads to constitutive active transcription by the β-catenin/TCF complex (19). 

Consequently, this drives the expansion and transformation of the stem cell 

compartment and later the development of adenomatous polyps (20). Several 

studies have confirmed the crucial role of APC in CRC (21-23), revealing the 

significance of Wnt (wingless-related integration site)/β-catenin signaling in the 

initiation and progression of CRC. 

During tumorigenesis, additional mutations can be acquired in other oncogenes 

and tumour suppressors (24). The most frequently mutated genes after APC (70%) 

are: tumour suppressor protein (p53, 50%), Kirsten rat sarcoma viral oncogene 

homolog (KRAS, 40%) and mothers against decapentaplegic homolog 4 (SMAD4, 

25%). Additional but less frequently mutated genes include: TGF-β receptor 2 

(TGFBR2), F-box and WD repeat domain-containing protein 7 (FBXW7) and 

phosphatidylinositol-4,5-biphosphate 3-kinase catalytic subunit alpha (PIK3CA) (6, 

25, 26). Overall, the early events in the transition from normal colonic epithelium 

to adenoma are mainly driven by mutations of APC, KRAS and BRAF. In contrast, 

the late-stage is mostly driven by mutations of PIK3CA, SMAD4 and p53, which 

eventually generate a malignant tumour that has potential for invasion (17). 
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The progression from adenoma to carcinoma can arise from one or a combination 

of three different mechanisms/major pathways, namely: the chromosomal 

instability pathway (CIN), the MSI pathway (MSI) and the CpG island methylator 

phenotype (CIMP) pathway (10, 27). Each of them features different genetic, 

epigenetic and molecular events. Occasionally, these pathways can be correlated, 

and one pathway can occur as a result of another (28). 

Among these pathways, the CIN pathway represents most sporadic CRCs (80–85%) 

(6, 28). It is mainly driven by inactivating mutations in tumour-suppression genes, 

such as the adenomatous polyposis coli (APC) gene, together with activating 

mutations in proto-oncogenes, such as the Kirsten rat sarcoma viral oncogene 

homolog (KRAS) gene (Figure 1-1). Also, it has been considered the model pathway 

for an adenoma-carcinoma sequence (29). On the other hand, the CIMP pathway 

refers to the widespread hypermethylation of CpG at several loci and is mainly 

characterized by promoter hypermethylation of various tumour-suppressor 

genes, most importantly the DNA repair genes O6-methylguanine-DNA 

methyltransferase (MGMT) and mutator L homologue 1 (MLH1) (30). This 

hypermethylation is often associated with BRAF mutation and MSI. Finally, the 

MSI pathway is a hallmark condition in familial Lynch syndrome (LS) (which 

appears in ~15% of sporadic CRC cases), and is mainly caused by inactivation of 

the DNA mismatch repair genes such as hMLH1, hMSH2, hMSH6 and hPMS2 (4). 

Indeed, CIN, MSI and CIMP often overlap in molecular tumour subtypes, which 

have considerable prognostic implications (28). 



Chapter 1: General Introduction 
 

5 
 

 

Figure 1-1 The multi-stage development and progression of CRC. The top panel 
shows the traditional or classic model of adenoma-carcinoma sequence and 
chromosomal instability (CIN) in CRC. The bottom panel demonstrates an alternate 
pathway involves serrated polyps and their progression to serrated colorectal 
cancer. Reprinted from (9). 

 

1.3 Classification of CRC 

CRC diagnosis and prognostic stratification are based on histopathologic 

assessments of cell or nuclear pleomorphism, aberrant mitotic figures, altered 

glandular architecture and other phenomics abnormalities (31). Classically, 

tumour-node-metastasis (TNM) classification is the well-established cancer 

staging system and is an important determinant in judging the prognosis and 

guiding treatment of CRC. It is a widely used worldwide system that assigns to each 

cancer a stage of disease by evaluating the size and extension of the primary 

tumour (T), regional lymph node involvement (N) and the presence of metastasis 

(M) (32, 33). However, CRC is very heterogeneous at the molecular level, and each 

subtype or group of patients displays distinct pathological and genetic signatures. 

This heterogeneity represents a major challenge to the precise interpretation of 
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prognostic and predictive markers. It also confers primary or secondary resistance 

to targeted treatments. Therefore, molecular classification of CRC or gene 

expression-based subtyping is being increasingly accepted as a relevant source of 

disease stratification (5). Several molecular classifications have been established 

to provide better understanding and better therapies. These classifications are 

mainly based on tumour fate, genetic features, cellular specifications, tumour 

microenvironment (TME), and more recently, immunological characteristics. 

However, despite the several classification methods available for CRC, there is no 

gold-standard method that can resolve inconsistencies in data processing and 

algorithms applied to diverse patient cohorts, studies’ inclusion and exclusion 

criteria, and sample preparation methods. Recently, CRC consensus molecular 

subtypes (CMS) classification system has gained great attention since being 

published by Guinney et al. in 2015 (34). 

 

1.3.1 CMS classification 
 
The CRC Subtyping Consortium (CRCSC) has recently unified six independent 

molecular classification systems, based on gene expression data, into a single 

consensus system, known as the CMS (35). Using gene expression data from six 

different cohorts, CMS is mainly divided into four subtypes of CRC, from CMS1 to 

CMS4. Each subtype has a characteristic molecular biological background. Briefly, 

CMS1 is defined by upregulation of immune genes and is highly associated with 

microsatellite instability (MSI-h) (MSI immune, 14%). CMS2 reflects the canonical 

pathway of carcinogenesis as defined by the adenoma-carcinoma sequence 

(canonical, 37%). CMS3 is defined by metabolic dysregulation, with higher activity 
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in glutaminolysis and lipidogenesis (metabolic, 13%). Finally, CMS4 (mesenchymal, 

23%) is defined by an activated transforming growth factor (TGF) beta pathway 

and by epithelial-mesenchymal transition (EMT), making it, in general, more 

invasive and chemoresistant (36-38). Overall, CMS classification offers more 

profound insights into the biology of CRC and may better inform clinicians of 

prognosis, therapeutic response, and potential novel therapeutic strategies (36, 

39). 

Even though CMS represents the current best description of heterogeneity at the 

gene expression level, to date it has had no impact on clinical decision-making 

process (35). Dedicated efforts are currently ongoing to improve the CMS and 

make it more clinically applicable. 

 

1.4 The CRC cell of origin  

The development and identification of intestinal stem cell (ISC) expression 

markers have enabled the researcher to test the hypothesis of the cell of origin for 

intestinal cancer, or the so-called the monoclonal origin of cancer (i.e., CRC 

originates from the clonal expansion of one hyperproliferating cell). However, 

there is still an ongoing debate over the cell of origin of CRC. First, in 2001, Shin et 

al. (40) suggested the top-down model of adenoma morphogenesis, which refers 

to tumour initiation that begins at the top of the crypt and then spreads laterally 

and downward, displacing the normal crypt epithelium (41). This model was 

evidenced by the several spontaneous adenomas found at the top of colonic 

crypts without any contact with the stem cell compartment (42). It was also 



Chapter 1: General Introduction 
 

8 
 

thought to be representative of patients with FAP. Later, Preston et al. (43), 

suggested the bottom-up model, when it was shown that Lgr5+ or Bmi1+ stem 

cells could act like the cells of origin of intestinal cancer in mice (43-45). This model 

was defined by the division of the crypt at the base, also named crypt fission. 

Several lines of evidence indicated that crypt fission is the primary mode of 

adenoma progression in FAP (46), as well as in sporadic adenomas (47). 

Moreover, several studies have pointed out that ISCs are the primary cells of origin 

of CRC, wherein mutation in ISCs causes tumour initiation in genetically modified 

mice. For example: it was reported that the specific deletion of APC in ISCs 

expressing markers such as Lgr5, LRIG1 or CD133 could induce rapid adenoma 

generation (44, 48). Likewise, cancer initiating mutations in key signaling 

pathways, such as the Wnt, Notch and Hedgehog pathways, can enable the wild-

type ISCs to escape from the control of regulatory signals and lead to precursor 

lesions development (49, 50). Few other reports have demonstrated non-stem 

cell-based CRC origin model, suggesting the role of differentiated cells in serving 

as the cell of origin for cancer (51). These studies also indicated the significance of 

environmental factors combined with genetic events in advancing the 

development of CRC. For example, the loss of APC in tuft cells accompanied by 

microenvironmental disturbances was found to induce colonic tumours (52). It is 

noteworthy, however, that many direct evidence for the preferential cell of origin 

in CRC development were obtained via mouse models. This enabled the induction 

and tracking of transformation events specifically in either stem cells or in more 

differentiated cells. Nevertheless, further aspects must be considered when 

describing the origin of CRC in humans. First, most of the adenoma formation 
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modelled by mouse genetic models occurs in the small intestine, while human 

malignancies appear mainly in the colon. Second, the progression from adenoma 

to full carcinomas is sporadic in CRC genetic mouse models (53, 54). Finally, the 

significant contribution of environmental factors such as chronic inflammatory 

conditions is not usually present in genetically modified mice (55, 56). Overall, CRC 

is a prolonged disease that takes over a decade to develop and progress, yet the 

presence of underlying conditions and environmental factors (such as carcinogen 

exposure and intestinal inflammation) confers a functional advantage for tumour 

development and progression. 

To date, intestinal and colorectal cancer is increasingly being recognised as a 

disease maintained by mutations and disruption of the major signaling pathways 

responsible for tissue homeostasis. Thus, understanding the mechanisms that 

regulate normal ISCs and homeostasis is fundamental to gain insights into the 

biology of their malignant counterparts. 

1.5 The Dynamics of ISCs 

The human intestinal epithelium is one of the most rapidly regenerating tissues in 

our body; approximately all intestinal epithelium cells are replaced every week in 

the human colon (57). This incredible epithelial turnover rate is mainly mediated 

by a dynamic pool of stem cells in the intestine (58). The single epithelial layer of 

the small intestine is made up of stem cells, transit-amplifying cells (TAs) and 

terminally differentiated cells that vary in their location, function, and regulation 

(59, 60). Together, they all form a multi-layered structure which brings out a 

uniquely dynamic environment to maintain intestinal homeostasis (61, 62). As 
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demonstrated in Figure 1-2, the histological architecture of the small intestinal 

epithelium is divided into two main parts: crypts and villi (63). The crypt area is the 

main proliferative compartment that disseminates the multipotent stem cells (58). 

In contrast, the villus is a polyclonal compartment made up of several 

differentiated cells such as goblet cells, enteroendocrine cells and enterocytes 

(59). In a healthy intestine, the undifferentiated epithelial or transit cells at the 

bottom of crypts sequentially duplicate to give rise to progeny cells which migrate 

throughout the crypt–villus axis to produce specific cell lineage precursors. The 

latter can be either absorptive precursors (which give rise to enterocytes) or 

secretory precursors. Each can further subdivide into distinct mature 

differentiated cells while moving toward the tip of the villus (64). This upwards 

movement of intestinal progenitor and differentiated cells is mainly powered by 

ISCs [11]. 

 

 

Figure 1-2 The structural organization of small intestine, showing the 

dynamics of ISCs and the mechanism of epithelial self-renewal. Adapted from 
(63). 
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Due to the high renewal ability, the ISC compartment is susceptible to cytotoxic 

injury. Once the damage occurs, ISCs undergo apoptosis, and under the influence 

of niche signals, the progenitor cells gain ISC activity to replace the lost ISCs.  

Recent studies suggested that two types of regenerative cells can fill the loss of 

Lgr5+ cells in the damaged epithelium. This can be either driven by the downward 

de-differentiation of Lgr5+-derived reserve stem cells (65), or by the de-

differentiation of +4 cell position-derived cells that migrate down from the TA 

zone to regenerate the stem cell niche (66, 67). More recently, however, Murata 

and colleagues indicated that +4 positioned cells do not migrate to the site of 

injury to rescue their damaged counterparts (68). It was, therefore, suggested that 

the damaged epithelium is replaced mainly by Ascl2-dependent de-differentiation 

of recent Lgr5+ progeny, with less contribution from the ‘‘reserve’’ stem cells (or 

older crypt cells) (68). Yet, this was challenged by Tan et al. 2021, indicating that a 

constant pool of Lgr5+ ISCs, regardless of their origin, is crucial for maintaining 

intestinal homeostasis (69). While studies indicate that Lgr5+ cells can act as 

regenerative stem cells, it remains controversial whether Lgr5+ cells in the newly 

generated crypts are directly derived from Lgr5+ cells of adjacent crypts (due to 

preservation of a small population of cells) (70), or de-differentiation of their 

primed progeny cells (71, 72). The molecular basis of cellular plasticity in intestinal 

homeostasis and disease is still ambiguous. 

Moreover, many evidence from both genetic lineage tracing and single-cell 

transcriptional analysis showed that Paneth cells and enterocyte precursor cells 

can act as stem cell reservoirs under the depletion of Lgr5+ stem cells or the so-

called Crypt Base Columnar cells (CBCs) (61, 73). Hence, various types of crypt 
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cells, including differentiated cells, can be considered as potential stem cell 

sources, particularly following injury, or tissue damage. This remarkable plasticity 

of the intestinal epithelium has changed the view and definition of the ISC 

population. It was thought that ISCs are restricted to the actively proliferating ISC 

CBCs (ISC, Lgr5+), and the quiescent cells, also known as label-retaining cells (LRCs) 

(45, 74). Now, it is widely accepted that ISCs can be distinct populations and/or 

sub-populations of stem-like cells that are located at different parts of the 

intestine (75). 

Accordingly, the ISC population cannot be a static entity and is not limited to those 

cells at the bottom of crypt (75, 76). The ISC pool can be defined as a niche of 

several populations working in synchrony. Each population sustains a unique 

functional role in this niche yet having the ability to replace one another. 

Importantly, the complexity of the intestinal niche and the fast turnover of its 

lining epithelium increases the potential of mutation acquisition and expansion, 

leading to higher susceptibility to developing oncogenic mutations, as discussed 

below. 

1.5.1 ISC Mutations, Clonal Expansion and Vulnerability to Disease 

Although somatic mutation is a normal event that can affect any cell based on 

exposure to environmental agents, the difference is in the outcome of this 

mutation and the expansion of the mutated cells. In healthy crypts, stem cells 

continuously replace each other in a random fashion (77). Once the stem cells 

acquire a mutation, stochastic differentiation usually eliminates many mutant 

clones and expands the normal ones to restore the normal balance (78). 

Accordingly, there is an equal competition for clonal expansion between neutral 
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mutated stem cells and unmutated stem cells. However, evidences from clonal 

analysis and lineage tracing studies show that some cancer- or disease-driving 

mutations have the potential to expand over the normal ones to initiate illness 

(Figure 1-3) (79). For example, cells with mutations such as in APC have more 

ability to expand over the wild-type (WT) cells (80). Also, they have substantial 

ability to colonize the whole crypt, resulting in a higher probability of developing 

cancer, particularly with the acquisition of additional mutations over time (79). 
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Figure 1-3 Schematic representation of the competitive fitness of intestinal 

stem cells, and clonal expansion under oncogenic mutations. A) Schematic 
representation of the adenoma–carcinoma sequence. B) The competitive fitness of 
intestinal stem cells (ISCs) with respect to their wild-type (WT) neighbours. The 
diagram indicates a higher chance that a mutant ISC will displace a WT-
neighbouring ISC (clonal expansion). However, there is still a chance that ISCs 
with an advantageous mutation will be displaced from the niche and become 
extinct. Between ISCs containing the same mutation, replacement events are neutral 
again. C) Diagram highlights the context-dependent nature, and the relative 
competitive advantage for different cancer mutations, such as in the case of Trp53 
mutations in homeostasis versus colitis. D) Crypt fission is the likely mechanism 
by which mutant cells expand through the crypt’s epithelium. Reprinted from (75). 
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Of note, the competition between normal and mutated stem cells in the crypt is 

strongly influenced by genetic and environmental factors, as well as niche factors 

(80). For example: under inflammation, P53 mutated clones tend to prevail over 

WT stem cells in an inflamed intestine, but not in healthy conditions (Figure 1-3 

C). Furthermore, reports have shown that the degree of stem cell clonal advantage 

is highly affected by the ISC microenvironment. Dysregulation in the ISC niche 

plays a key role in triggering these mutations and driving CRC (51). 

Nowadays, the ISC niche has become an attractive target for cancer researchers, 

and many studies have focused on the regulatory pathways and how they direct 

the behaviour of stem cells in health condition versus disease. The next subsection 

will briefly introduce some critical mediators of the ISC microenvironment (or the 

ISC niche) and their role in maintaining the stem cell pool and intestinal 

homeostasis. 

 

1.5.2 The ISC Niche: Key Signaling Pathways 

In the niche, the maintenance of stem cells is mainly governed by four main 

signaling pathways: Wnt, Notch, Hedgehog and BMP signaling pathways. These 

pathways are the most studied pathways for their roles in early intestinal 

development and homeostasis (81-84). The Wnt pathway is involved in cellular 

commitment or the fate determination of intestinal lineages (secretory versus 

absorptive) (85, 86), in addition to its role in the positioning and maturation of 

Paneth cells (87). Likewise, the Notch pathway is crucial for developmental 

patterning and stem cell differentiation (88). The BMP cascade is mainly known 

for inducing cellular differentiation (86, 89), and the Hedgehog pathway is 
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responsible for mesenchymal–epithelial interactions (90). Intriguingly, under 

stress signals, the niche tunes the ratio between these pathways to restore and 

maintain the balance. For example, in the case of ISC over-proliferation, several 

cellular and acellular interactions within the niche reduce the level of Wnt 

signaling and keep it below the threshold (91, 92). Similarly, the activity and cross-

talks of the BMP and Hedgehog signaling cascades contribute significantly to fine-

tuning the output of the Wnt pathway to prevent ISC over-proliferation (93, 94). 

Therefore, any dysregulation or mutations of these key molecular pathways have 

the potential to drive disease, including cancer. 

In cancer, a specific compartment of tumour cells similar to normal stem cells 

known as CSCs was identified more than 10 years ago and represent a subset of 

the tumour population that has the extraordinary ability of self-renewal and can 

induce hierarchical differentiation (95). The following section will discuss CSCs and 

the importance of the TME in promoting cancer initiation and progression, 

contributing to therapy resistance, recurrence, and metastasis. 

 

 

1.5.3 CSCs and the TME 
 
Cancer stem-like cells CSCs, also called tumour-initiating cells (TICs), have been 

studied intensively due to their rapid proliferation, migration, and role in the 

recurrence of cancer (95-97). According to the CSC hypothesis, only CSCs have the 

capacity to generate primary tumour, recurrence, and metastasis (98, 99). 

However, interestingly, CSCs themselves do not exist as a static population. 

Several reports have suggested the interconversion between CSCs and non-CSCs 
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through self-differentiation and dedifferentiation (100). For example, the 

overexpression of a few stemness-related transcriptional factors was reported as 

a mediator for transforming non-CSCs into CSCs in both glioblastoma and colon 

cancer (101, 102). Moreover, increasing evidences demonstrate the critical role of 

the TME in regulating CSCs and their contribution in tumour progression (103). 

CSCs not only reside in their niches, but also actively crosstalk with different 

elements therein. Therefore, CSCs are strongly regulated by their 

microenvironment, giving rise to a heterogeneous population with discrepant 

dependencies and a wide variety of resistance mechanisms (104). 

Correspondingly, the TME is a key driver of the heterogeneity, plasticity and 

evolution within the CSC population. The TME is composed of diverse cellular 

(such as mesenchymal stem cells, endothelial cells, fibroblasts or immune cells) 

(105) and non-cellular components, defined as an extracellular matrix (ECM). This 

is constituted of macromolecules such as collagens, glycoproteins, proteoglycans, 

and integrins (96, 106). Studies have shown that ECM molecules can regulate CSC 

activities by modulating both cell-cell signaling and immune surveillance (104). 

The bidirectional cross-talk between TME and CSCs is a fundamental and crucial 

component of tumour growth and evolution, maintenance of stemness, and 

therapeutic resistance (97, 107). Several pathways are implicated in maintaining a 

stem-supportive microenvironment in cancer development, such as the Wnt, 

Notch, TGF-β and Hedgehog signaling pathways (108). Amongst these pathways, 

Wnt signaling plays an indispensable role in promoting the maintenance of CSCs 

(109, 110). Given the significance of the Wnt signaling pathway in intestinal health 
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and disease, the next sections will be focused on the Wnt signaling pathway and 

its role in ISCs regulation and CRC initiation and progression. 

 

1.6 The Wnt Signaling Pathway 

 Wnt was named after the discovery of the Drosophila wingless (Wg) gene and the 

mouse Int1 (mouse mammary tumour virus integration site 1) gene. In 1982, the 

first WNT gene, known as Int1, was discovered as a gene overexpressed in breast 

cancer (111). Later, it turned out that Int1 is highly conserved across multiple 

species and is particularly similar to Wg, a gene involved in wing development and 

segmentation of the body axis during flight development (112). Hence, the name 

WNT comes from a fusion of Wg and iNT (113). Decades later, the Wnt pathway is 

recognised as an evolutionarily conserved signal transduction pathway and has 

been broadly implicated in a wide range of cellular functions during embryonic 

development and adulthood, including adult tissue homeostasis and regeneration 

(112). 

 

1.6.1 Canonical and Non-Canonical Wnt Signaling Pathways 

Once extracellular ligand-receptor bindings initiate the pathway, the intracellular 

transduction of Wnt signals can be divided into either β-catenin-dependent 

(canonical) or β-catenin-independent (non-canonical) signalling routes (114, 115). 

The canonical Wnt pathway is the most characterized and relies on β-catenin as 

its main effector protein. In the absence of Wnt stimulus, the cytoplasmic β-

catenin is tightly associated with a multimeric destruction complex composed of 

the tumour suppressors AXIN1, APC, the kinases casein kinase 1 (CK1) and 
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glycogen synthase kinase 3β (GSK3β). This protein complex captures and regulates 

the N-terminus domain of β-catenin by several phosphorylation events mediated 

mainly by GSK-3β and CKIb. The phosphorylated domain is then recognised by β-

TrCP, a component of SKP1-Cullin-F-box (SCF) ubiquitin ligase, which in turn marks 

β-catenin for degradation by 26S proteasome machinery (Figure 1-4). However, 

when a specific secreted glycoprotein or Wnt ligand is bound to its corresponding 

Frizzled receptor (ON-state, right panel), they form a heterodimeric complex by 

further binding to co-receptors such as LGR5/6. Subsequently, this complex 

interacts with and activates a family of transmembrane receptors called 

Dishevelled transmembrane receptor by phosphorylation events. The activation 

of this protein triggers the displacement of the destruction complex from β-

catenin and accumulates it in the cytoplasm. The stabilised β-catenin is then 

translocated into the nucleus via trafficking factors such as Rac1, where it binds to 

a family of transcription factors (TFs) known as TCF/lymphoid enhancer (LEF) TFs 

(116). Finally, after the displacement of transcriptional inhibitors such as Groucho 

from the DNA, the nuclear localisation of β-catenin and its association with the 

TCF/LEF complex activates the transcription of Wnt target genes such as c-Myc, 

Axin2, Cyclin D1 and Lgr5 (114, 117, 118). 
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Figure 1-4 Wnt/β-catenin signaling pathway. The left panel shows the OFF-state 
of Wnt pathway. In the absence of Wnt stimulus, the destruction complex composed 
of (APC-AXIN1-GSK-3β-CK1) tightly regulates the cytoplasmic β-catenin by 
phosphorylation events, rendering it for proteasome-mediated degradation. The 
absence of nuclear β-catenin enables transcriptional repressors such as a 
transducing-like enhancer protein (TLE/Groucho) to bind and interact with 
TCF/LEF complex and recruits HDACs to repress the transcription of target genes. 
The right panel shows the activated state of Wnt pathway (ON-state). Upon binding 
of Wnt to its corresponding Fzd receptor and Lpr5/6 co-receptor, a transmembrane 
receptor called Disheveled (Dvl) protein is recruited to form a complex with Frz-
Lpr5/6, leading to Axin downregulation, GSK-3β inactivation and β-catenin 
stabilisation. Consequently, β-catenin will be stabilised in the cytoplasm and then 
shuffled into the nucleus, where it forms a complex with TCF/LEF family and 
recruits co-activators to regulate gene transcription. 

 

However, several negative feedback regulators act to prevent excessive signaling 

and tune the WNT-induced responses. For example, AXIN2, an Axin paralog 

exhibiting similar domain architecture (a.k.a., Conductin) downregulates β-

catenin-mediated transcription by facilitating the formation of new destruction 

complexes (119, 120). Likewise, Ring Finger Protein 43 (RNF43) and Zinc and Ring 

Finger Protein 3 (ZNRF3) help to attenuate WNT-signaling, by inducing the 

ubiquitylation and subsequent lysosomal degradation of FZD receptor proteins 
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(121, 122). Furthermore, it was recently reported that RNF43 enables the 

restoration of destruction complex activity, to prevent β-catenin-mediated 

transcription, via a mechanism that involves CK1α- phosphorylation of the 

cytosolic tail of truncated RNF43 (123). Nonetheless, the secreted proteins of the 

R-spondin (RSPO) family, can act to counterbalance the activity of the Wnt 

negative regulators and thereby potentiating WNT signalling (124, 125). 

Predominantly, in stem cells, R-spondins form a complex with Leucine-rich repeat-

containing G-protein-coupled receptor 4/5 (Lgr4/5) to promote the membrane 

clearance of RNF43/ZNRF3, facilitate Wnt receptor stabilization, and thereby 

increase Wnt responsiveness of stem cell populations (126-128).  

 

On the other hand, the hallmark of the non-canonical signaling pathway is its β-

catenin-independent actions. Principally, this signaling is initiated by binding 

several Wnt or Frizzled proteins with other co-receptors which contain a cysteine 

(Cys)-rich binding domain. An example is a receptor tyrosine kinase (Ryk) or 

tyrosine protein kinase transmembrane receptor 1 or 2 (Ror1/2), which drives a 

specific downstream effect by the given Wnt ligand (129-131). Mostly, 

noncanonical Wnt signaling encompasses: Wnt–PCP (planar cell polarity) signaling 

(132, 133), Wnt–cGMP–Ca2+ signaling (134), Wnt–ROR2 signaling (135), Wnt–PKA 

signaling, Wnt–GSK3–microtubule (MT) signaling (130), Wnt–aPKC signaling (136), 

Wnt–RYK signaling and Wnt–mTOR signaling (137). In many cases, these 

categories are poorly defined or less characterized. Also, it is likely these pathways 

highly overlap with one another. Beyond that, increasing evidence suggests an 



Chapter 1: General Introduction 
 

22 
 

overlap between non-canonical Wnt signaling with other signaling pathways, 

including Hippo-YAP/TAZ signaling (138, 139). 

The best-characterized β-catenin-independent pathway (non-canonical) is the 

planar cell polarity (PCP) pathway (140). As shown in Figure 1-5, a cascade of 

downstream effectors containing the small GTPases RAC1, and Ras homolog gene 

family member A (RHOA), and c-Jun N-terminal kinase (JNK), is activated via Fzr 

receptors to control rearrangements in the cytoskeleton and gene expression 

(130, 141). The PCP pathway controls cell polarity in morphogenetic processes in 

vertebrates, such as gastrulation and neural tube closure (140). Furthermore, 

another important but less understood subdivision of the noncanonical Wnt 

pathway is the Wnt/Ca2+ signaling pathway (Figure 1-5, right panel). It is 

stimulated via G proteins, causing the induction and activation of phospholipase C 

(PLC), as well as the movement of intracellular Ca2+. Subsequently, this leads to 

the activation of several Ca2+-dependent effectors, including calcium/calmodulin-

mediated kinase II (CAMKII), protein kinase C (PKC) and calcineurin (142). The PLC 

pathway is mainly involved in cancer, inflammation, and neurodegeneration, via 

regulating the transcription of genes associated with cell fate and cell migration 

(142, 143). 
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Figure 1-5 Overview of non-canonical Wnt signaling. Diagram showing the 
signal transduction pathway of Wnt-PCP (Left panel) and Wnt-Ca2+ signaling 
(Right panel). Adapted from (144). 

 

However, the best-studied and most critical Wnt pathway is the canonical Wnt/β-

catenin pathway, which functions by regulating the amount of the transcriptional 

co-activator β-catenin to control essential developmental gene expression 

programs. The following sections will be focused on the significance of the 

canonical Wnt/β-catenin pathway in intestinal health and CRC development. 
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1.7 The Significant Role of Wnt/β-catenin Signaling in Intestinal Health and 

Disease 

Among the numerous signaling pathways in the ISC niche, Wnt/β-catenin  

signaling is the most crucial pathway in the intestinal homeostasis, morphogenesis 

and regulation of stem cells (145). It plays critical roles in several aspects of ISC 

health, including maintaining stemness activity and inhibition of differentiation via 

cell cycle (86, 92). It also controls the migration of cells through the crypt-villus 

axis and is essential for directing the terminal differentiation of Paneth cells and 

early secretory lineage (87, 146). 

Typically, the crypt base cells of the small intestine exhibit the most potent Wnt 

signaling, represented by the highest nuclear levels of β-catenin, which is gradually 

decreased to reach the minimum at the luminal side of the crypt-villus axis (86). 

Nonetheless, the level of Wnt signaling in both compartments needs to be kept 

within the physiological range to maintain homeostasis and prevent disease 

development (147). Any aberrant activity of Wnt/β-catenin signaling can lead to 

lethal outcomes. Reports have shown that external activation of the Wnt pathway, 

e.g. by injecting Wnt agonists, can significantly induce stemness activity by 

increasing the number of Lgr5+ cells in the intestine (148). Likewise, several 

studies have emphasized the critical role of the canonical Wnt pathway in 

intestinal self-renewal and development (92, 149). For example, studies showed 

that neonatal mice lacking murine intestinal Tcf7l2 (transcription factor 7-like 2, 

a.k.a., Tcf4) proliferative crypts do not develop (150-152). Tcf7l2 plays significance 

roles in intestinal tissue homeostasis (153, 154). However, the role of TCF7L2 in 

human colorectal carcinogenesis remains uncertain. Evidence has indicated that 
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TCF7L2 is indispensable for tumour initiation (153). More recently, a study has 

shown that loss of the TCF7L2 gene increases the invasion and migration of CRC 

cell lines (155). 

Furthermore, a study in a transgenic mouse model expressing Dkk1 (a Wnt 

inhibitor) revealed complete loss of the crypts and reduction in the size of the 

villus (156, 157). Similar phenomena were seen after specific deletion of β-catenin 

(CTNNB1) from the intestinal epithelium (158). Therefore, dysregulation of the 

Wnt pathway is highly implicated in cancer development, particularly, CRCs (138). 

 

1.7.1 Wnt/β-Catenin Signaling and CRC Development 

The connection between Wnt signaling and CRC was first indicated after the 

discovery of APC mutations in FAP (159, 160). As highlighted above, the loss of APC 

is the most frequent driver mutation that accounts for more than 80% of CRC cases 

(12, 22). Individuals with a germline APC mutation can develop multiple adenomas 

by acquisition of additional somatic APC mutations or loss of heterozygosity (LOH) 

at this locus (161, 162). Moreover, patients with CRC normally exhibit biallelic 

protein-truncating mutations in APC (163). However, distinct APC genotypes in 

CRC can be associated with different outcomes, including tumour type, location, 

and level of Wnt/β-catenin signaling (164, 165). In addition, it was reported that 

Wnt target genes are expressed differently in each APC genotype. For example, 

mutational analysis studies have indicated the association between the expression 

levels of Wnt target genes and the overall survival rate (34, 166). Likewise, in vivo 

studies using the ApcMin mouse model suggested that adenoma can be reverted 

to normal tissue upon restoration of Apc function in the mouse (165). 
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Apart from the well-known APC mutations, several mutations in AXIN1 and 

CTNNB1 have been identified in several cases of CRC. Furthermore, some driver 

mutations in the Wnt-dependent tumours are found to be mutually exclusive to 

APC. For example, mutations in RNF43 were demonstrated in 19% of CRC cases, 

whereas R-spondin 3 (RSPO3) mutations and RSPO gene fusions were identified in 

10% of CRCs. Interestingly, the major consequence of all mutations in the Wnt 

pathway is the abnormally high level of nuclear β-catenin, which is often linked to 

CIN and is known as an indicator of poor prognosis of CRC (11). 

Nonetheless, along with the rapid progress in genome screening and sequencing 

tools, several novel components in the Wnt pathway, ranging from co-receptors 

to nuclear co-factors, have been discovered. This discovery has refined our current 

understanding of the molecular levels involved in the canonical Wnt pathway and 

has significantly contributed to improvements in the prevention and treatment of 

CRC. In this context, the current understanding of nuclear events will be detailed 

in the next section. 

 

1.7.2 Current Understanding of the Nuclear Events Involved in the Wnt/β-

catenin Pathway 

The primary indicator of Wnt pathway activation is the transcriptional activity of 

β-catenin, which is mediated by a complex network of nuclear TFs and β-

catenin/binding proteins. In the nucleus, the transactivation domain of β-catenin 

often recruits specific DNA-binding TFs to activate the target genes (167). These 

TFs act by binding defined response elements located in the promoter region of 

their target gene to drive their expression. The most documented and well-known 
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example of nuclear TFs is the TCF/LEF family, which binds directly to β-catenin and 

promotes the transcription of its target genes (168, 169). Yet, this process is tightly 

regulated by several co-factors (co-activators and co-repressors) in order to 

maintain normal homeostasis. 

These co-factors act as a safeguard to regulate transcriptional activity and fine-

tune the outcome of the Wnt pathway via various mechanisms. Some interact 

directly with β-catenin, others might function as nuclear trafficking molecules 

(170). Additionally, the majority of co-factors are themselves controlled by the 

Wnt pathway, and many of them are found to be mutated or disrupted in cancer 

(168). 

1.7.2.1 Co-activators and Co-repressors 

It is well known that β-catenin initiates transcription by recruiting various 

transcriptional co-activators to its C-terminus. These co-activators can be defined 

as mediator proteins that induce the transcription of Wnt target genes by direct 

or indirect interaction with β-catenin and/or TCF4. Hitherto, several co-activators 

have been identified, including chromatin modifiers and remodeler. Of these, 

BCL9 is a well-studied co-activator, also known as an Wnt enhanceosome (171). B-

cell lymphoma 9 (BCL9) and its homologue B-cell lymphoma 9-like (BCL9L) binds 

directly to nuclear β-catenin and enhances its transcriptional activity (171, 172), 

regardless the mutational status of the Wnt signaling component (173). 

Additionally, it regulates the recruitment of Pygopus, (a histone methylation 

reader and context-dependent LEF/TCF anti-repressor) to the nuclear β-catenin-

TCF complex (167, 174). Of interest, a recent report has shown that BCL9/9L are 

required for an oncogenic β-catenin-mediated transcriptional programme which 
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permits the acute transformation of the murine intestine following APC loss (175). 

Currently, there is a growing interest in targeting the β-catenin–BCL9 association 

in the Wnt enhanceosome. And several small molecules have shown promise in 

APC-deficient cells both in vitro and in vivo (176, 177). Other examples of less 

studied co-activators include: Brahma/Brahma-related gene 1 (Brg-1) (178), CREB-

binding protein (CBP/p300) (179), parafibromin/Hyrax (180), Sox4 (181), PITX2 

(182) and many others. 

On the other hand, numerous co-repressor proteins, the so-called Wnt 

antagonists, have been identified and described as essential gatekeepers for 

maintaining Wnt signaling. These factors function through diverse mechanisms, 

including, a direct interaction with TCF4 and/or β-catenin to disrupt the formation 

of the complex. Examples include Groucho/TLE family protein, which is a well-

studied repressor that recruits the HDAC enzyme to inactivate chromatin status 

and transcription via direct binding to TCF/LEF TFs (183, 184). Chibby is another 

example of a co-repressor that binds directly to β-catenin (185), while ICAT is an 

example of a protein that interacts with β-catenin and/or TCF/LEF to disrupt the 

formation of the β-catenin/TCF complex (186). Other suppression mechanisms 

could be by reducing or weakening the binding affinity within the TCF/β-catenin 

complex, such as in the case of RUNX3 (187, 188), or by repressing the TCF binding 

ability to DNA, such as SMRT/NCoR (189). Other proteins can function by inhibiting 

the recruitment of co-activators, such as Krüppel-like factor 4 (KLF4), which binds 

to the C-terminal domain of β-catenin and inhibits the recruitment of p300/CBP 

(190). Nonetheless, a combinatory mechanism is also possible, as in the case of 

Sox9 protein, which competes with TCF/LEF for β-catenin binding sites. At the 
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same time, Sox9 induces the ubiquitin-mediated phosphorylation and degradation 

of β-catenin (191, 192). Additionally, some co-repressors can act in TCF4-

independent mechanisms, whereby their interaction with β-catenin is sufficient to 

modulate transcription activity. For example, Prop1 was found to interact directly 

with β-catenin and regulate cell lineage determination during pituitary gland 

development, independently of TCF4 activity (193). 

In summary, these auxiliary proteins (both co-activators and co-repressors, Figure 

1-6) are the safeguards of the Wnt pathway, maintaining the balance between 

activation/repression and maintaining the appropriate threshold of β-

catenin/TCF4 interaction. Understanding the mechanisms of their action would 

enhance the therapeutic window of Wnt-dependent CRC. 

 

 

Figure 1-6 Schematic presentation of the nuclear regulation of β-catenin and 

TCF4 activity by: A) Transcriptional co-activators B) Transcriptional co-
repressor. 

 

Of note, apart from TCF4, the majority of identified TFs (including KLF4, GLIS2, 

GLIS3 and OSX) belong to a family of proteins called the Zinc Finger Protein (ZNF) 

family, which is characterized by multiple Cys2-His2 (C2H2)-type zinc finger DNA-

binding domains (194, 195). This unique feature makes them outstanding players 
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in the recruitment of nuclear β-catenin, to the promoter of specific target genes 

independently of TCFs. At the same time, they can interact with β-catenin and/or 

TCFs and disrupt the formation of the β-catenin/TCF complex (196). The recent 

findings of TCF-independent mechanisms have challenged the current view of β-

catenin/TCF4 interactions. Yet, it is still the least understood aspect of the Wnt/β-

catenin pathway. 

Due to the impact of these nuclear co-factors on regulating the biological 

outcomes of the Wnt signaling pathway, great efforts have been made to uncover 

and identify novel nuclear β-catenin partners and regulators that could play crucial 

roles in Wnt-driven tumorigenesis. To this end, several catenin-interacting 

proteins (CIP) that bind β-catenin in a GSK-3β phosphorylation-dependent and/or 

-independent manner were initially identified in our lab by employing a modified 

yeast two-hybrid Ras recruitment system (RRS) on a mouse embryonic cDNA 

library (197) (Figure 1-7). Among others, FLYWCH1 (198), a previously 

uncharacterized protein product of the human FLYWCH1 gene, has gained the 

most attention owing to its unique features as a ZFP with C2H2-type zinc finger 

DNA-binding domains. 
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Figure 1-7 Identification of FLYWCH1 as an unphosphorylated-β-catenin 

interacting protein in yeast cells. A) Schematic representation of the modified 
yeast two-hybrid Ras Recruitment System (RRS). GDP, guanosine diphosphate; 
pA, polyA signal; P, phosphorylated amino acid. B) Ras, GSK-3β, FLAG and 
phospho-β-catenin protein expression in yeast. C) Phospho-β-catenin is induced by 
withdrawal of methionine. D)Tandem repeats of five FLYWCH encoding domains 
across human FLYWCH1 protein. E) Alignment of FLYWCH domain sequences 
of human FLYWCH1 shows the core aa residues (F, L, Y, W, C and H) of 
FLYWCH consensus sequence highlighted in yellow. The starting and ending 
residue numbers given for each domain indicate the aa numbering within the 
FLYWCH1 protein sequence. Identical residues are indicated by asterisks (*) at the 
bottom line and the non-identical residues by colons (:) Adapted from (198). 

 

Before elaborating on the characterization and significance of FLYWCH1, the 

unique features of C2H2-type ZNFs are highlighted below. 
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1.8 C2H2 Zinc Finger Family of Proteins 

The Zinc Finger Protein family forms one of the largest TF families. ZNFs are known 

for their finger-like structure and their ability to bind zinc (199), and  are mainly 

categorized into nine subfamilies based on the order of the cysteine (Cys) and 

histidine (His) residues in their secondary structures, such as the C2H2, C3H, 

C3HC4, C2HC5, C4HC3, C2HC, C4, C6 and C8 subfamilies (200). Among these, 

C2H2-type ZNFs represent the largest, but still poorly understood, class family of 

human TFs (201). 

In classical C2H2-ZNFs, the zinc finger domains have two β-sheets and one α-helix 

as revealed by crystallography (202). The two conserved Cys-residues at one end 

of the β-sheet are coordinated by a zinc ion with two conserved His-residues at 

the α-helix C-terminus (202). The distinctive features of C2H2-ZNFs include strong 

and specific binding to long and unique DNA sequences reaching several tens of 

base pairs. In addition, the C2H2 proteins can bind to DNA effectively as 

monomers, unlike most other TFs that bind to short palindromic sequences as 

homo- or heterodimers (200). Also, it is believed that some C2H2 domains can 

enable a variety of interactions with protein complexes, individual TFs and RNAs. 

These distinctive features make them promising candidates for regulatory roles 

such as promoters, enhancers, insulators, and silencers (194, 201). 

Moreover, ZNFs are involved in several cellular processes, and have key roles in 

the development and differentiation of several tissues. Additionally, ZNFs are 

implicated in tumorigenesis and cancer progression (195, 199). Examples of the 

most studied members of C2H2 ZNFs include: KLF4, KLF5, EGR3, ZFP637, SLUG, 

ZNF750, ZNF281, ZBP89, GLIS1 and GLIS3 (199, 201). Of interest, many C2H2 ZNFs 
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are implicated in the regulation of the intestinal epithelium under normal 

physiological and pathological conditions. For example, KLF5 (C2H2-type TF) is 

crucial for regulating the proliferation of intestinal epithelium (203). Additionally, 

studies have reported the role of ZNFs in cancer progression and metastasis via 

their TF function and as recruiters of chromatin modifiers or as structural proteins 

that regulate cancer cell migration and invasion (195). ZEB1 (C2H2-type TF) is one 

of the most important ZNFs involved in tumour invasion and metastasis and is 

known as a master regulator of EMT (204). Other examples include ZNF281 (C2H2-

type), reported as an oncogene in CRC by regulating metastasis (205), as well as 

ZBP89 (C2H2-type TF), also known as ZNF148, which is a well-characterized zinc 

finger factor involved in cancer growth and apoptosis, and reported as a tumour-

suppressor gene in CRC (206). 

 

1.9 FLYWCH1 Characterization and Identification 

Human FLYWCH1 is a conserved nuclear protein with multiple FLYWCH-type zinc 

finger domains. The FLYWCH motif is annotated based on the presence of five 

amino acid residues (F (phenylalanine), L (leucine), Y (tyrosine) and W 

(tryptophan)). It was first characterized and identified in our lab as a novel TF that 

binds directly to nuclear β-catenin and represses its transcriptional activity (Figure 

1-7). Nonetheless, the FLYWCH zinc finger motif was previously characterized and 

identified in Drosophila and Caenorhabditis elegans. In Drosophila, the FLYWCH 

motif was initially identified from modifier of mdg4 [mod (mdg4)] encoded 

proteins (207). In C. elegans, it was identified in two other proteins derived from 

FLYWCH TFs, namely, FLH-1, FLH-2 and FLH-3 (208), and PEB-1 (209). Also, FLYWCH 
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motifs were found to be highly conserved in mammals (Gene ID: 84256). An overall 

view of the genetic and bioinformatic analysis of this novel protein will be 

highlighted below. 

 

1.9.1 Bioinformatics of Human FLYWCH1 

Based on NCBI data, the human FLYWCH gene located on chromosome 16, is 

composed of 15 exons and 2151 nucleotides encoding a protein of 716 amino acid 

residues (https://www.ncbi.nlm.nih.gov/gene/84256). At least 14 transcripts 

(splice variants), five of which are protein-coding isoforms, and a paralogue gene 

named FLYWCH2, have been described. FLYWCH2 is a small gene comprised of 

four exons, which encodes a protein of 140 amino acids and is mainly associated 

with RNA binding (210) (Gene ID: 114984). 

Human FLYWCH1 protein has a putative nuclear localisation signal (NLS) motif 

(KRAK) that closely resembles the classical NLS motif consensus sequences (K-R/K-

X-K/R) (211). According to expression data obtained from the Human Protein Atlas 

(HPA), FLYWCH1 is mainly localised to the nuclear bodies and can localise to the 

nucleoplasm and cytosol (212). Of interest, the HPA Tissue Atlas expression 

profiles of human FLYWCH1 protein showed the highest expression of FLYWCH1 

protein in the brain, particularly in neuronal cells, whereas the lowest expression 

in soft tissues, and it was not detected in blood cells. In intestinal and colon tissues, 

FLYWCH1 is highly expressed in the glandular cells, and less expressed in 

endothelial cells and other cell types (212). 

Likewise, RNA expression profiling of FLYWCH1 suggested the highest expression 

in the brain and endocrine tissues and the lowest detectable expression levels in 
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blood cells and soft tissues (all expressional data available from HPA, 

https://www.proteinatlas.org/ENSG00000059122-FLYWCH1). 

Moreover, based on the tissue microarray (TMA) data obtained from 216 cancer 

patients (corresponding to 20 different types of The Cancer Genome Atlas (TCGA) 

cancer tissue) and stained with anti-FLYWCH1, the expression of FLYWCH1 was 

generally low and showed strong cytoplasmic positivity in endometrial cancers. 

However, malignant lymphomas, testicular, urothelial, renal, and liver cancers 

along with several malignant gliomas were negative for FLYWCH1 (available from 

HPA: https://www.proteinatlas.org/ENSG00000059122-FLYWCH1 ). In CRC, the 

HPA database suggested a moderate level of expression, which was mainly 

cytoplasmic. However, these are qualitative antibody-based protein profiles, 

therefore, they only provide an overall idea or pattern of the spatial distribution 

of FLYWCH1 protein, rather than their exact expression in these tissues. 

Nonetheless, according to TCGA PanCancer Atlas studies, the highest percentage 

of mutations in FLYWCH1 is found in undifferentiated stomach adenocarcinoma 

and breast invasive carcinoma (Figure 1-8, based on data generated via TCGA 

Research Network: https://www.cancer.gov/tcga).  
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Figure 1-8 Alteration frequency and mutational analysis of FLYWCH1 in 

various human cancers. Obtained from TCGA, National Cancer Institute. 

 
Furthermore, the analysis of the Colon Adenocarcinoma dataset (obtained from 

TCGA PanCancer data) using the cBio Portal for Cancer Genomics (cBioPortal) 

(213) showed that only 11 of 594 cases (2%) had FLYWCH1 mutation. Nine of the 

11 cases showed missense mutations, one case had a truncating mutation 

(spotted in the C-terminal domain of FLYWCH1), and one case showed an in-frame 

mutation detected in the N-terminal (E345del) (Figure 1-9). Of interest, patients 

without alteration in FLYWCH1 showed better survival curves, yet the p-value was 

not significant (213, 214) (https://bit.ly/2SALiSb). However, there is no evidence 

that FLYWCH1 can be a driver mutation in cancers. Also, till date, all these analyses 

were generated from small sample sizes/small projects and therefore may not 

accurately represent the significance of FLYWCH1 expression and/or mutations in 

cancers. 
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Figure 1-9 Mutational analysis of FLYWCH1 in colorectal adenocarcinoma. 

Diagrams showing the A) types and B) location of mutations detected in the 
FLYWCH1 gene (sample size: 594 patients/samples). C) The association of altered 
FLYWCH1 with overall patient survival status in colorectal adenocarcinoma. Data 
were generated by cBioPortal (213, 214). 
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1.9.2 Biological Significance of FLYWCH1 

Although the actual role of the FLYWCH domain is still poorly understood, two 

separate studies based on Drosophila and C. elegans studies, suggested that 

FLYWCH motifs may function in protein–protein interactions and serve as DNA- 

and RNA-binding domains (207, 208). Accordingly, FLYWCH motifs in human 

FLYWCH1 protein may have similar activities; however, the role of human 

FLYWCH1 was not fully established when I began my PhD study.  

To date, during this PhD project we reported the role of FLYWCH1 in CRC and more 

recently in acute myeloid leukaemia (AML) (198, 215). We showed that 

overexpression of FLYWCH1 reduces the motility and increases cell attachment in 

colorectal cancer (CRC) cells via modulating Wnt/β-catenin signaling (198). In AML 

cells, FLYWCH1-overexpression increased the number of cells in G0/G1 arrest, 

while decreasing the number of cells at S and G2/M transitions by repressing 

nuclear β-catenin activity (215). 

Prior to our laboratory work, there were only two published studies reporting the 

significance of the FLYWCH1 gene in cardiovascular development. One study 

indicated FLYWCH1 as a candidate master regulator of atherogenesis, where it 

was shown that FLYWCH1-mediated transcriptional regulation might be 

particularly crucial for the cardiovascular system (216). Likewise, the other study 

suggested that mutation variants in FLYWCH1 (*FLYWCH1 p.R540Q at 16p13.3) 

may be deleterious and associated with familial mitral valve prolapse (MVP) in 

humans, implying the role of the FLYWCH1 gene in the cardiovascular system 

(217). 



Chapter 1: General Introduction 
 

39 
 

Very recently, during the submission of this thesis, a new potential role of 

FLYWCH1 in chromatin-related processes has been suggested by Santos-

Barriopedro et al. (218). Experiments have shown that a knock-in GFP-FLYWCH1 

localises to centromeric regions through binding with a subset of H3K9me3-

marked (peri)centromeres in human cells (218). These findings indicate a putative 

function for FLYWCH1 in centromere regulation and cellular homeostasis without 

direct interaction with H3K9Me3, confirming our finding of no complete 

localisation of FLYWCH1 with HP1a (219) (Chapter 4, Figure 4-3 ). 

According to our recent evidence, we anticipated the potential roles of FLYWCH1 

in various aspects of CRC progression, including cell morphology, metastasis, and 

invasion. Briefly, we reported a direct interaction of FLYWCH1 with the 

unphosphorylated (nuclear) β-catenin. FLYWCH1 efficiently suppresses the 

transcriptional activity of Wnt/β-catenin signaling, and this is not rescued by TCF4 

(198). Our findings also highlighted a selective regulation of β-catenin/TCF4 

transcriptional activity by FLYWCH1. We showed that altered FLYWCH1 expression 

modulates specific downstream genes associated with CRC cell migration and 

morphology, including ZEB1, EPHA4, and E-cadherin (198). Furthermore, a small 

pilot TMA screening of patients’ samples derived at different stages of CRC 

revealed a heterogeneous expression of FLYWCH1 in early and advanced CRCs, 

using ISH assay (Figure 1-10 A) (198). The expression of FLYWCH1 was negatively 

correlated with the expression level of ZEB1 and EPHA4 in normal versus primary 

and advanced CRC tissues in patients (Figure 1-10 B). This study mainly established 

a molecular mechanism by which FLYWCH1 represses β-catenin-induced ZEB1 and 
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increases cadherin-mediated cell attachment, suppressing cultured colorectal 

cancer cells migration (Figure 1-11). 

 

 

Figure 1-10  Low FLYWCH1-mRNA expression significantly associated with 

advanced tumours A) Upper panel shows photomicrographs of CRC-TMA 
specimens analysed by ISH using a specific FLYWCH1 probe with strong (left 
panel), moderate (middle panel) and weak (right panel) expression. The lower panel 
shows a correlation between FLYWCH1 expression and tumour staging. Weak 
expression of FLYWCH1 is associated with more advanced stage of a tumour. N/A: 
samples were not available on slides after staining and perhaps wiped off through 
the ISH process. Scale bars; 50mm. B) qPCR analysis of FLYWCH1, EPHA4 and 
ZEB1 mRNA expression in a cohort of thirty-three; normal, primary, and metastatic 
tumour tissues from patients in Nottingham, UK, normalized to HPRT. Data are 
mean ± SEM (n = 3; 36 *p ≤.05; **, p ≤.01). Experiments were performed in 
triplicate for each sample and repeated on two independent occasions (198).  
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Figure 1-11 Schematic representation shows the adverse effect of FLYWCH1 

on cancer cell migratory potentials through inhibition of β-catenin signalling 

pathway. Re-printed from (198). 

 

Moreover, unpublished data from our lab using the in situ hybridization (ISH) 

analysis of mouse tissues demonstrated that Flywch1 is mainly expressed in the 

crypt base columnar cells (CBCs), which also function as stem cells, and is 

undetectable in the differentiated epithelial cells of intestinal villi of ApcMin/+ mice 

(Figure 1-12). This was also confirmed in ApcWT mice, which showed similar 

expression pattern (Data not provided). On the other hand, the data showed that 

FLYWCH1 expression was strongly downregulated in CRC cell lines and was 

restricted to subpopulations of transformed cells in both humans and ApcMin/+ 

mice. Therefore, it can be postulated that the expression of FLYWCH1 might 

undergo gradual reduction (or loss) during cell differentiation and/or tumour 

progression. 
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Figure 1-12 FLYWCH1 mRNA expression in mouse and colorectal tumour 

tissues. ISH for flywch1 on representative intestinal sections from 16-weeks old 
ApcMin mouse. Boxes indicate magnified tumour crypts (red), the front of the 
intestinal tumour (yellow), the sub-epithelial intestinal myofibroblast (green) and 
the tumour adjacent normal-appearing crypts (blue). (Unpublished data from Dr 
Nateri’s lab, Personal communication) 

 
 

On the strength of these findings, it can be speculated that FLYWCH1 and its 

interaction with β-catenin would play critical roles in normal intestinal 

development, and colorectal cancer development and progression.  
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Figure 1-13 Timeline depicts key milestones in the FLYWCH1 research.  

 

 

1.10 Rationale, Aims and Objectives 

Sustained activation of the WNT/β-catenin pathway provides cancer cells with 

enduring self-renewing and growth properties, which is associated with therapy 

resistance in CRC. In a healthy intestinal crypt, core transcription suppressors and 

negative feedback regulators tightly controlled the WNT pathway activity. In CRC, 

the picture is far more complex, in which these regulators are often mutated, 

dysregulated, or inactivated during CRC development. These changes strongly 

affect the biological characteristic that gives information about the clinical 

outcomes in CRC patients.  

Several studies have shown the therapeutic potential of targeting Wnt/β-catenin 

signaling in suppressing tumorigenesis in CRC patient-driven xenograft and animal 

models (220, 221). More recently, cancer-specific Wnt signaling regulators have 

been identified as potential future candidates for treating Wnt signaling-

associated cancers (220, 222).  

Therefore, identifying novel Wnt/β-catenin regulators would be valuable to 

develop innovative therapeutic approaches for CRC. 
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Our recent findings on FLYWCH1 as a novel suppressor of nuclear β-catenin 

transcriptional activity revealed the potential roles of FLYWCH1 in regulating Wnt-

mediated growth and migration in CRC cells. However, our current understanding 

of FLYWCH1 biological functions is very limited. Therefore, this study initially 

aimed to gain fundamental knowledge on the biological and clinical significance of 

FLYWCH1 expression in CRC and intestinal organoids models. The primary long-

term aim of this project is to evaluate the impact of FLYWCH1 as a Wnt-suppressor 

and understand its roles in regulating Wnt-mediated biological responses during 

CRC development. This may enable the discovery of an alternative strategy to 

target the oncogenic Wnt signaling in CRC.  

Hence, we explored the multi-faces, functions, and regulation of FLYWCH1, with a 

focus on the bidirectional crosstalk between FLYWCH1 and WNT-driven activities 

in normal physiological conditions versus cancers. 

To this end, the main objectives of this project were to: 

1. Evaluate the significance of FLYWCH1-crypt expression in maintaining the 

normal crypt activity by employing a 3D intestinal mouse organoid model 

and examining the impact of FLYWCH1 loss on the proliferation and stem 

cell transcriptional activity. 

2. Examine the potential tumour suppressive functions of FLYWCH1 in 

patient-derived CRC organoids (PDOs), focusing on the impact of FLYWCH1 

overexpression on tuning the transcriptional activity of Wnt-mediated 

tumour growth and proliferation. 

3. Investigate the association of FLYWCH1 with cancer stem-like properties in 

SW620 cells via applying an in vitro 3D-colonosphere culture.  
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4. Understand the regulation of FLYWCH1 by the Wnt/β-catenin signaling 

pathway in normal versus cancer cell lines. 

5. Explore the mechanism(s) and effects of Wnt modulation on FLYWCH1 

protein stability and cellular distribution. 

6. Address the prognostic value and clinical significance of FLYWCH1 

(expression and cellular distribution) for CRC patients via TMA analysis of 

a patient cohort containing 1000 CRC tissues. 

7. Uncover new roles of FLYWCH1 in the DNA-damage response pathways 

and explore the potential mechanism(s) of action.
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2.1 Materials 

 

2.1.1 Reagents and buffers 

All common materials, reagents, and chemicals for biochemical, molecular, and 

cellular experiment purposes were purchased from Sigma-Aldrich (UK) unless 

otherwise stated. 

2.1.2 Cell lines  

Four different immortalized human colorectal cancer cell lines were used in this 

study; HCT116, SW480, SW620, and DLD-1 (Table 2-1), together with human 

embryonic kidney HEK293T cells. All cell lines were initially purchased from the 

American Type Culture Collection (ATCC). HEK293T-HA-Rspo1-Fc cells stably 

expressing murine R-spondin1 were kindly gifted from Prof Hans Clevers 

laboratory. Human skin fibroblast cells (TIG119 cells) was a gift from Dr Peter 

Gordon laboratory (CRUK London Research Institute, London). All cell lines were 

routinely tested to exclude mycoplasma contamination. 

 

Table 2-1: CRC cell lines used in this study (36, 223, 224). 

 

Name Cell line origins TP53 KRAS BRAF PIK3CA PTEN MSI CIMP CMS

HCT116

Tissue: Colon

Disease: Colorectal 
carcinoma, primary 
tumour, Dukes’ D

WT p.G13D WT
p.H1047

R WT MSI CIMP+ CMS1

DLD-1

Tissue: Colon

Disease: Dukes’ C, 
Colorectal 

adenocarcinoma.

p.S241F p.G13D WT
p.E545K 
p.D549N

WT MSI CIMP+ CMS1

SW480

Tissue: Colon

Disease:Dukes’ B, 
Colorectal 

adenocarcinoma.

p.R273H; 
p.P309S

p.G12V WT WT WT MSS CIMP-
CMS2

(TGF-B)

SW620

Tissue: colon; derived 
from metastatic site: 

lymph node

Disese: Dukes' type C, 
colorectal 

adenocarcinoma

p.R273H; 
p.P309S

p.G12V WT WT WT MSS CIMP-

CMS2

(ErpB-
Hippo-
Wnt)
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2.1.3 Human biopsy tissue 

Human normal/tumour biopsy tissues were collected with informed written 

consent from CRC patient who underwent colectomy at Nottingham Health 

Sciences Biobank (NHSB), Queens Medical Center (QMC), University of 

Nottingham. 

2.1.4 Antibodies 

Different types of primary and secondary antibodies were used throughout this 

study for both Western blotting and immunofluorescence analysis. Details about 

the source of these antibodies and the dilution factors are given in (Table 2-2, 2-

3). 
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Table 2-2: The list of primary antibodies used for Western blotting and 

Immunofluorescence analysis. “NA” means not applied. 

 

 

 

 

 

 

Primary antibodies Source Supplier & catalogue number Dilution used 
WB IF 

MYC (9E10) Mouse Sigma, M4439 1:2000 1:200 

GFP Rabbit Invitrogen, A-11122 1:2000 NA 

FLYWCH1 Rabbit Sigma, HPA040753 NA 
1:200 
IHC 
1:300 

FLYWCH1 Rabbit 
Prestige Antibodies Powered by 
Atlas Antibodies, HPA041001 

1:400 1:200 

FLYWCH1 (V8) Goat Santa Cruz, sc- 242855 NA 1:100 

FLYWCH2 Rabbit 
Prestige Antigens Powered by 
Atlas Antibodies, HPA041354 

1:500 1:100 

β-Catenin Mouse BD Biosciences, 610181 1:1000 1:100 

β-actin Mouse Abcam, ab6276 1:5000 NA 

α/β-Tubulin Rabbit Cell Signalling, 2148 1:1,000 NA 

Phospho-β-Catenin 
(Ser45) 

Rabbit Cell signalling, 9564 1:1000 NA 

β-catenin (Clone 
8E7) 

Rabbit Santa Cruz, sc- 220 1:2,000 1:100 

Phospho GSK-3β 
(S9) 

Rabbit Cell Signalling, 9322 1:2,000 1:50 

GSK-3β (D5C5Z) XP Rabbit Cell signalling 12456 1:1000 1:100 

c-Jun Rabbit Cell Signaling, 9165 1:1000 1:100 

c-MYC (9E10) Mouse Santa-Cruz, sc-40 1:1000 NA 

JNK1/3 Antibody (F-5) Mouse Santa-Cruz , sc-514539 1:1000 NA 

p-JNK Antibody (14.Thr 
183/Tyr 185) 

Mouse Santa-Cruz, sc-293136 1:1000 NA 

SC-35 Mouse Abcam, ab11826 1:1,000 1:100 

Twist-1 Mouse Abcam, 2F8E7 1:100 NA 
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Table 2-3: List of secondary antibodies used for Western blotting and 

Immunostaining. 

 

2.1.5 DNA plasmid constructs 

All plasmids used in this study are listed in (Table 2-4). These plasmids were 

previously fully validated and used in Dr Nateri’s laboratory. 

Table 2-4: List of DNA plasmids used throughout the thesis. 

 

Secondary 
Antibody

Source Supplier and 
catalogue number

Dilution used
WB IF

IRDye® 800CW 
anti-Mouse IgG 

Donkey Licor, P/N:926 32212 1:10.000 NA

IRDye® 800CW 
anti-Rabbit IgG 

Goat Licor, P/N: 926-
32211

1:10.000 NA

Alexa Fluor® 488 
anti-rabbit Donkey Life Technologies, A-

21206 NA 1:500

Alexa Fluor® 594 
anti-mouse Goat Life Technologies, A-

21155 NA 1:500

Alexa Fluor® 594 
anti-rat Goat Life Technologies, 

P1379 NA 1:500

Alexa Fluor® 488 
anti-rabbit Donkey Life Technologies, A-

21206 NA 1:500

Alexa Fluor® 594 
anti-mouse Goat Life Technologies, A-

21155 NA 1:500

 

Plasmid Supplier  Cat.No. Backbone vector 

pEGFP-C2 Clontech 6083-1 NA 

pLVX-EGFP Dr Nateri’s lab NA pLVX-Puro 

pLVX-Puro- FLYWCH1-GFP  
Dr Mohammed 
Belal 

Dr Nateri’s lab 
NA pLVX-Puro 

pCMV delta R8.74 ,pMDG2 Dr Nateri’s lab NA 
 

GFP-FLYWCH1 
Dr Mohammed 
Belal 

Dr Nateri’s lab 
NA EGFP2 vector 

MYC-tagged FLYWCH1 clones (WT, ΔC350 
and ΔN350) 

Dr Mohammed 
Belal 

Dr Nateri’s lab 
NA pIRES2-EGFP 

gRNA, pLV-U6g-EPCG CRISPR-Cas9 SIGMA Custom 
CRISPR pLV-U6g-EPCG 

pLv5-Cas9-Neo SIGMA CAS9NEO-
1EA pLv5-Cas9-Neo 

pLV-U6g/FLH1-Puro-2A-tBFP SIGMA CRISPR 
03291733MN pLV-U6g-PPB 

pSpCas9(BB)-2A-Puro Addgene  48139 (PX459) V2.0 
vector 

ATM-gRNA-CRISPR  
Dr Makhliyo 
Normatova 

Dr Nateri’s lab 
NA pX459 
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2.1.6 Oligonucleotides 

All oligonucleotides used in this study (Table 2-5) were designed using NCBI- 

primer designing tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast), for 

standard PCR and quantitative real-time polymerase chain reaction (qRT-PCR). For 

qRT-PCR, the primers were designed to target two consecutive exons within the 

gene of interest, and to amplify a region of 100-200 bp of size. The specificity of 

the primers was checked by blasting the primer sequences against the NCBI 

human transcript database (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

Upon receipt, the primers were spun down, re-suspended in an appropriate 

volume of distilled water to give a final concentration of 100 μM, and stored at -

20°C until used. 
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Table 2-5: List of primers and their sequences used in this study. 

 

Table 2-6: FLYWCH1 isoform-specific or exon specific oligos used in this 

study. 

 

 Primer sequences 5'- 3' 
FLYWCH1 
 

Forward: CTGGATGCAGCCCCTCAGT 
Reverse: TTGGCGGCACTTCCAGTAC 

FLYWCH2 
Forward: T CAGGAGCCTGAGCAGAAAC 
Reverse: CACAGAGCAGGGGGCAAAG 

HPRT 
 

Forward: AGATGTGATGAAGGAGATG 
Reverse: GTGTCAATTATATCTTCCA 

B-actin 
Forward: GCGCGGCTACAGCTTCA 
Reverse: CTTAATGTCACGCACGATTTCC 

CD44 
Forward: AGAAGGTGTGGGCAGAAGAA 
Reverse: AAATGCACCATTTCCTGAGA 

LGR5 
Forward: GACAACAGCAGTATGGACG 
Reverse: GCATTACAAGTAAGTGCCAG 

CDX2 
Forward: AGCCAAGTGAAAACCAGGAC 
Reverse: CCAGATTTTAACCTGCCTCTCA 

KRT20 
Forward: TGAAGAGCTGCGAAGTCAGAT 
Reverse: TCCTCTCTCAGTCTCATACTTCAGTC 

CCND1 
Forward: GCTGGAGGTCTGCGAGGA 
Reverse: CATCTTAGAGGCCACGAACA 

BMI-1 
Forward: CCAGGGCTTTTCAAAAATGA 
Reverse: CCGATCCAATCTGTTCTGGT 

N-cadherin 
Forward: GACAATGCCCCTCAAGTGTT 
Reverse: CCATTAAGCCGAGTGATGGT 

FRZ8 
Forward: GGAGTGGGGTTACCTGTTGG 
Reverse: GTAGCCGATGCCCTTACACA 

FRZ7 
Forward: TGTCGTTCTCTGTGCGAGC 
Reverse: GAGCCGTCCGACGTGTTCT 

FRZ1 
Forward: GAAAGTGCAGTGTTCCGCTG 
Reverse: CGAACTTGTTCATGAGCGCC 

WNT11 
Forward: TATCCGGCCTGTGAAGGACT 
Reverse: GTCTTGTTGCACTGCCTGTC 

BCL9 Forward: TGTCTTGATACCAGGAGGCCA 
Reverse: TGGGCCCACATTCAGTCCTTTTT 

P21 
Forward: AGCTGAGGTGTGAGCAGC 
Reverse: TTCTGACATGGCGCCTCC 

p53 (TP53) 
Forward: AAGTCTAGAGCCACCGTCCA 
Reverse: GCAGTCTGGCCAATCCAGG 

 

Target genes Primer sequences 5'- 3' 

FLYWCH-type zinc finger 1 
(FLYWCH1) Full length 

Forward: TGGATGCAGCAGCCCCT 

Reverse: GTTGGCGGCACTTCCAGTA 

FLYWCH1- (Exon1) Forward: AAGGTGTACTGGAAGTGCCG 

Reverse: CTGGGCAGTTTCTCCCTCTG 

FLYWCH1- Exon 2 Forward: GGGCTAGATTGCGGAGTGTT 

Reverse: CCACATAGGGTGCTGACAGG 
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2.2 Methods 

All procedures were performed under aseptic conditions under the guidance of 

strict safety regulations. Standard protocols of the techniques used throughout 

the project were followed from previously established templates and optimized 

where necessary or otherwise, developed in our laboratory. 

 

2.2.1 General tissue culture techniques 

2.2.1.1 Cell culture and maintenance 

Cell lines (low passage) were recovered from liquid nitrogen and thawed in a 

water-bath at 37°C. Cells were then propagated in a 75 cm2 flask (Cellstar, 658975) 

using a complete medium composed of RPMI1640 medium (Sigma Aldrich, 

R0883), supplemented with 10% fetal bovine serum (FBS, Sigma Aldrich, F7524), 

and 2 mM L-glutamine (Thermo Fisher Scientific, 25030-024), in a humidified, 

37°C, 5% CO2 incubator. Cells were maintained at 70-80% confluence and were 

sub-cultured every 2-3 days. After discarding the medium, adherent cells were 

washed with 2 ml of a sterile phosphate buffer solution (PBS, Sigma, D8537) 

followed by 5-10 min incubation at 37°C with 1 ml 1x Trypsin 

/ethylenediaminetetraacetic acid (EDTA) (Sigma, T3924) solution to detach the 

cells. Next, the trypsin/EDTA solution was neutralised by adding 6 ml of the 

complete medium and then was diluted according to the experimental protocol 

and future needs. 
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2.2.1.2 Cell freezing 

For cell freezing, cells were first trypsinized and centrifuged, as mentioned above. 

The supernatant was then discarded, and the pellet was resuspended in 1 ml 

freezing medium comprising of 10% DMSO and 90% FBS in Cryogenic vials, on ice. 

All vials were kept overnight at -80°C for short storage, before transferring to the 

-150°C freezer, or liquid nitrogen for long term storage. 

2.2.1.3 Cell cycle synchronization 

To synchronize the cells in G0 phase of the cell cycle, the complete cell culture 

medium was replaced with a serum-free RPMI-1640 medium (Sigma Aldrich, 

R0883), supplemented with 2 mM L- L-glutamine (Thermo Fisher Scientific, 25030-

024), and kept in a humidified, 37°C, 5% CO2 incubator for 18h. Prior to the wound 

healing assay and/or any drug treatment experiments, various cell lines were 

cultured at similar passage numbers and subjected to serum starvation to avoid 

any proliferation advantage or differences in the growth conditions between cell 

lines. 

2.2.1.4 Cell counting 

Neubauer haemocytometer (MARIENFELD, Germany) was used to estimate the 

number of cells in a suspension. Trypsinized cells were diluted in a complete 

medium as necessary (by a factor of 2 or 4), depending on their confluence. In 

Eppendorf tubes, 10 μl of the diluted cell suspension was mixed with 10 μl of 

Trypan Blue (Sigma, T8154). Trypan Blue is used to stain and exclude the non-

viable cells from the counting. Thence, 10 μl of the well-mixed Trypan Blue-cell 

suspension was loaded onto a haemocytometer slide, and the number of living 
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transparent cells in each of the four large corner squares was counted under the 

microscope using the 10X objective lens. The average number of cells was 

calculated. Lastly, the final number of cells per ml of suspension was determined 

by multiplying the average cell count by the applied dilution factors. 

2.2.1.5 Transient transfection 

Several transient transfections of mammalian cell lines were carried out in this 

study for different purposes. At first, an appropriate number of cells were seeded 

and allowed to reach 70% confluency to achieve optimum transfection efficiency. 

On the day of transfection, an ideal concentration of the DNA plasmids (calculated 

based on the number of cells) was diluted in the optimum medium. In a separate 

sterile tube, 4 µl of PIE transfection reagent (for each µg of plasmid DNA) was 

diluted in an optimum medium. Then, the plasmid DNA and transfection reagent 

mixture were mixed in one tube, incubated for 30 min at room temperature (RT). 

At this stage, the growth medium was discarded, and cells were washed with an 

optimum medium. Next, a suitable volume of the transfection mixture was added 

into each plate/well and incubated in a humidified, 37°C, 5% CO2 incubator for 6-

8 h, before adding a complete cell culture medium. The transfected cells were 

incubated for 30-48 h before assessment, and the transfection efficiency was 

analysed by microscopic examination of GFP expression. Finally, transfected cells 

were validated by WB and IF staining for different experiments. 

2.2.1.6 Lentivirus production (transduction) 

To produce lentivirus particles, HEK293T cells were cultured in 75T flasks (at least 

3 flasks) and maintained in 15 ml of virus production medium composed of (DMEM 
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high glucose (Sigma, D5796), 1 mM sodium pyruvate (Sigma, S8636), 1% v/v L-

glutamine (Invitrogen, 25030- 081), 1% v/v penicillin/streptomycin (100 Units/ml) 

(Invitrogen, 15140-122) and 10% v/v fetal bovine serum (FBS) (Sigma, F7524). On 

the day of transduction, 80-90% confluent cells were co-transfected with 2 

packaging plasmids (6 μg of pCMV delta R8.74 and 3 μg of pMDG2), as well as a 9 

µg of the plasmid of interest (e.g. pLV-U6g-EPCG CRISPR-Cas9 construct contains 

FLYWCH1-gRNA). All plasmids were diluted in an Optimum medium and incubated 

for 5 min, before mixing with a 4 µl/µg of PIE transfection reagent. The mixture 

was kept for 30 min at RT. Later, cells were washed from the residual growth 

medium by adding 9 ml Optimum medium. Then, 4 ml of transfection mixture was 

added gently and left overnight in a humidified, 37°C, 5% CO2 incubator. 

Afterwards, the medium containing the transfection mixture was discarded and 

replaced with a fresh complete culture medium. On the second day after 

transfection, the supernatant or the viral soap (culture medium enriched with 

virus particles) was collected into a clean labelled 50 ml tube and cells were fed 

with a fresh complete growth medium. The virus harvesting was repeated for 

three consecutive days and tubes were stored at 4°C until purification. The 

collected tubes (viral soap) were then centrifuged at 4000 rpm at 4°C for 10 min, 

and filtered by 0.45 µm pore filter (to clear any contaminants in the soap). Next, 

the purified soap was layered equally into specific centrifuge tubes filled with 1ml 

of 20 % Sucrose solution. Virus particles were precipitated by centrifugation at 

4000 rpm for 2h at 4°C (using ultracentrifuge). After centrifugation, the 

supernatant was discarded, and the pellet enriched with virus particles were re-
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suspended in 40 µl of PBS, and kept overnight at 4°C. Finally, particles were 

aliquoted and stored at -80°C for later use. 

2.2.1.7 Mammalian cell transduction 

To generate stable cell lines by viral transduction, cells were seeded into a 24-well 

plate in triplicates or duplicates. The infection mixture was prepared by diluting 

20, 30 or 50 µl of the concentrated viral particles in a complete DMEM medium 

mixed with Hexadimethrine bromide (Sigma, H9268) at a final concentration of 8 

μg/ml. Later, 70-80 % of confluent cells were infected by adding the infection 

mixture gently into each well. Cells were then incubated for 24-48 h in a 

humidified, 37°C, 5% CO2 incubator. Later, infected cells were examined for GFP 

expression, selected by Puromycin treatment, and amplified as previously 

mentioned. 

2.2.1.8 Generation of Stable cell lines transfected with CRISPR-Cas9 and gRNA 

expressing vectors 

Several stable long-term knockout cell lines were generated (for the candidate 

genes: FLYWCH1 and ATM) using CRISPR-Cas9 technology. Guide RNA designing 

and cloning into the backbone vector are explained in Section 2.4.1 below. To 

generate the stable cell lines, we utilised (pLV-U6g-CRISPR-Cas9) vectors. All lenti-

vectors used in this study contained a puromycin resistant gene which enables the 

selection of transfected cells. Briefly, cells were seeded equally in a 6 well-plate 

and were then transfected with 5 µg of lenti-vector constructs, using PEI (4 µl/1 

µg) transfection reagent as outlined above (See section 2.2.1.5). 48 h later, 

transfected cells were selected based on their resistant to Puromycin treatment. 

Un-transfected control cells usually failed to integrate the resistant gene and died 
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upon treatment with puromycin. Only transfected cells can survive and develop 

resistance to the drug. This was accomplished by introducing 3-6 µg /ml of 

Puromycin (Sigma-Aldrich, P8833) into the culture medium every 48h for 7-14 

days or until all transfected cells had developed resistance to the drug. The 

concentration of Puromycin was adjusted for depending on the cell line. TIG119 

cells were treated with 3 μg of puromycin whereas CRCs were treated with 5 μg 

of puromycin, as previously reported (225). Following the selection, the few 

Puromycin-resistant colonies (PuroR) were transferred into T75 flask, amplified in 

RPMI medium, and maintained in culture before proceeding with single-cell 

cloning. Confluent cells were then frozen and stored in -150°C freezer or under 

liquid nitrogen storage. 

Moreover, single cell cloning via serial dilution was performed to obtain a single 

knockout clone of the protein of interest. Firstly, confluent cells were trypsinized 

and counted as previously described. The cells were then diluted with the required 

volume of RPMI media to make a 1:10 dilution. Diluted cell mixtures were 

thoroughly pipetted up and down to sort 1 cell into each well and then carefully 

distributed across a 96 well-plate with 200 μl/well. The wells were observed under 

the microscope over the following week to look for colonies derived from single-

cell clones. Thenceforth, the colonies were amplified and expanded under normal 

tissue culture conditions for further validation by immunoblotting and qPCR 

analyses. 

 



Chapter 2: Materials and Methods 

59 
 

2.2.2 Gene cloning techniques 

In the current research, methods such as Polymerase Chain Reaction (PCR), 

enzymatic digestion and were employed for genetic engineering and CRISPR/Cas9 

technology. 

2.2.2.1 gRNA designing tool 

Two pairs of gRNA (Table 2-7) were designed for each target protein using 

(http://tools.genome-engineering.org)(226). For the highest efficiency and 

efficient Cas9-cleavage, all designed gRNAs were 20 nucleotides in size, with a 

protospacer adjacent motif (PAM) sequence downstream of the target sequence. 

Importantly, the nearest to 5' the better the chance of having frameshift mutation 

and non-functional product (227). Furthermore, to facilitate the efficient U6 

transcription of sgRNA, the presence of a G is preferable at 5’ position, 

corresponding to the first base of the 20-bp target site (226). Accordingly, at least 

2 pairs of gRNAs were employed based on the highest quality score with the 

lowest number of off-target sites. In addition, two Sanger FLYWCH1-gRNA 

constructs were kindly provided by Sanger (Table 2-8). 

 

Table 2-7: Two pairs of guide sequence oligos used to generate FLYWCH1-

CRISPR plasmid construct. Restriction enzyme sites for BbsI within primers 

are underlined. 

 

 

 

Primer Use Primer sequence 5’-3’ Restriction 
Site 

FLYWCH1-CRISPR 
(1st set, on-target locus:  chr16:-
2979861) 

F: CACCGCAGGACGCAGTGCACTTCCT  BbsI 
R: AAACAGGAAGTGCACTGCGTCCTGC  BbsI 

FLYWCH1-CRISPR 
(2nd set, on-target locus: chr16:-
2979965) 

F: CACCGTGTTCAGGCATCTCTAGGGC         BbsI 
R: AAACGCCCTAGAGATGCCTGAACAC  BbsI 
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Table 2-8: Details and sequences of the Sanger FLYWCH1-gRNA constructs 

used for organoids transduction. Both gRNA target the same exon, one gRNA 
targets the sense strand, and the other gRNA targets the antisense. PAM is 
underlined in red (Sigma, UK). 

 

 

2.2.2.1.1 Preparation of the sgRNA inserts for cloning 

Phosphorylation and annealing of sgRNA oligos (top and bottom strands) were 

performed according to the Nature protocol (226). In thermocycler, the following 

strategy was applied: 37°C for 30 min; 95°C for 5 min; and then ramping down the 

temperature to 25°C by decreasing the temperature 1°C/min. Afterwards, each 

annealed gRNA set was cloned into the digested backbone plasmids (pSpCas9(BB)-

2A-Puro (PX459) V2.0 vector) by restriction-ligation cloning techniques (explained 

below). 

2.2.2.2 Restriction enzyme digestion 

DNA plasmids were digested with suitable restriction enzymes (such as EcoRI, 

NotI, HpaLI, etc.). The choice of the enzyme was determined in accordance with 

the restriction sites demonstrated in each DNA plasmid map. All enzymes were 

purchased from New England BioLabs (NEB). Following the manufacturer’s 

instruction, plasmids were incubated under the optimal temperature condition 

with a suitable buffer mixture. For example, in our experiments, digestion 

reactions were incubated for 4-6 h at 37°C. A single reaction mixture was 

Primer Use Primer sequence 5’-3’ Gene ID Exon ID Restriction 
Site

FLYWCH1-CRISPR
(1st set, on-target locus:  chr16:-
2990071)

CCTGAAAGCCAGCAGATTTATGG ENSG00000059122 ENSMUSE00001153016 BbsI

FLYWCH1-CRISPR
(2nd set, on-target locus: chr16:-
2990071)

CCTGAAAGCCAGCAGATTTATGG ENSG00000059122 ENSMUSE00001153016 BbsI
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composed of 1 µg/µl of DNA, 1-2 µl of each restriction enzyme and 10 % of suitable 

NEB buffer, topped up with ddH2O to a final volume of 20 μl. 

2.2.2.3 DNA Agarose gel electrophoresis 

Following the complete DNA digestion, 1-2 % (w/v) Agarose gel was prepared in 

1X Tris Acetate EDTA (TAE, Sigma Aldrich, T9650) buffer. This was achieved by 

heating the solution in the microwave to dissolve the agarose, before adding 10 µl 

of Ethidium Bromide (Sigma, E1385). This was then poured into a secured tray and 

allowed to solidify for 40 min at room temperature. Later, a mixture of 20 µl 

digested plasmids and 5 µl of 5X loading dye was loaded into each well and run by 

gel electrophoresis in 1X TAE buffer, at 80 volts for 1 h. To determine the size of 

DNA plasmids, 1 kb DNA ladder (Bio Labs, NO467G) was used as a loading control. 

Following gel electrophoresis, the Bio-Rad Gel-Doc EZ system was utilised to 

visualise the DNA and/or RNA bands. The percentage of agarose gel used was 

selected based on the product size. The lower % of agarose gives a better 

resolution for higher molecular weight PCR products and vice versa. For example, 

2 - 2.5% agarose gel was prepared for 100–130 bp PCR products, and a 100 bp 

DNA ladder was used accordingly. 

2.2.2.4 DNA ligation 

The recombinant DNA constructs or inserts (freshly isolated) were ligated into 

linearized vectors by overnight incubation with T4-DNA ligase enzyme (NEB, 

M0202S). For this, the cohesive ends ligation strategy was employed. This was 

attained by adding one volume of pre-digested plasmid backbone vector into 

seven volumes of the DNA inserts, and then mixed with 1X T4 DNA ligase buffer 
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(NEB, # B0202S) and 2 μl T4 DNA ligase enzyme (NEB, # M0202S). Afterwards, an 

appropriate volume of Nuclease-free water was added to the reaction mixture to 

make a final volume of 20 μl. The samples were then incubated overnight at 4°C. 

Lastly, the ligated DNA was amplified by bacterial transformation and further 

validated by digestion and/or DNA sequencing. 

2.2.2.5 DNA extraction from agarose gel 

At first, UV-light was utilised to visualise the agarose gel. This enables an accurate 

removal of the DNA bands out of the agarose gel. Then, the excised piece (the 

band of interest) was placed into a labelled micro-centrifuge tube. Using the 

QIAGEN Gel extraction kit, the sample was purified from TAE agarose gel following 

the manufacturer's instruction. A similar protocol was applied for the purification 

of PCR products from PCR reactions, with only difference in the volume of capture 

buffer (500 μl) used. Moreover, to isolate the DNA samples from agarose gel, the 

gel was first dissolved by heating the tubes in the thermocycler (until complete 

dissolving). Then, 10 μl of Capture buffer was added to every 10 μg of agarose gel. 

The capture-buffer-sample mixture was next placed in a Micro-spin column 

inserted into a collection tube, and incubated for 1 min at RT. This was then 

centrifuged at 14000 rpm for 30 sec to obtain a pellet, washed with 500 μl of 

washing Buffer, and followed by another centrifugation at 14000 rpm for 30 sec 

to dry the pellet. Tubes were then incubated for 1 min at RT before cleansing the 

left-over proteins and lubricating the DNA sample with 30-50 μl of Elution Buffer. 

The elution buffer was added directly into the column and incubated for 1 min at 

RT. Later, the final concentration and purity of extracted DNA was measured by 

Nanodrop. 
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2.2.2.6 Standard Polymerase Chain Reaction (PCR) 

PCR was performed in a 25 μl reaction mixture containing 1-2 μl of cDNA, 0.25 μl 

of dNTPs (0.25 mM) (Qiagen, 201913), 5 μl 5x PCR buffer (Promega, M7805), 2 μl 

of MgCl2 (2 mM) (Promega, M7805), 0.125 μl Taq DNA polymerase (1.25 U) 

(Promega, M7805), 0.25 μl forward and reverse primers (1 pmol/μl). The mixture 

was diluted in nuclease-free water to reach a final volume of 25 μl. Next, PCR 

reactions were incubated in Veriti Thermal Cycler (Applied Biosystems). The PCR 

reactions were carried out by first heating to 94 °C for 3min, followed by 30-39 

cycles of denaturation at 94 °C for 40sec, then annealing at 52-60°C for 40 sec and 

extension at 72°C for 30-60 sec. A final extension at 72°C was carried out for 

10min. Later, PCR products were visualised and validated by agarose gel 

electrophoresis (Section 2.2.2.3).  

 

2.2.3 Plasmid/vector DNA preparation and manipulation 

2.2.3.1 DNA transformation 

Plasmids DNAs were transformed into commercially available competent DH5a 

bacterial cells. For each transformation, 100 ng of DNA was added into 50 µl of 

competent cells, mixed and incubated on ice for 30 min, and then heat shocked 

for 1 min at 42°C. Next, the mixture was cooled on ice for 10 min before 

transferring into a new sterile tube containing 500 µl of Luria Broth (LB) medium. 

Tubes were then incubated for 1-2 h on a rotary shaker at 37°C. Later, the bacterial 

mixture was grown in a 5 ml tube contains LB medium supplemented with the 

suitable antibiotics and incubated for 6 h (or until the mixture becomes cloudy) at 

37°C using the shaking incubator (300 rpm). Thereafter, the bacterial growth was 
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further amplified in 100 ml LB medium supplemented with an appropriate 

antibiotic [Kanamycin (30 µg/ml) or Ampicillin (50 µg/ml)] and incubated 

overnight or 16 h in the shaking incubator.  

 

2.2.3.2 DNA Purification (Midi prep) 

DNA was isolated and purified using the Midiprep Kit purchased from (Roche, 

03143414001) or (QIAGEN Plasmid Midi Kit, 12143). Following the manufacturer's 

protocol illustrated in Figure 2-1, DNA was extracted and harvested from 

transformed bacterial cells. The purity and concentration of DNA yield were 

measured by Nanodrop. This is based on OD at 260 x dilution factor x 50 ng/ul for 

DNA concentration, and A260A260/A280 ratio for DNA purity. 
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Figure 2-1 Plasmid DNA isolation and purification: the isolation procedure 

using Roche Genopure Plasmid Midi Kit. 

 

2.2.4 Ribonucleic acid (RNA) isolation and reverse transcription 

2.2.4.1 RNA extraction using TRIzol reagent 

Total RNA was extracted from cultured cells (10 cm plates) by adding 1 ml of TRIzol 

reagent into the cells for 5 min at RT. Lysates were next transferred into sterile 

Eppendorf tubes, and 200 µl of chloroform was added into each tube and mixed 

vigorously. Tubes were centrifuged at 12000 g at 4°C for 15 min.  Afterwards, the 

upper aqueous phase (containing the RNA) was transferred into a new sterile tube, 

mixed with 500 µl of isopropanol, and incubated for 10 min at RT. RNA was then 



Chapter 2: Materials and Methods 

66 
 

precipitated by centrifuging the tubes at 12000 g for 10 min at 4°C. Later, tubes 

were washed with 70% absolute ethanol by centrifugation at 7400 g for 8 min. The 

supernatant was then discarded, the pellet was air-dried, and then re-suspended 

in 20-50 µl of RNA free distilled water. Finally, the RNA concentration and purity 

were measured by Nanodrop and stored at -80°C for later use. 

2.2.4.2 RNA extraction using RNeasy Mini kit 

Total RNA was extracted from colonospheres or organoids by using the Qiagen 

RNeasy Mini Kit (Qiagen, 74104). According to the manufacturer's instructions, 

cells were first lysed directly with an appropriate amount of RLT buffer, then 

homogenized and centrifuged for 3 min at maximum speed (16000 rpm). The 

supernatant was transferred into a new labelled tube and 70% ethanol was added 

to the lysate to provide ideal binding conditions. The mixture was then loaded 

onto the RNeasy silica-membrane (RNeasy Mini spin column) and centrifuged 

briefly for 15 sec. All contaminants were efficiently washed away by centrifugation 

steps and RW1 and RPE washing buffers at this stage. After washing, the flow-

through was discarded, and the column (contains RNA with up to 100 µg capacity) 

was transferred into a new collection tube. The pure and concentrated RNA was 

eluted in 30–100 µl RNase free water by final centrifugation. The RNA 

concentrations was measured by Nanodrop and samples then stored at -80°C for 

later use. 

2.2.4.3 Reverse transcription (RT)  

For cDNA synthesis, PrimeScript RT Reagent Kit (Perfect Real Time, Takara-

Clontech Laboratories, RR037A) was utilised following the manufacturer’s 
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instructions. Briefly, 0.5-2 μg of total RNA was added into a mixture of 1x Prime 

Script buffer, 25 pmol of oligo dT primers, 50 pmol of random six-mers primers, 

0.5 μl of reverse transcription (RT) enzyme. The volume was topped up with RNase 

free distilled water to a final volume of 20 μl (Invitrogen, 10977035). The reaction 

mixture was then incubated at 37°C for 15 min, followed by 5 sec at 85°C to 

inactivate the reverse transcriptase and stop the reaction. All cDNA samples were 

stored at -20°C for later use. 

2.2.4.4. Quantitative real-time PCR (qPCR) 

For different purposes, quantitative real-time PCR was implemented to measure 

the gene expression changes at the mRNA level. First, Primers were designed using 

Primer3 and Blast design tool available at 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/. Principally, primers were 

designed to target two consecutive exons within the gene of interest (to prevent 

amplification of contaminating genomic DNA), and to amplify a region of 100-200 

bp of size. NCB1 blast tool was then employed to validate the specificity of the 

designed primers. 

To make the PCR reaction, a master mix was composed of 2 μl of cDNA (10x 

diluted), 10 μl of LightCycler 480 SYBR Green I Master (Roche, 04707516001), 1 μL 

of reverse and forward primers, and 6 μl of DNase/RNase free water for a final 

volume of 20 μl. Reactions were performed in triplicates per sample using a 96 

well plate provided by Roche (LightCycler® 480 Multi-well plate 96). According to 

the manufacturer's instructions, the plate was run under appropriate 

amplification parameters. The expression of housekeeping genes β-actin or 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) housekeeping genes was 
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measured as an internal control for data normalization. All primers used in this 

study are listed in Table 2-5. The qRT-PCR data were analysed using the 

comparative Ct (2-ΔΔCT) method, in which the Ct values obtained from two 

different experimental RNA samples (control and experimental) are directly 

normalized to a housekeeping gene and then compared (228). Threshold cycle (Ct) 

values were calculated and generated by light-cycler 480 II software (Roche), and 

further data analysis was performed using GraphPad Prism 8 software. 

2.2.4.5. RT2-profiler PCR arrays-Pathway-focused PCR array for gene expression 

profiling  

To analyse the gene-expression profile, the Human WNR Signaling RT2 Profiler™ 

PCR Array (QIAGEN, Cat. no. PAHS-043Z) and Stem Cell Signaling RT2 Profiler PCR 

Array (QIAGEN, Cat. no. PAHS-047Z) were utilised according to the manufacturer's 

instructions. Every array contains 84 genes from each signaling pathway. Five 

housekeeping genes [beta-2-microglobulin (B2M), hypoxanthine 

phosphoribosyltransferase 1 (HPRT1), ribosomal protein L13a (RPL13A), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), actin beta (ACTB)] and 

controls were incorporated in the array for genomic DNA contamination 

detection, RNA quality, and general PCR performance. (A complete list of genes 

contained in the plate is available from the manufacturer website). 

Predominantly, the thermal cycling was performed using Real-Time PCR system 

(LightCycler® 480 software, Roche) under the following conditions: 10 minutes at 

95°C, and 40 cycles of 15 seconds at 95°C, and one minute at 60°C. For quality 

control, fold changes in the gene expression and statistical analysis (two-tailed 

Student's t-test with the significance threshold set to P<0.05) was analysed using 
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RT2 Profiler PCR Array Data Analysis Workbook (Qiagen data analysis web portal 

at http://www.qiagen.com/geneglobe). A validation assay was then achieved by 

qPCR for a differential gene expression pattern of 10 selected genes. 

 

2.2.5 Protein biochemistry techniques 

2.2.5.1 Protein extraction 

For total protein lysate, cultured cells were first washed once in a cold PBS to 

remove any residual medium, scraped and collected into sterile labelled 

Eppendorf tubes. Cells were pelleted by centrifugation at 1500 rpm for 5 min and 

the pellet was then lysed directly by adding 500-800 µl of RIPA buffer (Sigma, 

R0278), supplemented with 1X Protease inhibitor cocktail (Sigma, P8340). Tubes 

were placed on ice and mixed every 5-10 min for 30 min followed by centrifugation 

at 14000 rpm for 15 min at 4°C. Supernatants enriched with protein lysates were 

then collected into sterile tubes and stored in -20°C for later use. 

2.2.5.2 Sub-cellular fractionation 

Nuclear/cytosol protein separation was performed using the Bio-Vision 

Nuclear/cytosol fractionation kit (K266-25). This kit is composed of 3 main buffers: 

Cytosol Extraction Buffer A (CEB-A), Cytosol Extraction Buffer B (CEB-B), and 

Nuclear Extraction Buffer (NEB). 

First, CEB-A and NEB-A buffer mixtures were prepared separately by adding 

protease inhibitor cocktail and DTT (For each ml of buffer, 2 µl of 1x protease 

inhibitor, and 1 µl of DTT (1M) were added and mixed gently). Following the 

manufacture’s protocol, cells were washed from any residual medium and 
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collected by centrifugation. The pellet was first re-suspended in 0.2 ml of CEB-A 

buffer mix, vortexed for 20 sec and kept on ice for 10min. After incubation, 11 µl 

of ice-cold CEB-B buffer was added into the mixture, kept on ice and vortexed 

vigorously for 15 sec. To separate the cytosolic protein, the sample was 

centrifuged at the highest speed 16000xg at 4°C for 5 min, and the supernatant 

(contains the cytosolic fraction) was transferred into a sterile labelled Eppendorf 

tube. For nuclear fraction, on ice, the pellet was re-suspended in 100 µl of NEB-A 

buffer and mixed vigorously by vortexing the sample every 5-10 min for 40 min. 

Later, the tube was centrifuged for 15 min at 16000xg at 4°C, and the nuclear 

protein was collected into a sterile Eppendorf tube and stored at -20°C for short 

term storage or -80°C for long term storage. 

2.2.5.3 Protein quantification BSA-assay 

The extracted proteins (total protein or sub-cellular fraction proteins) were 

quantified utilising the Bio-Rad protein Assay reagent. First, BSA standards with 

concentrations ranging from 0.05-0.25 µg/µl were prepared by diluting Bovine 

Serum Albumin (BSA, Sigma 4503, stock concentration 1 mg/ml) in different 

volumes of distilled water. The lysates were then diluted (1:30 or 1:20 dilution), 

depending on the expected protein yield. Later, 20 µl of each standard or protein 

sample was loaded (in triplicate) in a 96-well microplate (Scientific Laboratory 

Supplies) and mixed with 200 µl of the diluted Bradford solution (1:5). 

Subsequently, the absorbance of each sample was measured at a wavelength of 

595-620 nm, by Magellan software provided within the TECAN machine. Finally, a 

BSA standard curve was generated in an Excel sheet, and the average 

concentration of proteins was calculated accordingly. 
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2.2.5.4 Western blotting (WB) analysis 

For WB analysis, protein samples were first prepared by mixing the cell lysates (50-

100 µg) with the appropriate amount of 5X loading buffer. The samples were 

denaturized by heating at 95°C for 5 min, then cooled briefly on ice before loading 

into 4-20% or 10% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad, 4561096). A 

Pre-stained colour plus protein ladder (Bio-Rad, UK) was used as a molecular 

marker to determine the molecular mass of the protein bands. Electrophoresis of 

SDS PAGE gel was carried out at 80-100V for 1-1.5 h, in 1X TGS running buffer 

(Tris/Glycine/SDS). Subsequently, gels were transferred into a polyvinylidene 

difluoride PVDF membrane for 30 min at 15V, via the semi-dry Electrophoretic 

transfer cell (Bio-Rad, UK). The membrane was then blocked for 1h with 5% 

skimmed milk powder dissolved in Tris-Buffered Saline, 0.1% Tween-20 (Sigma, 

1379) (TBS-T) buffer. After blocking, the membrane was washed in TBST and 

probed with the recommended concentration of primary antibodies (1:500-

1:1000, diluted in 1% BSA in TBST) for overnight, at 4°C and under constant 

rotation. The following day, the membrane was washed in TBST and incubated 

with a compatible anti-mouse, rabbit, or goat secondary Ab for 1h at RT. As 

suitable, antibodies against β-actin, β-tubulin, or Histone H3 were used as a 

loading control. 

2.2.5.5 Co-Immunoprecipitation (co-IP) assays 

For the analysis of protein-protein interactions and in-vitro 

Ubiquitination/Phosphorylation assays, Pure Proteome Protein A and G Magnetic 

beads (Merck Millipore, LSKMAGG02) were used to pull down the protein of 

interest. First, 50-60 µl of homogenized bead suspension was added into a labelled 
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1.5 ml Eppendorf tube, placed on the Dynal MPC magnetic stand to capture the 

magnetic beads. At first, the storage buffer was discarded by aspiration. The beads 

were then washed 3 times with 1 ml PBS-tween (0.01-0.1% tween20 in PBS) by 

disengaging the beads from the stand and mixing with the washing buffer at least 

3 times. After the last wash, the beads were re-suspended in 100 µl of PBS-T, and 

a volume equal to 6-8 µg of primary antibody was added and mixed well with 

beads. The mixture was kept at 4°C for 4 hours under continuous mixing to capture 

the immune complex. Later, the tubes were placed on the magnetic rack to 

capture the beads-Ab complex, the buffer was discarded, and the complex was 

then washed twice in PBS-T to remove unbound beads. Afterwards, 400-500 µg of 

the protein lysate was added and mixed well with the beads-Ab complex by 

pipetting. The tubes were incubated overnight at 4°C on a rotary shaker. After 

overnight incubation, the beads-immune complexes were re-engaged using the 

magnetic stand, while the non-crosslinked Ab/beads were washed out after three 

washes in PBST. Finally, the immune-precipitated complex was dissociated from 

the beads by adding RIBA buffer. Thence, the eluted samples were transferred into 

new tubes, denatured by mixing and heating with the loading buffer at 95°C, 

before proceeding with WB for IP validation and co-I result analysis. 

 

2.2.6 Functional analysis 

2.2.6.1 Colonosphere formation efficiency assay 

The formation of colonospheres derived from SW620 control and FLYWCH1KO cells 

was examined as described by (229). Briefly, cells were seeded equally into a 6-

well plate (1000 cells/well), in triplicate, and cultured in (DMEM/F-12) medium 
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supplemented with 1 U/ml penicillin/streptomycin antibiotics, 10 ng/ml human 

recombinant basic fibroblast growth factor (bFGF), 10 ng/ml human recombinant 

epidermal growth factor (EGF) and 100 X N-2 supplements, and incubated in a 5% 

CO2 incubator at 37°C. Stem cell medium was only partially replaced (about one-

third) every 3- 4 days. On day 14, well defined colonospheres were subjected to 

microscopic analysis and further immunofluorescence studies. For IF staining, 

colonies were fixed with 4% paraformaldehyde for 10 minutes at room 

temperature and stained with CD44 antibody. The number of colonospheres 

ranging between 50–250 μm diameters was counted using a DMI3000 B 

fluorescence microscope (Leica Microsystems), and the percentage of 

colonospheres was calculated and analysed using Microsoft Office Excel 2007.  

2.2.6.2 Luciferase reporter assay 

Herein, R-spondin1 and Wnt-3a conditioned media were validated by the 

TOP/FOP flash dual-luciferase reporter assay system (Promega, E1910), following 

the previously described protocol (230). Using two plasmids: A) TOP-flash plasmid, 

a luciferase reporter plasmid containing two sets of three copies of the TCF/LEF 

binding site upstream of a Firefly luciferase reporter gene (Promega, E1910). B) 

FOP-flash plasmid, a negative control, contains three mutated copies of the 

TCF/LEF binding site. Additionally, as an internal control, a vector carrying 

constitutively active Renilla luciferase gene was employed. First, HEK293T cells 

were seeded into a 24-well plate (in triplicate) and kept overnight in a humidified, 

37°C, 5% CO2 incubator. On the next day, cells were transiently transfected with 

Renilla luciferase vector (0.05 µg DNA/well) together with either TOP-flash or FOP-

flash (0.2 µg DNA/well) for 6-8 h. Later, the transfection mixture was discarded 
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and replaced with R-Spondin 1/Wnt3A conditioned medium. At this stage, cells 

were incubated for 48 h before analysing the luciferase activity. 

Following the manufacturer's instructions, the cell monolayer was first washed 

with a cold PBS and then lysed with the passive lysate buffer included in the kit. 

Approximately 10 μl of each lysate was loaded (in triplicate) in a 96-well plate 

(Thermo Fisher Scientific, MPA-560-040A). Next, a 50 μl/well of Luciferase Assay 

Reagent II (LAR II) was added, and the bioluminescence produced was detected 

using the Luminoskan Ascent Microplate Luminometer (Thermo Fisher Scientific, 

UK). Additionally, the activity of the internal control or Renilla luciferase activity 

was examined, after adding 50 μl/well of Stop and Glo® Reagent into the 

corresponding wells. Later, data were exported into Microsoft Office Excel and 

analysed by first normalising the firefly luciferase reading to the Renilla luciferase 

readings and then to the activity of the control samples. 

2.2.6.3 Wound healing assay 

The wound-healing assay was performed as described previously (231). Briefly, 

SW620 cells (GFP control and FLYWCHKO) were seeded in a 6-well plate (in 

triplicate) and cultured in a complete medium. 80-90% of Confluent cells were 

then starved overnight in a serum-free medium to synchronise the cell cycle status 

(232). Later, using a sterile 200 μl pipette tip, three parallel straight wounds were 

created in each well. Any detached cells were washed gently with PBS twice, 

before adding a complete growth medium containing 10% FBS. For time 0, cells 

were examined under the microscope, immediately after the wound creation, 

using a phase-contrast and GFP filter with the 10X lens fluorescence microscope 

(DMI3000, Leica Microsystems). Cells were imaged again after 24 h and 48 h for 
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each time point. Finally, quantitative analysis was performed using Image J 

software. The distance between each side of the scratch was measured in each 

image using the Freehand Selections command of the Image J software at the 

different time intervals (e.g. 0, 24 and 48 hours). The rate of cell migration under 

the experimental condition was determined by comparing the averaged 

percentage of cell movement obtained from at least three readings/well. 

2.2.6.4 WST-1 Cell Proliferation Assay 

Following the manufactures' protocol, tumour organoids viability and 

proliferation in response to GSK-3B inhibitor (BIO) and/or FLYWCHOE was 

measured by WST-1 cell proliferation assay (Roche, UK). The assay is based on the 

cleavage of a tetrazolium salt, MTS, by mitochondrial dehydrogenase. Here, 

control tumour organoids and FLYWCH1-expressing Organoids were treated with 

5 μM of BIO for 48 h. Later, WST-1 reagent (11 644 807 001, Roche) was added 

and incubated for 2 h, the medium was then aspirated and transferred into 

another 96 well-plate, and the absorbance was measured at a wavelength of 450 

nm by Magellan software provided within TECAN (ELISA) reader. Tumour organoid 

medium was used as a blank control. 

 

2.2.7 Immunofluorescence (IF) staining 

IF assay was used to visualise the expression pattern, location, and the distribution 

of a specific protein within the cell. For IF staining, an appropriate number of cells 

were cultured on sterile coverslips, placed in a 6 or 12 well- plate. Depending on 

the nature of experiments, seeded cells were transfected or treated as required. 

After overnight incubation, growth medium was discarded, cultured cells were 
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washed twice in a cold PBS, and fixed in 4% Paraformaldehyde (PFA, diluted from 

a 16 % stock solution in PBS), (Avocado, 043368) for 30 min at RT. The fixed cells 

were then washed twice in PBS and permeabilized at RT for another 30 min using 

0.1% TritonX-100 (diluted in PBS). The permeabilization buffer was then aspirated 

and cells were washed again with PBS for 5 min. 

To avoid non-specific bindings, cells were blocked with 3% Bovine Serum Albumin 

(BSA prepared in PBS) for 1 h, at RT. Afterwards, cells were washed once with PBS 

and incubated overnight with an appropriate concentration of the primary 

antibody diluted in 2% BSA-PBS at 4°C. The day after, cells were washed (at least 

4 washes, 5 min each) in a special washing buffer composed of 0.1% PBS-Tween20, 

and prepared in 1% BSA. Cells were then incubated with an appropriate volume of 

secondary antibody diluted in 2% BSA-PBS (1:400 µl), covered with aluminium foil 

and kept in the dark for 1 hour at RT. Next, the immunostained cells were washed 

4-5 times (5 min each) in the same washing buffer. Finally, coverslips were gently 

removed with forceps and placed upside down on a clean-labelled slide contains 

a drop of DAPI Gold anti-fade mounting medium. Slides were sealed with nail 

varnish and allowed to dry (in a dark and cool atmosphere) before microscopic 

examination. 

 

2.2.8 Phalloidin staining 

Phalloidin is a commonly used dye for cytoskeletal and morphological analysis. 

This dye has a strong binding affinity to F-actin that enables the display of the cell 

shape (233). Cells were initially grown on sterile coverslips, fixed, and 

permeabilized with 0.1% Triton X-100, using the same approach explained above. 
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Following permeabilization, the cells were incubated (in the dark) with a diluted 

(50 μg/ml in PBS) fluorochrome-conjugated Phalloidin conjugate solution (Sigma-

Aldrich, 1951) for 40 min at room temperature. Subsequently, cells were washed 

twice or thrice with PBS (5 min per wash), before mounting the coverslips upside 

down on a slide with a drop of DAPI. 

 

2.2.9. Organoids culture 

2.2.9.1 Noggin conditioned medium by transient transfections in HEK293T cells 

HEK293 cells were cultured and maintained for (at least) 2 passages in 75T flasks, 

then sub-cultured into 10X 10 cm2 dishes and maintained overnight in RPMI+10% 

FBS. Around 80-90% confluent cells were transiently transfected with 15 µg 

pcDNA3-neo-mouse Noggin-Fc (234), using PIE reagent as outlined above (See 

section 2.2.1.5). Later, the medium was replaced with an advanced DMEM/F-12 

(Gibco, 12634010), supplemented with 10% FBS, 2 mM L-glutamine and 100 U/ml 

Penicillin/Streptomycin, and left for one week in a humidified, 37°C, 5% CO2 

incubator. The Noggin conditioned medium was then collected in falcon tubes, 

centrifuged at 400rpm for 5 min and the supernatant was filtered via 0.22 µm 

filters, aliquoted and stored at -80°C. Afterwards, the produced Noggin protein 

was validated with WB analysis by loading 25 µl of the conditioned medium mixed 

with 5X loading buffer directly into a 10% precast gel. DMEM medium mixed with 

loading buffer was loaded in a single well and used as a negative control. 
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2.2.9.2 Preparation of R-Spondin 1 conditioned medium  

R-spondin1 stable cells (293T-HA-Rspo1-Fc) were thawed and initially cultured in 

a 75 cm2 flask in DMEM growth medium without Zeocin. Later, confluent cells 

were sub-cultured into 5 x 75T flasks and maintained in DMEM supplemented with 

300 µg/ml Zeocin for selection. After 3 days, the medium was replaced with 

serum-free conditioned medium (Advanced DMEM F12, supplemented with 100 

U/ml penicillin/streptomycin (Invitrogen, 15140-122), 2mM L-glutamine 

(Invitrogen, 25030-024), and 5 mL HEPES from 1M stock (Invitrogen, 15630-122)). 

Cells were kept in culture for another week prior to the harvesting of R-spondin1 

conditioned medium. At the day of harvesting, the medium was collected, 

centrifuged to precipitate any debris and dead cells, the supernatant was then 

filtered using 0.22 µm filter, aliquoted, and stored in -80 or -20°C for short storage. 

2.2.9.3 Wnt-3a conditioned medium 

For Wnt-3a production, 293T-HA-L-cells stably expressing Wnt-3a were recovered 

from the liquid nitrogen, cultured in DMEM medium supplemented with 20% FBS, 

pen/strep and Zeocin (1.25 µl/ml). On the first passage, confluent cells were sub-

cultured into 5 x T75 cm2 flasks and maintained in DMEM (without Zeocin) for 3-4 

days. Later, confluent cells were trypsinized, pooled in 600 ml of medium without 

Zeocin, and then distributed equally into 30x150 cm2 dishes (20 ml/dish). One 

week later, the conditioned medium was harvested, centrifuged, and filtered. 

Wnt-3a conditioned medium was then aliquoted into 25 ml tubes and stored at -

20°C. 
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2.2.9.4 Small intestinal crypts isolation and organoid culture 

In this study, organoids were grown from small intestinal crypts isolated from a 

normal or tumour human colon mucosa provided from tissue banking. All 

procedures were conducted following the Declaration of Helsinki and local ethics 

committee approval. Organoids were cultured as previously established and 

characterized in our lab (235, 236). The tissue was cut into pieces of around 5-10 

mm, sterilized in 0.04% sodium hypochlorite for 15 minutes at room temperature, 

and then washed once in PBS. The tissue fragments were then collected into a 15 

ml centrifuge tube, washed with a cold PBS 3-4 times (or until the PBS become 

clear) by mixing and inverting the tube several times. After the last wash, the 

crypts and villi were separated by chelation (the chelation reagent composed of 3 

mM EDTA + 0.05 mM DTT in PBS). This was achieved by adding and mixing a 25 ml 

of the EDTA/DTT solution with the sample for 45-90 minutes at 4°C under 

continuous agitation. Later, EDTA/DTT solution was removed and replaced with a 

15 ml sterile PBS. The tube was tightly sealed and mixed vigorously for 30 seconds, 

then the PBS was replaced with a fresh PBS (10 ml). This process was repeated at 

least 3 times. Next, the tube was centrifuged briefly at 400rcf for 2 min, and the 

supernatant was partially and carefully aspirated (leaving about 400 µl). Samples 

were kept on ice, and 20-25 µl of the pelleted or concentrated crypts were gently 

distributed into Eppendorf tubes containing 150 µl of Matrigel (Corning® 

Matrigel® Growth Factor Reduced (GFR) Basement Membrane Matrix, *LDEV-

Free) (Corning®, 356230), and mixed slowly. Afterwards, 20 µl of the mixture 

(crypts-containing Matrigel) was loaded directly into a pre-warm 48-well plate (at 

the canter of each well), and the plate was then kept in a 37°C, 5% CO2 incubator 
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for 5 min to solidify the Matrigel. Finally, a freshly prepared organoid culture 

medium was added (250-300 µl/well), (Table 2-9, 2-10). Crypts were maintained 

in a humidified, 37°C, 5% CO2 incubator, checked visually by inverted microscope 

and the organoid medium was replaced with a fresh one every 48 h. 

 

Table 2-9: Mice intestinal organoid medium components. 

 

 

 

 

 

Component Final concentration/ for 10 ml total volume Supplier 

advanced DMEM/F12 

8 ml DMEM/F12 supplemented with 2mM L-

glutamine, 100U/ml Penicillin/Streptomycin 

and 10mM HEPES  

Invitrogen, 

12634-028 

N2 supplement  250 μl, 1x Supplement 
Invitrogen, 

17502-048 

B27 supplement (1x) 200 μl, x50 stock 
Invitrogen, 

12587-010 

N-acetylcysteine 1 mM, stock 500mM 

Sigma 

Aldrich, 

A9165 

murine recombinant 

epidermal growth factor 

(mEGF) 

50 ng/ml 
Invitrogen, 

PMG8043 

R-spondin  1 μg/ml In-house CM 

Noggin  100 ng/ml  In-house CM 
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Table 2-10:  Medium preparation for culturing patient-derived tumour 

organoids. 

 

 

2.2.9.5 Transduction and generation of stable organoid lines 

For lentivirus particles production, HEK293-T cells were used as explained above 

(Section 2.2.1.6). Both primary patient-derived and mouse intestinal organoids 

were infected by lentiviral transduction according to the published protocol  (237). 

Briefly, organoids were seeded into enough wells prior to the LV-transduction 

Component Final concentration/ for total volume (10ml) Supplier 

Advanced 

DMEM/F12 
Supplemented with 2mM L-glutamine, 100U/ml 

Penicillin/Streptomycin and 10mM HEPES  

Invitrogen, 

12634-028 
Invitrogen, 

15630-122 

R-spondin-CM 20% In-house CM 

Noggin 20% In-house CM 

B27 2% (200 μl, x50 stock) 
Invitrogen, 

12587-010 

n-Acetyl Cysteine 5 μl of 1.25 mM  Sigma, A9165 

Nicotinamide  50 μl of 10 mM  Sigma, 98-92-0 

EGF 5 μl of (100 μg/ml) Sigma, E4127 

A83-01 (TGF-β 

inhibitor)  
1 μl of 0.5 μM  Tocris, 2939 

SB202190 (p38 

inhibitor) 
1 μl of 3 μM Sigma, S7067 

Primocin 20 μl (100 μg/ml) 
InvivoGen, ant-

pm-1 
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(typically 10 confluent organoids per well, and at least 4 wells were used per 

transduction). On the day of transduction, organoids were collected and washed 

thrice in a chilled PBS to clear the Matrigel, by gentle mixing and centrifugation (3 

min for 300xg). After the last wash, the pellet was dissociated from any basement 

matrix residue and resuspended in a fresh PBS to break down the organoids into 

small fragments using a 200 μl pipette. After a gentle centrifugation, the final 

pellet was resuspended in LV-particles mixed with polybrene. (For this 

experiment, virus particles were diluted in an appropriate organoid medium upon 

precipitation). To maximize the transduction efficacy, the mixture was incubated 

for 6 h in the 37°C, 5% CO2 incubator under continuous agitation (by gentle 

pipetting, every 45 min). Afterwards, transduced organoids were centrifuged for 

3 min at 300xg, and the supernatant was discarded carefully. The pellet was then 

mixed in the basement matrix and seeded in a 48 well-plate (25 μl / well). After 5 

min of incubation, a fresh complete organoid medium was added and the plate 

was incubated in a humidified, 37°C, 5% CO2 incubator. Two-days post-

transduction, the infected organoids were selected using puromycin (1 µg/μl) for 

5 days (only PDOs were selected with puromycin). Non-transduced organoids 

were served as negative control samples. Later, survived, (or stably transduced) 

organoids were expanded in a free-antibiotic organoid medium, and the medium 

was carefully changed every 2 days. Subsequently, organoids growth and 

morphology were monitored by Leica DMI3000 B Manual Inverted Microscope 

throughout their culture. 
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2.2.10 Histological analysis of the organoids 

2.2.10.1 Organoids preparation for histological analysis  

Prior to histological analysis, the transduced mice intestinal organoids were first 

washed gently with enough volume of PBS, and then fixed in 4% 

paraformaldehyde (PFA) overnight at 4°C. On the following day, the fixative was 

aspirated carefully, and the organoids were collected in 15ml tubes and washed 

twice with PBS by centrifugation. The final pellet was carefully resuspended in a 

2% Low-melting agarose (Sigma Aldrich, A9045), and stored in enough volume of 

70% absolute ethanol. Subsequently, for the paraffin embedding, organoids were 

placed gently into several histology cassettes and samples were then dehydrated 

by Leica TP1020 semi-enclosed benchtop tissue processor, via automatic passages 

from ethanol (70%, 90% and 100%) to methanol, xylene and, lastly, paraffin. 

Afterwards, the blocks were sectioned into 4 μm-thick sections using a microtome 

and placed onto labelled polylysine glass slides (231). 

 

2.2.10.2 Haematoxylin and eosin (H&E) stain 

Haematoxylin and eosin (H&E) stain is a fundamental technique used to examine 

the structure of normal and pathological tissues. Haematoxylin stains different 

basophilic molecules within the cells (such as nucleic acids) in blue-purple colour. 

Whereas Eosin stains the basic compounds (such as cytoplasmic proteins) in pink-

orange colour. Briefly, slides were processed for immunohistochemistry analysis 

or Hematoxylin and Eosin (H&E) staining as previously reported (238). First, the 

slides were dewaxed in two xylene chambers for 5 mins each, rehydrated with 

100%, 90% and 70% ethanol containers, for 2 min each and then rinsed under 
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running tap water for 1 min. Next, sections were immersed in a pre-filtered 

Haemalum (Thermo Fisher Scientific, LAMB-170-E) chamber for 3 mins, washed 

under the running tap water for 1 min, and then stained with a pre-filtered Eosin 

(Thermo Fisher Scientific, LAMB-100-D) for 3 mins. This followed by dehydrating 

the sections in three gradual 70-100% ethanol chambers (1 min each), and two 

xylene containers (3 mins each). Lastly, the slides were mounted with DPX (Sigma 

Aldrich, 317616) neutral mounting medium and examined under the microscope. 

 

2.2.10.3 Immunohistochemistry (IHC) staining and quantification of the 

organoids 

Immunohistochemistry (IHC) combines histological, immunological, and 

biochemical techniques to evaluate a particular molecule/protein expression 

within the tissues. This is mainly achieved via the formation and detection of 

antigen (target protein)-antibody complexes (239). As outlined for H&E staining, 

slides were dewaxed, rehydrated, and briefly rinsed in a distilled water (dH2O). 

Antigen retrieval was then achieved by placing the sections into a pre-heated 

citrate buffer pH 6 (Sigma Aldrich, 25114) for 15 mins in the microwave. The 

sections were then cooled to room temperature (RT). Next, the endogenous 

peroxidase activity in tissue samples was blocked with 1.6 % H2O2 (Scientific 

Laboratory Supplies, CHE2194), prepared in PBS for 10 mins. To terminate the 

reaction, samples were washed with distilled water for 5 mins. Importantly, using 

the Dako pen (Vector Laboratories, H-4000), the samples were carefully confined 

within an invisible hydrophobic barrier. For blocking, slides were incubated for 30 

min at RT in a 10% serum (derived from the host animal of the secondary 
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antibody), prepared in 1% bovine serum albumin/PBS (BSA, Sigma Aldrich, 4503) 

to minimise background staining. Afterwards, the slides were incubated overnight 

at 4°C, with an appropriate concentration of the primary antibody (Ki67 1:200, 

FLYWCH1 1:300 and GSK-3β 1:250) diluted in 1% BSA/PBS. On the next day, slides 

were washed thrice in PBS (5 mins each), and the suitable biotinylated secondary 

antibody was applied for 45 mins at RT. During incubation with secondary 

antibody, avidin-biotin-peroxidase complex (ABC, Vector Laboratories, PK-6100) 

was prepared according to the manufacturer’s instructions and then added to the 

slides for 30 mins at RT. At least three washes with PBS followed this. For protein 

visualisation, the chromogenic reaction was catalysed using DAB substrate 

solution (Vector Laboratories SK-4100). Sections were monitored under the 

microscope to develop the brown staining, and the DAB reaction was immediately 

terminated by distilled water. Lastly, sections were counterstained with Mayer’s 

Haematoxylin (Thermo Fisher Scientific, LAMB-170-E), dehydrated, cleared in 

xylene, and mounted as described above for H&E stain. 

 

2.2.11 TMA Immunohistochemical Analysis and H-scoring 

TMA Immunohistochemical staining for FLYWCH1 and GSK-3β carried out in a 

collaboration with the Histopathology unit, City hospital, University of 

Nottingham, as outlined in 2.2.10.3. The stained slides were then scanned at 20x 

magnification using VENTANA DP 200 slide scanner (ROCHE, UK) and the images 

were analysed using QuPath software. The staining intensity was scored by H-

scoring system and calculated as previously described by (240). The H-score is 

ranged from 0 to 300, using the formula: (1 × % weakly stained nuclei) + (2 × % 
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moderately stained nuclei) + (3 × % strongly stained nuclei). All cases were scored 

blindly without prior knowledge of the patients’ pathological or outcome data. 

Furthermore, cores with less than 15% of invasive tumour tissue or intact 

(epithelial) were excluded (i.e. not scored). Double Scoring and interclass 

correlation coefficient (ICC) test were independently verified by our collaborator 

Abrar Aljohani, The city hospital, University of Nottingham. 

 

2.2.12 Statistical analysis 

Statistical analyses were obtained by Student’s t-test, or analysis of variance 

(ANOVA), using GraphPad Prism 8 software or Microsoft Office Excel. For image 

analysis, Fiji (Image-J) software was used. The statistically tested experiments 

were repeated in three independent times, and the results are shown as mean ± 

standard deviation (STDEV). The P-value of ≤ 0.05 was considered statistically 

significant unless otherwise stated.
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3.1 SUMMARY 

The intestinal epithelium is one of the most dynamically renewing tissues, within 

5-7 days, the entire epithelial layer can be renewed (241). In the mammalian 

intestine, stem cells are located in the intestinal crypts (63). They can replenish 

the whole crypt-villus axis, generating all differentiated cell types that are required 

for various physiological functions of the intestine (242). Predominantly, four main 

signaling pathways govern the maintenance of stem cells; these are the Wnt, 

Notch, Hedgehog, and BMP signaling pathway. However, Wnt signaling is the main 

driving force for crypt proliferation (243). Moreover, secretion of Wnt3 from 

Paneth cells and ISC-expression of R-spondin1 create the WNT/β-catenin gradient 

along the crypt-villus axis (243-245). Several regulators tightly maintain this 

gradient to restrict Wnt-signals, such as Axin2 (246), RNF43 (247), and APCDD1 

(248). Some of these examples are stem cell-expressed-Wnt target genes that 

simultaneously act as negative feedback regulators to tune the Wnt/β-catenin and 

maintain ISC homeostasis. Additionally, these regulators are considered as tumour 

suppressors in various cancers (249).  

Human FLYWCH1 was first identified in Dr Nateri’s lab as a nuclear β-catenin 

interacting protein that negatively modulates the transcriptional activity of β-

catenin (198). Notably, murine Flywch1 mRNA was detected in the crypt-based 

cells using in-situ hybridization (ISH) assay in normal intestinal tissues (Data not 

shown, personal communication to Dr Nateri) and normal adjacent adenoma 

tissues in the ApcMin mouse intestinal tumour model (Chapter 1, Figure 1-12). 

However, this was undetectable in the differentiated epithelial cells of intestinal 
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villi, and Flywch1 expression was highly decreased in cancer cells (Chapter 1, 

Figure 1-12). Moreover, a negative correlation between FLYWCH1 expression and 

tumour staging was detected in 149 CRCs samples using ISH assay on a tissue 

microarray (TMA) (198). Therefore, this led to a hypothesis that tumour cells have 

developed a mechanism(s) to suppress FLYWCH1 expression in both cancer and 

differentiated cells in the intestine. However, the role of FLYWCH1 and how 

FLYWCH1 expression is regulated in normal versus cancer cells were unknown. 

Having a robust model that can recapitulate the in-vivo intestinal tissue structure 

is indispensable to enhance our understanding of FLYWCH1 function and 

mechanism of action. Recently, long-term 3-dimensional (3D) organoid culture 

systems became available from both normal and tumour tissues, maintaining the 

basic crypt and intestinal epithelial cells (236, 250-252). Hence, in this chapter, we 

utilised murine intestinal and CRC patient-derived organoids (CRC PDOs) to 

understand the roles of FLYWCH1 in the context of Wnt-driven activities involved 

in intestinal homeostasis and tumorigenesis. Moreover, we applied multiple CRC 

cancer cell lines to explore the molecular details and mechanism(s) of FLYWCH1 

functions and regulation. In parallel, we aimed to uncover the potential clinical 

relevance of FLYWCH1 expression including its cellular localisation in CRC patients 

using tissue microarray (TMA) and immunohistochemistry (IHC) analyses. 

 

In brief, the data in this chapter suggest that; 

• FLYWCH1 regulates crypt’s cells growth and proliferation based on the analysis 

of proliferation specific marker (Ki-67) and the significant morphological 

defects in murine intestinal organoids.
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• In CRC PDOs, FLYWCH1 over-expression revealed a significant potential in 

suppressing the organoids size and growth. 

• In contrast, knockout of FLYWCH1 enhances the colonosphere forming 

efficiency and cancer stem cell markers in SW620 cells. 

• Alteration of FLWYCH1 expression changes the transcriptional signatures of 

selected intestinal and CRC stem cells markers and Wnt target genes.  

• Wnt activation by Wnt-3A or BIO (GSK-3β inhibitor) significantly decreased the 

endogenous FLYWCH1 expression in cultured cells. 

• Further biochemical analysis suggested that the Wnt signaling regulates 

FLYWCH1 stability and cellular distribution. 

• The CRC TMA-immunohistochemistry analyses suggest that FLYWCH1 

expression may significantly affect CRC staging, and this can be correlated with 

its cellular localisation and the expression of GSK-3β. 

 

3.2 RESULTS 

 

3.2.1 Flywch1 expression is critical for the murine intestinal organoid 

growth  

Our lab has previously established culture conditions to grow and maintain both 

mouse and human colonic organoids from normal and tumour intestinal/ colon 

tissues and genetically manipulate them (198, 253-255). Following the established 

protocol, essential organoid culture components were first prepared and 

validated to be used throughout the project. To investigate the functional role of 

FLYWCH1 in the murine intestinal organoids, we have initially knockout (KO) the 
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Flywch1 gene by transduction of lentivirus particles expressing Flywch1-single 

guide RNA (gRNA) into the Cas9-expressing intestinal organoids. The Cas9-

expressing intestinal organoid line was generated using pLv5-Cas9-Neo lentiviral 

transduction by Dr Hossein Kashfi in our lab (255). The Flywch1-gRNA was 

targeting both mouse and human FLYWCH1 genes (gRNA details and sequence, 

Method section 2.2.2.2, Table 2-8). 

 

3.2.1.1 Generation and validation of FLYWCH1KO normal intestinal organoids 

LV-particles were produced from two different copies of FLYWCH1-gRNAs 

constructed in lentiviral vectors. Initially, we transfected HEK293T cells with pLV-

U6g-PGK-Puro-2A-BFP plasmids expressing the FLYWCH1-gRNA, BFP and a 

puromycin-resistant gene as outlined at Methods section 2.2.1.6. In parallel, pLVX-

EGFP expressing eGFP was used as a control (Figure 3-1 A). Transfection efficiency 

was estimated over 90-95% in HEK293T cells using the standard fluorescence 

microscopy examination based on GFP and BFP expression (Figure 3-1 B). Virus 

harvesting was carried out for 4 consecutive days, as explained in Methods section 

2.2.1.6. 
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Figure 3-1 Schematic presentation of plasmids constructs used for LV-

production. A) The map of control pLVX-EGFP plasmid expressing eGFP, and 
pLV-U6g-PGK-Puro-2A-BFP plasmid expressing the FLYWCH1-gRNA, BFP and 
a puromycin-resistant gene. B) The fluorescence microscopic images show the 
HEK293T transfected with above plasmids and the expression GFP and BFP 
fluorescent proteins. Magnification, 10x, scale bars 75μm. 

 

Purified virus particles were then used to infect organoids using previously 

explained transduction method (256). Briefly, organoids were collected and 

incubated with LV-particles for at least 6 hrs. Infected organoids were then diluted 

in the Matrigel and incubated for 2-3 days before detecting Blue/GFP 

fluorescence. Transduced organoids were maintained healthy for 14 days in 

culture by replacing the medium with a fresh one every 2-3 days.  

Typically, in cultured cell lines, transduced cells are first treated with puromycin 

and then sorted, or serially diluted into a single cell expressing BFP and GFP to 

minimize off-target activities. However, it is challenging to determine the best 

concentration of puromycin in cultured organoids due to cells heterogeneity, and 

a mixed epithelial cell population of un-transduced and transduced cells. Likewise, 
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for flow cytometry cell sorting, the organoids need to be dissociated into single 

cells, and this process will dramatically decrease the viability of stem cells and 

influence organoids growth efficiency. Hence, we examined intact cultured 

organoids transduced with LV particles to ensure that all organoid cells retained 

healthy. 

48-72h post-transduction, transduced organoids were tested as a bulk population 

and the FLYWCH1-gRNA expressing organoids (FLYWCH1KO) were chased based on 

their BFP-expression and compared to GFP-transduced organoids. Furthermore, 

RNA was extracted from control and FLYWCH1KO organoids using TRIzol, and 

FLYWCH1 depletion was confirmed by qPCR analysis (Figure 3-2). 

 

 

Figure 3-2 qPCR analysis validating the reduction of Flywch1 mRNA level. 

mRNA was obtained by (2^-(∆∆Ct) method, (****=P ≤ 0.0001). 
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3.2.1.2 Loss of FLYWCH1 expression induces the growth potential of normal 

intestinal organoids  

With consideration of recent studies on loss- and gain-of-function analysis of 

genes expression and their influence on the developing organoids (252, 254, 257), 

we have analysed organoids morphological changes within 12 days of culture by 

the fluorescence microscopy, before the organoids were processed or sub-

cultured for other purposes. For this, FLYWCH1KO organoids were compared to the 

GFP-expressing organoids as a control for morphological differences, growth 

patterns, and transcriptional analysis, as outlined in Figure 3-3 A-C. 
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Figure 3-3 FLYWCH1 knockout influences the morphology and growth pattern of mouse intestinal normal organoids. A, B) Morphological 
analysis showing the changes in the growth pattern of FLYWCH1KO organoids compared to GFP-control. Images were taken using Leica 
microscope. Scale bar 7.5μm. C) A representative 3D interactive surface plots, illustrating the 3D-morphological differences between GFP-control 
versus FLYWCH1KO organoids at indicated days. Blots were generated using image J 3D Surface Plot Plugins. 
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Knocking out FLYWCH1 in the mouse 3D- organoids influenced their morphology 

and growth patterns. Wherein, FLYWCH1KO organoids seemed bigger, formed a 

more complex budding phenotype, after three days in culture, compared to GFP-

control organoids (Figure 3-3 A, B).  

Considering the 3D structure, we next quantified organoids 3D volume and surface 

area (Figure 3-4). Organoids 3D volume was measured as previously reported 

(258), by taking 3-4 separate diameters from different directions for a single 

organoid, at different time points. Half of the average value of these diameters 

was then considered as the radius (r), and organoid volume was estimated using 

the following formula: V=4/3 πr^3, (Figure 3-4 A). Additionally, measuring the 

surface area (the circumference) of over 20 organoids (for each group) has further 

confirmed the differences in their size and growth at the indicated days (Figure 3-

4 B). The surface area expansion rates were also calculated as previously 

established (259-261), using the formula (Present Day Area / First Day Area) * 100 

(Figure 3-4 C). 

In the FLYWCHKO organoids, the volume was significantly greater, particularly after 

day 6. This was also supported by the significant increase in their expansion rates 

(Figure 3-4 C). Results together might reflect an increase in their proliferation 

and/or stem cells activities.  
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Figure 3-4 FLYWCH1 depletion induces the growth of normal intestinal mice 
organoids. A) Volumes of organoids were measured every 3 days over the culture 
time, using the formula: ! = 4/3"#3. (20 Organoids were measured for each group). 
B) The surface area (circumference) of organoids was measured in 20 organoids for 
each category, every 3 days. C) The surface area expansion rate of organoids shows 
a significant induction in the growth of FLYWCHKO organoids compared to control 
organoids. The graph represents the average of the surface area (circumference) 
calculated from 20 organoids, using the formula (Day 9 Area /Day1 Area) * 100. 
The same organoids were followed up over all the different time points. Image-J 
software was applied to measure the circumference of organoids. Data are mean ± 
S.D., p-values were calculated based on a Student’s t-test. (ns; not significant, *=P 
≤ 0.05, **= P ≤ 0.01, ***= P ≤ 0.001, ****=P ≤ 0.0001). 

 

To further understand the impact of FLYWCH1 loss on the growth and 

proliferation, organoids were then processed for paraffin embedding and 

immunohistochemistry analysis, as explained in Chapter 2 (Methods section 

2.2.10). For this, I implemented several optimisation experiments to establish an 

optimal staining condition for the organoids using different antigen retrieval 
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approaches and different Ab concentrations. However, these were only stained 

for Ki-67 (proliferation marker) (Figure 3-5) due to the time limitations of my PhD 

course. 

 

 

Figure 3-5 IHC staining and quantification of Ki-67 in mouse intestinal 
organoids. Representative images of A) H&E (Haematoxylin & Eosin) showing 
the structures or organoids, and B) IHC staining of Ki-67 showing the proliferation 
induction in FLYWCHKO-organoids. Magnification: 100x. C) Quantificational 
analysis of Ki-67. The Ki-67 positive cells were quantified from 10 organoids per 
group and the data presented as the percentage Ki-67 positive cells (**= P ≤ 0.01).  
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Beside the evident morphological changes perceived in FLYWCH1KO organoids 

(Figure 3-4), our pilot histological evaluations revealed a clear induction of Ki-67+ 

proliferating crypts in FLYWCH1KO organoids (Figure 3-5). Taken together, loss of 

FLYWCH1 expression induces the growth potential of normal intestinal organoids. 

However, further research is required to elucidate the mechanism of action and 

the potential effects of FLYWCH1 on differentiation and lineage-specific markers 

in the normal intestinal crypt. 

 

3.2.1.3 FLYWCH1 knockout changes the transcription of intestinal stem cell 

markers. 

To further investigate the mechanism underlying the observed morphological 

changes, qPCR analysis of key intestinal stem cell markers was conducted (Figure 

3-6). In comparison to GFP-control, our results show a significant upregulation of 

the stem cells and Wnt target genes Lgr5 and Olmf4; in FLYWCH1KO organoids 

(Figure 3-6 A, B). The Olmf4 and Lgr5 positively marking the cycling ISCs (57, 262). 

Notably, further qPCR data indicated a significant reduction in the transcriptional 

products of the quiescence ISC markers Tert and Lrig1 in FLYWCH1KO organoids 

compared to controls (Figure 3-6 C, D). These data may lead to the speculations 

that FLYWCH1 restricts the stemness of intestinal stem cells, although further 

investigations of their genes signature are required.  
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Figure 3-6 FLYWCH1 expression may control the expression of intestinal stem 
cell markers genes. qPCR analysis indicating that loss of FLYWCH1 
upregulates the transcription of A) Lgr5+, B) Olmf4 (cycling ISCs), while 
reduces C) Tert+ and D) Lrig1+ (quiescence ISCs). mRNA was obtained by (2^-
(∆∆Ct) method. Experiments were carried out in triplicates and repeated on three 
independent occasions, data are mean and SD. p-values were calculated based on a 
Student’s t-test (****=P ≤ 0.0001). 

 

3.2.2 Evaluation of anti-FLYWCH1 antibody   
Importantly, before proceeding with following experiments, we examined the 

specificity of the anti-FLYWCH1 antibody used for Immunofluorescence (IF) and 

Western Blotting (WB) assays in this study in normal and CRC cell lines at the 

endogenous level, cells over-expressing FLYWCH1 and/or depleted for FLYWCH1 

(Figure 3-7).  
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Figure 3-7 Validation of anti-FLYWCH1 antibody and cell lines used throughout the study by WB. A, D) WB and quantification analysis 

validates the knockout of FLYWCH1 in SW620 cells used in this study. B, E) WB and quantification confirms the depletion of endogenous 

FLYWCH1 in TIG119-FLYWCH1
KO

 and shows the over-expression of FLYWCH1 using Myc-tagged construct used throughout the project. C, 
F) WB and quantification analysis confirms the over-expression of FLYWCH1 (GFP-FLYWCH1, band size 108kDa) in TIG119 cells using GFP-

tagged FLYWCH1 construct. Histograms show the relative densitometric quantification of FLYWCH1 band intensities normalized to β-actin and 

presented as the mean fold changes obtained from three independent experiments. P-values were calculated by a Student’s t-test (***= P ≤ 0.001, 

****= P ≤ 0.0001).
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Furthermore, to evaluate the FLYWCH1 antibody for immunofluorescence (IF) 

assays, we initially carried out a co-localisation analysis of anti-FLYWCH1 antibody 

with GFP-tagged FLYWCH1 (GFP-FLYWCH1), versus GFP-overexpressing TIG119 

cells (Figure 3-8 A). Un-transfected cells were used as an internal control for the 

endogenous FLYWCH1 protein expression (Figure 3-8 A, top panel). No primary 

antibody controls were used as negative controls (i.e. cells stained with 

DAPI/secondary Ab only), (Figure 3-8 B). These data validate the specificity of anti-

FLYWCH1 antibody used in the following experiments and throughout the project.  
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Figure 3-8 Immunofluorescence analysis of FLYWCH1 protein expression in 
TIG119 cell lines using anti-FLYWCH1 antibody. A) Top panel shows the 

endogenous expression of FLYWCH1 protein in parental cells, while middle and 

bottom panels show the co-localisation of GFP-control (empty vector) and GFP-

tagged FLYWCH1 with Anti-FLYWCH1 Ab, confirming the specificity of the Ab. 
B) No primary antibody (N.P.), used as negative controls for both GFP-Control & 

GFP-FLYWCH1 cells. Magnification, 100x. Scale bars, 7.5μm. 
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3.2.3 Over-expression of FLYWCH1 reduces the size and growth of 

human CRC PDOs via modulating specific Wnt target genes 

If aberrant Wnt signalling mediates a downregulation of FLYWCH1 in colorectal 

cancer cells, what role does FLYWCH1 play in Wnt responses? And does the 

expression of FLYWCH1 contribute to the maintenance of ‘‘cancer stemness’?. 

Therefore, here we examined if FLYWCH1 over-expression plays a role in 

controlling Wnt-mediated intestinal tumorigenesis (263, 264), using patient-

derived CRC organoids (PDOs) cultures. For this, FLYWCH1 was over-expressed in 

PDOs, as explained below. 

 

3.2.3.1 Generation and validation of CRC PDOs over-expressing FLYWCH1  

Dr Hossein Kashfi in our lab established a mini-bank of patient-derived organoid 

lines (PDOs) from 17 patients with CRCs from Nottingham's QMC hospitals (235). 

In this work (235), we reported two main phenotypical features of CRC PDOs. 

While about fourteen of patients PDOs grew as Cystic (spherical) organoids, four 

of the patients-PDOs were growing as Floral organoids (budding form), (Figures 3-

9 & 3-10). Unfortunately, the healthy adjacent to tumour tissues did not survive 

after thawing them, and therefore we excluded them in our study. Importantly, 

the heterogeneity of CRC PDOs could be due to the variation of genetic 

background, mutations, treatment regimen and characteristics of each patient, as 

well as the location of the tumour (265, 266). Dr Nateri's lab would address the 

DNA sequences of our entire CRC PDOs lines, including the Cystic and Floral 

organoids I used in this study, (i.e. from two separate patients), using the whole 

genome sequencing (WES) whole-genome sequencing (WGS) analysis.  
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The frozen Cystic and Floral CRC PDOs were thawed and cultured as explained in 

Chapter 2 (section 2.2.9.4). To over-express FLYWCH1, pLVX-lentivirus particles 

expressing pLVX-Puro-eGFP-FLYWCH1 cDNA (or pLVX-lentivirus expressing empty 

vector) were produced and infected into the two different types of PDOs (Type 1: 

Floral and Type 2: Cystic). This was achieved using a similar Lentiviral-based 

transduction strategy, as explained above (See section 3.2.1). 

Besides, HEK293T cells were transduced with pLVX-Puro-eGFP-FLYWCH1 virus 

particles, to validate the efficiency of LV-particles by fluorescence microscopy 

(Figure 3-9 A). The level of FLYWCH1 was also validated by WB analysis against 

GFP-FLYWCH1 using anti-GFP antibody (Figure 3-9 B, Top panel) and using anti-

FLYWCH1 antibody (Figure 3-9 B, middle panel). However, validating FLYWCH1 

over-expression in PDOs by WB analysis requires a massive number of organoids 

to extract enough protein lysate for WB analysis. This was not possible, particularly 

for FLYWCH1-overexpressing organoids, which were much smaller and were 

growing slower than control. Therefore, we validated the induction of FLYWCH1-

mRNA by qPCR analysis in the transduced organoids (Figure 3-9 C). 

 



Chapter 3: Roles of FLYWCH1 in Intestinal Crypt Growth and CRC 

108 
 

 

Figure 3-9 Validation of FLYWCH1 over-expression in HEK293T cells and 
PDOs. A) Schematic presentation of pLVX-Puro-eGFP-FLYWCH1 construct used 

to generate FLYWCH1-OE organoids and images showing the transfection 

efficiency of the LV in HEK293T cells. B) WB and quantification analysis 

validates FLYWCH1 over-expression in HEK293T cells using anti-GFP and anti-

FLYWCH1 antibodies. The graph shows the relative densitometric quantification 

of FLYWCH1 band intensities normalized to β-actin and presented as the mean 

fold changes obtained from three independent experiments (***= P ≤ 0.001). C) 
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Validation of FLYWCH1 mRNA expression in the PDOs via qPCR analysis. 

mRNA was obtained by (2^-(∆∆Ct) method, (****=P ≤ 0.0001). 

 

3.2.3.2 Over-expressing FLYWCH1 reduces the CRC PDOs growth   

The morphology and growth analyses were then carried out every two/three days, 

and over 9 days in culture. Figure 3-10 below represents the morphological 

analysis of Type 1 (Floral organoids), showing the dissimilarities in size and growth 

of FLYWCH1-overexpressing organoids compared to control organoids. PDOs 

morphological differences were further quantified based on the size and 3D 

volume (Figure 3-10), as outlined above for murine intestinal organoids. 
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Figure 3-10 Morphological alterations and growth variations of Type 1 
patient-derived tumour organoids. Representative images of A) Control versus 
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B) FLYWCH1-overexpressing organoids for 9 days in culture. Images were taken 

using a Leica microscope. Scale bar: 7.5 μm. 

 

To assess the morphological changes, quantification analyses were carried out by 

measuring the surface area and 3D volume of organoids every 3 days over the 

culture time, using image J (Figure 3-11 A, B). This was calculated in 25 organoids 

obtained from two independent experiments and presented as the mean of the 

surface area (Figure 3-11 A), and the volume (V=4/3 πr)^3 (Figure 3-11 B). Data 

suggested a significant size reduction of FLYWCH1-overexpressing organoids 

relative to controls. 

 

Figure 3-11 Overexpression of FLYWCH1 reduces the size and growth in 
Type 1-Floral tumour organoids. A) Graph represents the average of the surface 

area in FLYWCH1
OE

 organoids compared to control. The surface area 

(circumference) was measured every 3 days using image J. B) Volumes of 

organoids were measured every 3 days over the culture time. Organoid volume was 
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calculated using the formula: #=4/3$%3. The same organoids were followed up 

over all the different time points. (n= 25; control, n= 25, FLYWCH1
OE

). Error bars 

represent mean ± S.D. (ns; not significant, *=P ≤ 0.05, **= P ≤ 0.01, ***= P ≤ 

0.001, ****=P ≤ 0.0001). P-values were calculated using a Student’s t-test. 

 

Results suggest a morphology change and growth retardation caused by FLYWCH1 

over-expression in Type 1 organoids. Hence, to examine if a different patient 

similarly responds to over-expression of FLYWCH1, we further explored the effect 

of FLYWCH1 over-expression in the second PDO line (i.e. Type 2 organoids or Cystic 

tumour organoids), (Figure 3-12). 
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Figure 3-12 Morphological analysis showing variations in growth and size of 
FLYWCH1-overexpressing Type 2 tumour organoids. Representative images of 
A) Control, B) FLYWCH1

OE
 organoids throughout the culture time. Images were 

taken using a Leica microscope. Scale bar: 7.5 μm. 
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Of note, FLYWCH1- overexpressing organoids (Figure 3-12 B) appeared smaller in 

size and showed a slower growth rate over the culture time, in a comparison to 

control organoids (Figure 3-12 A). This was then analysed and quantified by 

measuring the surface area and volumes of these organoids, as explained above. 

Despite the high growth rate of the Cystic organoids, over-expressing FLYWCH1- 

significantly impaired their size and growth potential (Figure 3-13). 

 

 

Figure 3-13 FLYWCH1OE hindered the growth of Type 2-Cystic tumour 
organoid. A) Histogram shows the average of surface area in FLYWCH1

OE
 

organoids compared to control. The surface area (circumference) was measured 

every 3 days using image J. B) Diagram demonstrates a significant reduction in 

organoids volumes by over-expressing FLYWCH1. The volume was calculated 

using the formula: # = 4/3$%3. The same organoids were followed up over all the 

different time points. (n= 25; control, n= 25, FLYWCH1
OE

). Error bars represent 

mean ± S.D. (ns; not significant, *=P ≤ 0.05, **= P ≤ 0.01, ***= P ≤ 0.001, ****=P 

≤ 0.0001).  
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Findings from both PDOs indicated that FLYWCH1 over-expression is efficient in 

suppressing tumour organoids growth, irrespective to the heterogeneity and 

variations of these PDOs. Yet, the underlying molecular changes driven by altered 

FLYWCH1 expression and signaling pathways involved could vary depends on the 

genetic background of each type. 

 

3.2.3.3 FLYWCH1-overexpression in CRC PDOs changed the transcription profile 

of Wnt-associated genes  

In keeping with the established role of FLYWCH1 in regulating Wnt/b-catenin 

transcriptional activity (198, 215), we studied the effect of FLYWCH1-

overexpression on key Wnt-target genes by qPCR analysis in CRC PDOs (Figure 3-

14). Remarkably, in both types of tumour organoids, FLYWCH1-overexpression 

reduced the stemness markers CD44 and LGR5, but significantly augmented the 

transcription of E-CADHERIN in Type 2 cystic organoids only (Figure 3-14 B). The 

effect on C-JUN also varied between the PDOs. It is, therefore, possible that 

FLYWCH1 suppresses the growth of PDOs by driving specific transcriptional 

changes in each type, and possibly in a genetic background dependent manner. 

The genetic profiling of these organoids would help to further understand the 

underlying differential mechanisms of FLYWCH1 function in these PDOs as 

outlined above.  
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Figure 3-14 qPCR analysis showing the effect of FLYWCH1-overexpression 
on stemness and Wnt target genes in A) Type 1 (Floral), and B) Type 2 (Cystic 

2) organoids. mRNA expression was obtained by using the 2^-(∆∆Ct) method. Each 

set of experiment was carried out in triplicate and repeated on three independent 

occasions. Data are mean ± SD (ns; not significant, *=P ≤ 0.05, **= P ≤ 0.01, ***= 

P ≤ 0.001, ****=P ≤ 0.0001). p-values were calculated using the two-way ANOVA 

test. 

 

To obtain a more specific interpretation on the transcriptome changes associated 

with FLYWCH1-overexpression and its impact on Wnt-target genes, a small 

microarray using RT² Profiler™ PCR Array of Human WNT Signaling Pathway was 

performed on type 2 (Cystic organoids). The PCR array comprises a cDNA-library 

of 84 Wnt target gene. Primarily, we compared gene expression after over-
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expression of FLYWCH1 with control organoids (transfected with an empty 

vector), and any altered gene expression was considered specific to FLYWCH1 

modulation only if the up-or down-regulation was higher than 2-fold. 

Overall, as demonstrated in Figure 3-15, the expression analysis of Wnt target 

genes showed a significant downregulation in certain genes associated with cell 

motility, and invasion in CRC (such as FOSL1 (267), WISP1 (268)), or transcriptional 

activators (such as FOXN1 (269)). Intriguingly, among other FZD receptors, 

FLYWCH1OE only reduced FZD8, which is known to promote cell proliferation 

through the canonical and non-canonical Wnt signaling pathway (270, 271). On 

the other hand, several Wnt-suppressive components were upregulated, 

including: WNT11, a non-canonical Wnt protein that represses the canonical Wnt 

signaling (272), and WNT9A, a non-canonical ligand that suppresses β-catenin 

protein, and is known to inhibit human colorectal cancer cell proliferation in vitro 

(273). A further qPCR analysis of selected target genes confirmed the results in 

agreement with the array data, for most of the genes (Figure 3-16). 
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Figure 3-15 FLYWCH1 expression changes the transcriptional signature of 
PDOs to selectively regulate genes involved in Wnt-mediated biological 
responses. A) Table list of genes upregulated (Yellow) or downregulated (Blue) by 

FLYWCH1 expression obtained from RT² Profiler™ PCR array of human WNT 

signaling pathway. B) Scatter plot compares the normalized expression of every 

gene on the array between FLYWCH1
OE 

versus control by plotting them against 

one another. The central line indicates unchanged gene expression. The dotted lines 

indicate the selected fold regulation threshold. Fold threshold, and regulation cut 

off =2. The p-values are calculated based on a Student’s t-test of the replicate 2^ (- 

Delta CT) values, p-value cut off=0.05.  

 

Genes Under-Expressed in  FLYWCH1-OE 
versus Control Group 

Position Gene Symbol
Fold 
Regulation

A02 APC -1.57
A03 AXIN1 -1.71
A11 CTBP1 -3.24
B08 DVL1 -2.13
B12 FBXW4 -1.54
C02 FOSL1 -1.83
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F01 SFRP4 -1.62
F08 WISP1 -1.63
F12 WNT16 -2.05
G04 WNT3A -2.08
G10 WNT7B -2.68
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Fold 
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Figure 3-16 qRT-PCR validates the transcriptional changes associated with 
FLYWCH1OE in PDOs. Expression of selected downregulated genes showed in 

green or upregulated genes in Red. mRNA expression was examined by the 2^-

(∆∆Ct) method. Data are mean and SD, and P-values were estimated using the two-

way ANOVA test. (ns; not significant *=P ≤ 0.05, **= P ≤ 0.01, ***= P ≤ 0.001, 

****=P ≤ 0.0001). 

 

Our above data together suggest that FLYWCH1 overexpression in tumour-

organoids suppressed their size and growth, partly via modulating selected Wnt-

dependent target genes for their stemness and malignancy potential. We have 

therefore speculated that FLYWCH1 might have a role in cancer cells stemness 

activity. 
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3.2.4 Loss of FLYWCH1 alters the in vitro cancer stem-like properties 

of CRC SW620 cells in culture 

Cancer stem-like cells (CSCs), are a small sub-population of poorly differentiated 

cancer cells (i.e. also known as cancer-recurrent cells) (274-277), that play a critical 

role in the metastasis and relapse of colorectal cancer (276, 278). It was postulated 

that FLYWCH1KO might alter the efficiency of colonospheres formation, a 3D 

spheroids culture derived from single cells in a conditional stem-cell medium (229, 

279). Thus, we explored the functional consequence of FLYWCH1KO on the 

colonosphere forming efficiency, and acquisition of stem-like properties in SW620 

cells, by using a 3D-colonosphere formation assay. 

3.2.4.1 Generation and validation of FLYWCH1KO SW620 cell line 

SW620 cells were used as a metastatic CRC cell line (280) (derived from a lymph 

node metastasis) and FLYWCH1KO SW620 cell line. The FLYWCH1KO SW620 cell line 

was accomplished by transfecting the cells with pX459 plasmid expressing 

simultaneously Cas9 nuclease, and FLYWCH1 sgRNA targeting Exon1 of FLYWCH1 

gene (for gRNA design and generation of CRISPR construct, see Methods section 

2.2.2.1). FLYWCH1 level was then validated in both control and KO cells by qRT-

PCR and WB analysis (Figure 3-17). Results showed a significant depletion in 

FLYWCH1 mRNA, particularly Exon 1 (Figure 3-17 B). This was further confirmed 

by the WB analysis of the FLYWCH1 protein (Figure 3-17 C). Due to time and 

budget limitations, we could not complete the whole genomic sequencing 

analysis, but these already planned together with CRC PDOs as outlined above in 

our lab. 
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Figure 3-17 Generation and validation of SW620 FLYWCH1KO cells. A) 
Schematic presentation of pX459-FLYWCH1gRNA-Cas9 expressing plasmid used 

to generate FLYWCH
KO 

(FLYWCH-gRNA was designed to target Exon1 of 

FLYWCH1 gene and cloned in backbone pX459-cas9 plasmid from Addgene). B) 
Validation of FLYWCH1 depletion by qRT-PCR. mRNA expression was obtained 

by the 2^-(∆∆Ct) method. Experiment was carried out in triplicate and repeated on 

three independent occasions. Data are mean and SD (****= P ≤ 0.0001). C) WB 

validation of FLYWCH1 expression in SW620
KO

 cells. The level of FLYWCH1 

protein was frequently checked to ensure the stable reduction of FLYWCH1 

expression, before using the cell line in each experiment. 

 

 

3.2.4.2 FLYWCH1KO enhances the colonosphere forming efficiency in SW620 cell 

lines  

FLYWCH1-depleted SW620 cells were then tested for their stemness activity, in 

3D-colonosphere culture. Briefly, equal numbers of parental control and 

FLYWCH1KO cells were seeded (1000 cells/ well) in triplicate, in a 6 well plate. Cells 

were then grown in a conditioned cancer stem-like cells medium (as detailed in 

Chapter 2, Methods section 2.2.6.1). On day 14, fully grown colonospheres (i.e. 



Chapter 3: Roles of FLYWCH1 in Intestinal Crypt Growth and CRC 

122 
 

Colonospheres that are bigger than 50 μm) were manually counted, and the 

forming efficiency of control versus FLYWCH1KO cells was determined as reported 

in (281). The forming efficiency (%) = scored sphere number/total plating CRC cells 

(Figure 3-18 C). Thence, colonospheres were disassociated (trypsinized) into single 

cells, re-plated and allowed to grow again in a suspension stem cell medium, for a 

new round of sphere forming assay (P2). Later, spheres with diameters >50 μm 

were scored and the colonosphere forming efficiency (%) was calculated and 

presented as P2 (Figure 3-18 B). Furthermore, colonospheres size (diameter) was 

quantified from at least 50 colonospheres for each group (i.e. control versus 

FLYWCHKO), averaged and presented as the mean averaged size of the 

colonospheres (Figure 3-18 C).  



Chapter 3: Roles of FLYWCH1 in Intestinal Crypt Growth and CRC 

123 
 

  

Figure 3-18 Loss of FLYWCH1 increases the colonosphere forming efficiency 
in SW620 cell lines.  A, B) Representative images of the colonospheres formed by 

both parental control and FLYWCH1
KO

 cells in P1= passage 1 and P2= passage 2. 
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C) Histogram shows the induction in the colonospheres forming efficiency in 

FLYWCH1
KO

 compared to control cells in P1 & P2. Colonospheres that are bigger 

than 50 μm were counted for the analysis. (ns; not significant, ***, P < 0.001). D) 
Graph shows the size differences (diameter) of colonospheres formed by 

FLYWCH1
KO

 cells compared to control cells (n=50). (****= P ≤ 0.0001). Values 

represent means and standard deviations (SD) obtained from three independent 

experiments. The p-values are calculated based on a Student’s t-test. 

 

Overall, FLYWCH1KO cells formed a greater number of colonospheres in 

comparison to controls in the first passage. The colonosphere forming efficiency 

assay showed a significant increase in the forming efficiency of FLYWCH1KO cells 

compared to their parental SW620 cells (19% versus 8.4%). The increase was still 

detectable in the second passage (6% versus 7.4% for FLYWCH1KO). Yet, this was 

not significant (only a 1.4% increase in P2, compared to a 10.5% increase in P1). 

Also, colonospheres formed by FLYWCH1KO cells were significantly larger (i.e. 

ranged between 70-110μm) relative to control cells (ranged between 50-70μm). 

Results indicated that loss of FLYWCH1 promotes the sphere formation capacity 

of SW620 cells. 

To evaluate related changes in stemness activity, we examined the expression of 

CD44 (a marker of poorly differentiated cells (282)) in colonospheres derived from 

both control and FLYWCH1KO cells, by immunofluorescence assay (Figure 3-19 A-

C). In addition, the transcriptional changes of cancer stem cell markers (LGR5, and 

CD44) was studied by qPCR assay (Figure 3-19 D). 
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Figure 3-19 Loss of FLYWCH1 confers to more stemness activity in colonospheres derived from SW620 cells. A, B) Immunofluorescence 
staining shows the expression of CD44 in colonospheres derived from A) parental control and B) FLYWCH1KO cells. Scale bar 7.5μm. C) 
Histogram confirms the induction of CD44 in spheres obtained from FLYWCH1KO. CD44 relative fluorescence intensity (fold) was measured 
from at least 25 individual colonospheres obtained from two independent experiments, using ImageJ software. D) qPCR analysis indicates an 
upregulation of CD44, and LGR5 in FLYWCH1KO colonospheres. mRNA expression was obtained by the 2^-(∆∆Ct) method, data are mean and 
SD, P-values were calculated using a Student’s t-test. (*=P ≤ 0.05, ****= P ≤ 0.0001). 
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Collectively, knocking out FLYWCH1 increases the cancer stem-like properties in 

SW620, by upregulating the stem cell markers LGR5 and CD44 and enhancing their 

colonospheres forming efficiency. 

 

3.2.4.3 FLYWCH1-depletion changes the stem-like cell associated genes 

expression in SW620-derived colonospheres 

To acquire a global view of FLYWCH1-mediated effects on cancer stem-like gene 

signature, another RT² Profiler™ PCR Array of Human Stem Cell Signaling was 

performed using isolated RNAs from colonospheres (Figure 3-20). Among others, 

the expression of genes associated with cell invasion, and migration was 

upregulated as a consequence of FLYWCH1-depletion, including: FGFR2 (283), 

Gli1,2 (284), ZEB2 (253), TGF-b binding proteins (LTBPs) (285), and FRZ1(286). 

Conversely, genes with Wnt-suppressive activities, such as EP300 (249), LRP5, 6 

(287), and/or genes with anti-proliferation/metastatic functions, such as CDX2 

(288), NOTCH1 (289), FZD7 (290) were substantially downregulated.  
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Figure 3-20 Loss of FLYWCH1 changing the transcriptome of essential 
stemness markers and Wnt target genes. A) Table shows the list of upregulated 
(yellow) or downregulated (blue) genes by FLYWCH1 expression obtained from 
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the PCR array. B) Heat map visualises the fold changes in expression between the 
selected groups for every gene in the array in the context of the array layout. Fold 
threshold and Regulation cut off =2. The p-values are calculated based on a 
Student’s t-test of the replicate 2^ (- Delta CT) values for each gene in the control 
group, and FLYWCH1KO groups, p-value cut off=0.05.  

 

The array results were then post-validated by qRT-PCR analysis, which aligned with 

array readings for a sub-set of the genes (Figure 3-21). 

 

 

Figure 3-21 qRT-PCR validates the transcriptional changes associated with 
FLYWCH1KO in SW620-derived colonospheres. Expression of selected 
downregulated genes showed in green or upregulated genes in Red. mRNA 
expression was examined by the 2^-(∆∆Ct) method. Data are mean and SD. P-
values were estimated using the two-way ANOVA test. (*=P ≤ 0.05, ***= P ≤ 
0.001, ****= P ≤ 0.0001). 

 

Together, loss of FLYWCH1 triggers the colonosphere forming ability, relatively, by 

modulating Wnt-mediated biological response to functionally promote a stem-like 

cell phenotype in a colonosphere culture. 
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3.2.5. The regulation of endogenous FLYWCH1 by Wnt/β-catenin 

signaling 
To this point, we have proposed FLYWCH1 as an important repressor element for 

Wnt/β-catenin signaling, regulating stemness, cell-cell attachment, and invasion 

in CRC cells. This could be partially via its direct interaction and suppression of 

nuclear β-catenin activity in association with TCF/LEF transcription factors (198). 

However, the interplay between FLYWCH1 and the Wnt pathway appears more 

complex. In fact, many β-catenin regulators [such as SOX9 (291) and AXIN2 (292)] 

are themselves regulated by Wnt/β-catenin (293). Our findings here upraised the 

questions about the potential regulation of FLYWCH1 expression by Wnt/β-

catenin signaling and whether FLYWCH1 constitutes one of its downstream 

targets. Thus, we here explored the potential regulation of FLYWCH1 by Wnt 

signaling in cultured normal versus cancer cell lines. This was primarily attained by 

activating Wnt signaling using Wnt3A-conditioned medium and GSK-3β inhibitor. 

However, prior to this, we carried out an IF analysis on a panel of CRC cell lines 

(HCT116, SW480, SW620 and DLD-1), alongside normal cell lines; TIG119 (Human 

skin fibroblast cells), CCD 841 CoN (normal colon epithelial cell line) and HEK293T 

(human embryonic kidney cells), to explore the pattern of FLYWCH1 expression in 

normal versus cancer cells (Figure 3-22). 
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Figure 3-22 IF staining showing the pattern and distribution of FLYWCH1 
protein in normal (TIG119, CCD841CoN, and HEK293T) versus CRC cell 
lines (HCT116, SW620, SW480 and DLD-1). N.P is a Negative control (no 
primary antibody using TIG119 cells). Dotted boxes indicate enlarged cell/s. 
Magnification, 100x. Scale bars, 7.5μm. 
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The IF data shows that the pattern of FLYWCH1 protein expression varied between 

normal and cancer cells. FLYWCH1 formed clear nuclear foci in normal cell lines. 

Whereas, in CRC cells, FLYWCH1 protein showed a diffused pattern of nuclear 

expression (Figure 3-22). Results provided an overall idea about the variation of 

FLYWCH1 expression pattern in the several cell lines used throughout the project. 

 

3.2.5.1 Wnt activation downregulates the expression of FLYWCH1 in normal and 

CRC cells 

Considering the functional roles of FLYWCH1 in colorectal cancer cells and 

organoid growth outlined above, we tested if FLYWCH1 expression was modulated 

by Wnt signalling. To test the Wnt dependence, we initially examined FLYWCH1 

mRNA and protein expression under activated Wnt signaling. Wnt stimulation was 

achieved in cultured cells, using the Wnt3A conditioned medium (Wnt3A-CM) 

(Chapter 2, Methods section 2.9), which was validated by luciferase activity and 

used for culturing the organoids (Appendix 2). Furthermore, we validated the 

activation of Wnt signalling in Wnt3A treated cells via immunofluorescence 

staining for Wnt target genes (c-Jun and Cyclin-D1) (Figure 3-23 A), and western 

blotting assays for β-catenin, phosphorylated β-catenin (inactive form), c-Jun and 

Cyclin-D1 (Figure 3-23 B). Untreated HCT116 lysate was used as a negative control.  
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Figure 3-23 Validation of the activation of Wnt-pathway in HCT116 cell line 
treated with Wnt3A-CM. A) Immunofluorescence staining of c-Jun and Cyclin-
D1, Magnification: 100x, Scale bars: 7.5μm. B) WB analysis of HCT116 cells 
treated with Wnt3A-CM for 24h, showing the induction in Wnt target genes. N=3 
(Validation was repeated for each batch of Wn3A-CM). C) Histogram shows the 
relative densitometric quantification band intensities of β-catenin, phospho-β-
catenin (Ser33/37/Thr41), c-Jun, Cyclin-D1 proteins normalized to β-actin and 
presented as the mean fold changes obtained from three independent experiments. 
P-values were calculated by a Student’s t-test (****= P ≤ 0.0001). 
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Figure 3-23 demonstrated an induction of Wnt targets (c-Jun and Cyclin-D1) in 

Wnt3A treated cells, suggesting an increase in the transcriptional activity of 

Wnt/β-catenin pathway after 24h stimulation with Wnt3A-CM.  

Subsequently, the potential effects on FLYWCH1 transcription and protein 

expression were examined following Wnt3A-CM treatment (Figure 3-24). The 

expression of FLYWCH1 mRNA was measured by standard RT-PCR and qRT-PCR 

analysis (Figure 3-24 A, B). In parallel, lysates were extracted and examined by WB 

for FLYWCH1 protein expression (Figure 3-24 C, D).  
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Figure 3-24 Wnt activation downregulates the transcription and protein expression of FLYWCH1 in various cell lines. CRC cell lines 
were treated with Wnt3A-CM or mock treated (medium only) for 24h. RNA was extracted and FLYWCH1 mRNA expression was assessed 

by A) Standard PCR (N=3, 100bp marker was used) and B) qRT-PCR (mRNA expression was obtained by using the 2^- (∆∆Ct) method. Each set 

of experiment was carried out in triplicate and repeated on three independent occasions. Data are mean ± SD. C) WB analysis showing the reduction 

in FLYWCH1 total protein expression in TIG119, and CRC cells treated with Wnt3A-CM. Experiments were repeated in three independent times. 

D) Graph shows the relative densitometric quantification of FLYWCH1 band intensities normalized to β-actin and presented as the mean fold 

changes obtained from three independent experiments. P-values were calculated by a Student’s t-test (***= P ≤ 0.001, ****= P ≤ 0.0001). 
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Our findings indicate a significant downregulation of FLYWCH1 mRNA and protein 

level following 24h treatment with Wnt3A, in cultured cell lines (Figure 3-24).  

We further examined if the cellular distribution and pattern of FLYWCH1 

expression influenced by Wnt-3A treatment in various cell lines via 

immunofluorescence assay and WB analysis of nuclear/cytoplasmic protein 

expression (Figure 3-25). 
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Figure 3-25 Wnt activation changes the cellular distribution of FLYWCH1 protein. A, B) Immunofluorescence staining showing the effect 
of Wnt3A on the cellular distribution and pattern of FLYWCH1expression in TIG119 and CRC (HCT116 and DLD-1) cell lines. Dotted lines 
indicate enlarged cell/s. Magnification: 100x, Scale bars: 7.5μm. C) Immunoblots show the nuclear and cytoplasmic distribution of FLYWCH1 in 
HCT116 cells following Wnt3A-CM treatment. D) Graph shows the relative densitometric quantification of western blot band intensities for the 
ratio of nuclear FLYWCH1 normalized to H3 and the ratio of cytoplasmic FLYWCH1 normalized to β-tubulin and presented as mean fold changes 
of three independent experiments. (**= P ≤ 0.01, ***= P ≤ 0.001). P-values were estimated by a Student’s t-test.
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Of note, Wnt3A treatment triggered changes in the cellular distribution of 

FLYWCH1, particularly in normal cells (TIG119), where FLYWCH1 was clearly 

shifted into the cytoplasm, and no nuclear foci were detected in the treated cells 

(Figure 3-25 B, Top panel). In CRC cells, the changes were less evident, and 

FLYWCH1 nuclear level was slightly affected. This could be due to the 

overactivated nature of Wnt signaling in CRC cells, as well as the low level of 

FLYWCH1 in cancer cells relative to normal cells. Nonetheless, cytoplasmic foci 

were formed in Wnt-3A treated cancer cells which were not detected in the 

untreated cells (Figure 3-25 B, middle and bottom panel). Cytoplasmic foci could 

be related to several cellular processes, such as post-transcriptional modifications 

(294) and posttranslational modifications (295, 296). 

Further WB analysis of nuclear/cytoplasmic fractions revealed a significant 

reduction of nuclear FLYWCH1 protein and upregulation of cytoplasmic FLYWCH1 

protein in the HCT116 treated cells (Figure 3-25 C, D). A clear shift in the molecular 

weight of FLYWCH1 was perceived in the cytoplasmic fraction (Figure 3-25 C, 

arrowhead). Data suggest that WNT-activation may also lead to changes in the 

FLYWCH1 protein posttranslational modification (PTM), such as Phosphorylation, 

or changes through other PTMs. Further investigations are required to explore and 

examine FLYWCH1-PTMs possibilities. 

In conjugation, the results above suggest a direct effect of Wnt modulation on 

FLYWCH1 expression and nuclear localisation. Yet the exact mechanism(s) of 

FLYWCH1 regulation and translocation is still not clear. Thus, we next considered 

an alternative mean of Wnt activation by inhibiting GSK-3β (using a small molecule 

6-bromoindirubin-30-oxime (BIO)). GSK-3 inhibitors activate the Wnt pathway and 
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ultimately prevent β-catenin degradation (297). BIO was reported by several 

studies for its high specificity to inhibit GSK3 and is known to maintain self-renewal 

in human, and mouse embryonic stem cells (ESCs)(298). 

 

3.2.5.2 GSK-3β inhibition reduces the level of FLYWCH1 and modulates its 

stability 

Here, we studied the changes in FLYWCH1 protein expression following GSK-3β 

inhibition in HEK293T, TIG119 and CRC cell lines. Cells were seeded on coverslips 

(IF) or 10cm dishes (WB), treated with 5μM BIO or mock treated with medium only 

for 24h. The concentration of BIO was determined as established in our lab and 

others (198, 299). GSK-3β inhibition was initially validated, and the effect on 

FLYWCH1 protein expression and distribution was concurrently examined in 

HEK293T cells by IF staining (Figure 3-26 A, B) and WB analysis (Figure 3-26 C, D). 
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Figure 3-26 Validation of GSK-3β inhibitor in HEK293T cells. A, B) IF staining validates GSK-3β inhibition in HEK293T cells and 

demonstrates an overall reduction of FLYWCH1 level in the treated cells. Histograms represent the relative fluorescence intensity compared to 

control and expressed as mean± SD. (N.P, no primary antibody, used as a negative control). Magnification: 100x, Scale bars: 7.5μm. C) Validation 

of GSK-3β inhibition by WB, showing the induction of β-catenin and suggesting a significant reduction of FLYWCH1 protein following BIO 

treatment (5μM). D) Histograms show the relative densitometric quantification of GSK-3β, β-catenin and FLYWCH1 band intensities normalized 

to β-actin (N=3). P-values were calculated using a Student’s t-test (**= P ≤ 0.01, ***= P ≤ 0.001). 
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The effect of GSK-3β inhibitor on FLYWCH1 total protein expression was further 

studied in CRC and TIG119 cells (Figure 3-27 A). However, because of the strong 

reduction in the staining intensity in BIO treated cells (Figure 3-26 B), it was not 

helpful to detect any changes in the cellular distribution by IF staining, and 

therefore the effect on FLYWCH1 cellular distribution were examined by WB 

analysis of nuclear/cytoplasmic lysates in HCT116 cells (Figure 3-27 C). 

 

 

Figure 3-27 GSK-3β inhibition reduces the level of FLYWCH1 in TIG119 and 

CRC cells. A, B) WB analysis and quantifications showing the significant 
reduction in FLYWCH1 total protein expression in BIO treated cells. Band 
intensities were normalized to β-actin and presented as the mean of fold change 
obtained from three independent experiments. C) Immunoblots showing the 
distribution of FLYWCH1 in the nuclear/cytoplasmic fractions following BIO 
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treatment in HCT116 cells (N=2). D) Graphs show the relative densitometric 
quantification of nuclear FLYWCH1 band intensity normalized to H3, and the ratio 
of cytoplasmic proteins normalized to β-tubulin. Data represents the mean fold 
changes obtained from two independent experiments. P-values were calculated by 
a Student’s t-test (ns; not significant, *=P ≤ 0.05, **= P ≤ 0.01, ***= P ≤ 0.001, 
****=P ≤ 0.0001).  

 

In line with Wnt3A results, we showed that modulating Wnt signaling by BIO 

reduces the total protein expression of FLYWCH1 in all tested cell lines (Figure 3-

27). Likewise, BIO treatment significantly induced the cytoplasmic FLYWCH1, with 

less effect on the nuclear protein (Figure 3-27 C, D). Again, an increase in the 

molecular weight of the cytoplasmic FLYWCH1 were noticed. These repeated 

observations urged the need to study the stability and potential PTMs of FLYWCH1 

under Wnt-modulation. 

Given the role of  GSK-3β in regulating many other transcription factors (TFs) and 

transcription activators such as c-Myc (300), Snail (301), Slug (302) including β-

catenin (303) by phosphorylation that lead to UB-dependent proteasomal 

degradation (304), we next explored the possible regulation of FLYWCH1 stability 

and PTMs by GSK-3β. 

3.2.5.3 FLYWCH1 protein stability and turnover. 

In order to understand FLYWCH1 protein PTMs activity, FLYWCH1 protein stability 

was first determined via Cycloheximide (CHX) treatment (an inhibitor of protein 

biosynthesis and translational elongation (305, 306)). Besides, to address whether 

inhibition of the proteasome system could counteract the degradation of 

FLYWCH1 caused by CHX treatment, FLYWCH1 protein stability was determined in 

the presence or absence of proteasomal inhibitor MG132 (peptide aldehydes that 
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strongly inhibits multiple peptidase activities of proteasomes and calpain activity 

(307, 308)). Briefly, HEK293T cells were seeded and synchronized in serum-free 

medium for 16h, before treatment with 100μg/ml of CHX, and/or MG132 (2μM). 

Cells treated with just Optimum medium was included as a negative control. At 

indicated time intervals, lysates were collected for WB analysis (Figure 3-28 A). In 

parallel, we investigated the effect of GSK-3β inhibition on FLYWCH1 stability and 

turn-over by blocking the de novo protein synthesis with cycloheximide in cells 

treated with/without BIO (5μM). This was followed by WB analysis of FLYWCH1 

protein expression (Figure 3-28 B). 
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Figure 3-28 FLYWCH1 protein stability and turn-over. A) CHX-chase analysis 
reveals the half-life of FLYWCH1 protein. HEK293T cells were treated with 
(Medium only as a negative control, left panel), 100μg/ml CHX (Middle panel), or 
100μg/ml CHX+MG132 (2μM) (Right panel). For the proteasome inhibitor 
MG132, HEK293T cells were seeded and treated with MG132 (2μM), 16h later, 
cells were washed in Optimum medium and a fresh medium containing 
cycloheximide (100μg/ml) was then added. At indicated time intervals, lysates were 
collected and (80μg) protein was loaded on 4-20% SDS-PAGE and blotted with 
anti-FLYWCH1 and anti-β-actin antibodies. Histograms show FLYWCH1 protein 
band intensities following normalization with β-actin, obtained from three 
independent experiments. B) BIO treatment extends the half-life of FLYWCH1 
protein in cells treated with CHX. HEK293T cells were treated with 5μM of BIO 
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(right panel) or mock treated with Optimum medium (left panel). 24h later, 
100μg/ml cycloheximide (CHX) was added. At the indicated time points, lysates 
were prepared, and western blotting analysis was performed with the indicated 
antibodies. Graphs show the densitometric quantification of FLYWCH1 and GSK-
3β band intensities normalized to β-actin. Data are represented as the mean fold 
change obtained from two independent experiments (ns; not significant *=P ≤ 0.05, 
**= P ≤ 0.01, ***= P ≤ 0.001, ****= P ≤ 0.0001). P-values were calculated using 
a Student’s t-test. 

 

Figure 3-28 A demonstrates a rapid degradation of FLYWCH1 within 2h of CHX 

treatment. Remarkably, inhibiting the proteasome system with MG132 delayed 

the CHX-mediated degradation of the FLYWCH1 protein by extending the half-life 

of FLYWCH1 from approximately 2h to 16h (Figure 3-28 A, right panel). Likewise, 

BIO treatment extended the half-life of FLYWCH1 up to 16h when compared to 2h 

in the control samples (CHX only, Figure 3-28 B). Therefore, the inactivation of 

GSK-3β might stop the rapid turnover of FLYWCH1.  

Collectively, Wnt3A and BIO controls the stability and cellular distribution of 

FLYWCH1 in cell lines. Nonetheless, the insufficient knowledge of FLYWCH1 

regulation by Wnt or other signaling pathways urges the need to study the 

potential PTM events that might influence FLYWCH1’s stability, function, and 

localisation within the cells. While PTMs are important determinants of protein 

stability and cellular localisation, we next explored the possible PTMs of FLYWCH1 

protein using online prediction tools. 

3.2.5.4 PTMs of FLYWCH1 

Due to the lack of previous experimental studies, we first employed 

PhosphoSitePlus (https://www.phosphosite.org)(309), iPTMnet 
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(https://research.bioinformatics.udel.edu/iptmnet) (310), and  Uniprot 

(https://www.uniprot.org) (311), to explore the possible PTMs sites of human 

FLYWCH1 protein. The database showed various PTM sites within the FLYWCH1, 

these included phosphorylation, ubiquitination and SUMOylation (Figure 3-29). 

Intriguingly, the phosphorylation sites were predominantly detected at the C-

terminal domain (which contains NLS and β-catenin interaction site (198)). This 

could be an indicative of a possible link between the phosphorylation status of 

FLYWCH1 protein and its nuclear localisation and/or activity. 

 

Figure 3-29 Predicted PTM sites of FLYWCH1 and their location within the 

protein sequence. A) Diagram shows the various PTM modification sites within 

A

B Site PTM type Source
S7 Phosphorylation PhosphoSitePlus
S13 Phosphorylation PhosphoSitePlus
S21 Phosphorylation HPRD, PhosphoSitePlus  and UniProt
K23 Ubiquitination PhosphoSitePlus
T26 Phosphorylation PhosphoSitePlus
K142 Ubiquitination PhosphoSitePlus
K146 Ubiquitination PhosphoSitePlus
K189 Ubiquitination PhosphoSitePlus
S192 Phosphorylation PhosphoSitePlus
S261 Phosphorylation PhosphoSitePlus, UniProt
S360 Phosphorylation PhosphoSitePlus
S371 Phosphorylation PhosphoSitePlus
K393 Sumoylation PhosphoSitePlus
T498 PhosphoSitePlus PhosphoSitePlus
S503 Phosphorylation PhosphoSitePlus, UniProt
S591 Phosphorylation PhosphoSitePlus, UniProt
S641 Phosphorylation PhosphoSitePlus
S696 Phosphorylation PhosphoSitePlus, UniProt
K707 Ubiquitination PhosphoSitePlus
S715 Phosphorylation PhosphoSitePlus
S591 Phosphorylation PhosphoSitePlus
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the FLYWCH1 protein sequence. Data were generated utilising PhosphoSitePlus 
(309). B) Table shows the position and type of PTM on FLYWCH1 protein. 

 

Afterwards, pilot experiments aimed to investigate the ubiquitination and 

phosphorylation of FLYWCH1 under modulated Wnt signaling via in-vitro Co-IP 

based assays (Appendix 4). Briefly, we explored the outcomes of Wnt activation 

by (Wnt3A-CM) and BIO on the ubiquitination and phosphorylation of FLYWCH1 

using Co-IP-based approaches. To study the ubiquitination, HEK293T cells were 

first transfected with HA-UB (HA-tagged ubiquitin was previously used in (231)). 

48h post-transfection, cells were either treated with Wnt3A or BIO or mock-

treated with medium only. Protein lysates were then extracted and 

immunoprecipitated with an antibody against endogenous FLYWCH1. Non-

immunoprecipitated protein lysates were used as input controls for the protein 

expression. Samples were immunoblotted using an anti-HA antibody to detect the 

Ubiquitinated form of FLYWCH1. In parallel, we blotted the anti-Phospho-

(Ser/Thr) antibody to detect the phosphorylated protein. 

However, due to several technical issues, we failed to get a conclusive/robust 

statement without repeating the experiment, at least, three times. And therefore, 

data were excluded from this study. Nonetheless, these preliminary experiments 

indicated that FLYWCH1 can be ubiquitinated (Appendix 4 A). Also, the Co-IP 

analysis suggested that FLYWCH1 might be maintained by phosphorylation under 

untreated conditions. As we detected a band corresponding to the 

phosphorylated form of FLYWCH1 (Ser/Thr) only in the untreated sample, but lost 
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in Wnt3A or BIO treated cells (Appendix 4 B, Middle panel). However, these 

experiments need to be repeated, to ascertain these findings. 

In brief, Wnt activation by Wnt3A or BIO suppresses FLYWCH1 expression in 

normal and CRC cells by mediating FLYWCH1 cytoplasmic translocation. We 

speculate that activation of Wnt signaling might induce changes in FLYWCH1 PTM 

status (mainly phosphorylation), which could affect the protein stability and lead 

to its cytoplasmic translocation. Further studies addressing the mechanism of 

FLYWCH1 shuttling in relation to WNT activity and its PTM status would be 

essential to confirm our hypothesis. 

To understand and model the impact of Wnt activation on FLYWCH1’s tumour 

suppressive functions, we next examined the effect of GSK-3β inhibition on the 

growth and proliferation of FLYWCH1-overexpressing PDOs. 

 

3.2.6 The impact of BIO on FLYWCH1-overexpressing PDOs 
Both types of PDOs (Cystic/Floral) over-expressing FLYWCH1 (or empty vector), 

were treated with the 5μM of BIO. Seventy-two hours later, cell proliferation was 

examined via WST-1 proliferation assay (Figure 3-30). WST-1 is a colorimetric assay 

that is based on the cleavage of a tetrazolium salt, MTS, by mitochondrial 

dehydrogenases to form formazan in viable cells (312). 
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Figure 3-30 BIO treatment induces the proliferation of PDOs, however 

FLYWCH1-overexpression might antagonise this effect. WST-1 proliferation 
assay suggesting an increase in the proliferation activity following BIO-treatment. 
PDOs were transduced with pLVX-lentivirus particles expressing pLVX-Puro-
eGFP-FLYWCH1 cDNA (or pLVX-lentivirus expressing empty vector). On day 5, 
organoids were treated with 5μM of BIO for 72h. The medium was then transferred 
into a 96 well-plate, and cell viability/proliferation was measured 2h after adding 
WST-1 reagent. Tumour organoid medium was used as a blank control. 
(Experimental conditions were determined based on an optimisation experiment 
piloted on the parental organoids). WST-1 assay was performed in triplicate, and 
experiment was repeated in two independent occasions. P-values were calculated 
using the Two-way ANOVA test (*=P ≤ 0.05, **= P ≤ 0.01,***= P ≤ 0.001 ,****= 
P ≤ 0.0001). 

 

As shown in Figure 3-30, BIO treatment stimulated the proliferation of tumour 

organoids significantly regardless of FLYWCH1OE, yet the growth stimulation was 

weaker in FLYWCH1-expressing organoids when compared to control organoids 

(Figure 3-30, BIO+WT versus BIO+FLYWCH1OE). It is likely that FLYWCH1 over-

expression antagonises or neutralises the proliferation induction caused by BIO in 

PDOs.  
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3.2.6.1 Transcriptional changes associated with BIO treatment in FLYWCH1OE 

PDOs  

To further explore the underlying transcriptional changes related to BIO treatment 

under FLYWCH1-overexpression, gene expression analyses of key Wnt target 

genes, intestinal stemness and differentiation markers were carried out in Type 1 

(Figure 3-31) and Type 2 (Figure 3-32) tumour organoids.



Chapter 3:  Roles of FLYWCH1 in Intestinal Crypt Growth and CRC 

153 
 

 

Figure 3-31 Gene expression analysis of A) key Wnt target genes, intestinal 
stemness, and B) differentiation markers in Type 1 tumour organoids (Floral). 
mRNA expression was obtained by the 2^-(∆∆Ct) method, and all assays were 
performed in triplicate. Data are mean and SD (N= 3; ns; not significant *=P ≤ 0.05, 
**= P ≤ 0.01, ***= P ≤ 0.001, ****= P ≤ 0.0001). p-values were estimated using 
the two-way ANOVA. 

 

In type 1 tumour organoids, BIO treatment increased the stemness markers, and 

Wnt-target genes significantly. Whereas, these genes were repressed in 

FLYWCH1OE organoids, in comparison to untreated controls (Figure 3-31 A). Of 

note, BIO treatment in FLYWCH1OE organoids was sufficient to overcome the 
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negative effect of FLYWCH1-overexpression, in which the expression of Wnt 

targets and stemness genes, particularly CD44 which were re-increased (Figure 3-

31 A, Blue versus Red). However, the effect of BIO on FLYWCH1-overexpressing 

organoids appeared weaker relatively to BIO-treated controls (Figure 3-31 A, 

Yellow versus Red). 

As demonstrated in Figure 3-31 B, the impact on differentiation markers was 

dissimilar. BIO treatment reduced MUC2 (Mucin 2, goblet cell marker) and P21 

(cyclin-dependent kinase inhibitor) while induced KRT20 (Cytokeratin 20, an 

epithelial cell marker) and CDX2 (Caudal-type homeobox transcription factor 2) 

expression.  Similarly, FLYWCH1OE significantly reduced all differentiation markers 

except for CDX2, which was induced in FLYWCH1OE organoids (Figure 3-31 B). In 

comparison to FLYWCH1OE only, BIO treatment in FLYWCH1-overexpressing 

organoids did not show significant effects on all differentiation markers except 

KRT20 (Figure 3-31 B, Blue versus Red). 
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Figure 3-32 Expression analysis of A) key Wnt target genes, intestinal stemness, 
and B) differentiation markers in Type 2 tumour organoids (Cystic). mRNA 
expression was obtained by the 2^-(∆∆Ct) method, and all assays were performed 
in triplicate. Data are mean and SD (N= 3; ns; not significant *=P ≤ 0.05, **= P ≤ 
0.01, ***= P ≤ 0.001, ****= P ≤ 0.0001). p-values were estimated using the two-
way ANOVA. 

 

Overall, Type 2 organoids (Cystic) showed slightly different outcomes in response 

to BIO and/or FLYWCH1OE (Figure 3-32 A, B). BIO treatment increased the 

expression of LGR5, CD44, EPHB2, C-JUN, but CCDN1 (Figure 3-32 A). Yet, similar 

to Type 1 organoids, FLYWCH1OE reduced the expression of all Wnt targets genes 

and stemness markers relative to controls (Figure 3-32 A). 
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Although BIO treatment slightly countered the suppression effects of FLYWCH1 

overexpression on the stemness and Wnt target genes (Figure 3-32 A, Red versus 

Blue), FLYWCH1-overexpressing organoids showed a lower response when 

compared to BIO+ control organoids (Figure 3-32 A, Red versus Yellow).  

On the other hand, the effect of BIO and FLYWCH1OE varied on differentiation 

markers. For example, the expression of KRT20 and MUC2 were significantly 

induced by FLYWCH1OE, while CDX2 was reduced (Figure 3-32 B, Blue versus Black). 

In contrast, BIO+ decreased the expression of KRT20 and MUC2, but induced CDX2 

and p21 (Figure 3-32 B, Yellow versus Black). The effect on p21 was not significant. 

Moreover, the impact of BIO on FLYWCH1-overexpressing organoids was 

significant on KRT20 and MUC2, but not p21 or CDX2 (Figure 3-32 B). 

Overall, we showed that FLYWCH1 over-expression in PDOs significantly alters the 

stemness and Wnt associated genes expression. Although BIO treatment 

neutralised the negative effects of FLYWCH1OE on stemness and Wnt target. Yet, 

the impact of BIO on FLYWCH1OE organoids was significantly lower when 

compared to control-treated organoids. The impact of FLYWCH1OE on 

differentiation markers were not conclusive nor consistent across the genes and 

PDOs. Likewise, the effect of BIO treatment on differentiation markers was 

dissimilar in each type. The variations observed within the different PDOs, 

particularly regarding differentiation markers could suggest a potential 

contribution of other factors such as genetic background/mutations of each type. 

It is also likely that other signaling pathways are involved in mediating the effect 

of BIO on cell differentiation, independently of FLYWCH1 expression. Analysing 
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the genetic profile and mutations of these PDOs would be necessary to explain 

these variations and the underlying molecular mechanisms. 

 

3.2.7 The clinical significance of FLYWCH1 expression for CRC 

patients 
To obtain a patient-relevant view of FLYWCH1 roles and significance, it is 

important to evaluate FLYWCH1 expression and cellular localisation in CRC 

patients. This should also be correlated with the patient’s clinicopathological 

outcomes. To this end, we have employed CRC tissue microarray (TMA) 

comprising of 1000 samples from a well-characterised patient cohort. Matched 

normal samples were provided as controls for each patient. The TMA sections 

were kindly provided by our collaborator (Prof Mohammad Ilyas, University of 

Nottingham). 

Due to the lack of IHC facilities in our lab, sections were probed with a pre-

validated FLYWCH1 antibody by Miss Abrar Aljohani (the Histopathology unit, City 

hospital, University of Nottingham). Before carrying out the IHC staining on the 

experimental TMA slides, the FLYWCH1 antibody was validated on 15 different 

TMA slides. IHC staining protocol and Ab concentration were first optimised, the 

staining specificity was then checked and approved by the pathologist (Dr 

Mohammed Aleskandarany, Nottingham City Hospital). Subsequently, the stained 

TMA slides were digitally scanned using VENTANA DP 200 slide scanner (Roche, 

UK) to high-resolution images, and viewed by Aperio ImageScope (Aperio 

Technologies, UK) at 20x magnification. The intensity of nuclear and cytoplasmic 

FLYWCH1 protein expression of epithelial cells was scored by the H-score system, 
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and calculated as previously described (240) (detailed in chapter 2, Methods 

Section 2.2.11). After double scoring, the interclass correlation coefficient (ICC) 

test was applied to assess the concordance rate of the two scores (Appendix 5). 

Interestingly, FLYWCH1 IHC analysis showed a predominantly detected staining in 

the nucleus in normal tissues. Whereas in tumour tissues, FLYWCH1 was found 

mainly in the cytoplasm, and the nuclear staining was almost lost (Figure 3-33, A 

vs B).
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Figure 3-33 Representative examples of IHC staining intensities of FLYWCH1 

expression in A) Normal versus B) tumour tissues. Intensity of nuclear, and 
cytoplasmic FLYWCH1 protein expression of epithelial cells was scored by the H-
score system. C) Representative images of TMA cores that contained less than 15% 
intact (epithelial) tumour tissue and were therefore excluded from the analysis. 
Scale bar 200μm. 

 

 Our collaborator, Dr William Dalleywater (Pathology Department, University of 

Nottingham), performed the patients’ pathological/outcome by statistical analysis 

of the scored samples through access to patient’s data. According to the initial 

analysis, it can be suggested that nuclear FLYWCH1 is generally lower in tumour 

segments than normal tissue. In contrast, cytoplasmic FLYWCH1 expression is 

higher. Interestingly, as the T-stage increases, cytoplasmic FLYWCH1 expression is 

significantly lower in intra-tumoural and advancing edge segments of the tumour. 

This possibly indicates a complete loss of FLYWCH1 expression at the late stages 

(Figure 3-34 B). 
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Figure 3-34 Overall expressional analysis of FLYWCH1 in the TMA library 

used in this study. Graphs showing the mean of A) Nuclear, and B) Cytoplasmic 
expression of FLYWCH1 in different tumour segments, and pathological T stages 
(1, 2, 3, 4 represent T1, T2, T3, and T4 stages), (*=P ≤ 0.05).
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Collectively, these data support the notion that FLYWCH1 could be switched off 

during CRC progression by changing the cellular distribution. Therefore, 

understanding the regulation of FLYWCH1 is essential to reveal the precise 

mechanism of FLYWCH1 inactivation. Considering that GSK-3β-mediated 

regulation of FLYWCH1 could be a key mechanism of this process, we addressed 

the clinical significance of FLYWCH1/GSK-3β expressions and their correlation in 

the patients’ samples. Here, the same TMA library of CRC-tissues was probed with 

a pre-validated GSK-3β antibody. The IHC validation and staining was performed 

under the supervision of Dr Roya Babaei-Jadidi, Division of respiratory medicine, 

University of Nottingham. The intensity of nuclear, and cytoplasmic GSK-3β 

protein expression of epithelial cells was scored by the H-score system, as 

explained above. The interclass correlation coefficient (ICC) test was then 

performed to assess the concordance rate of the two scores (Appendix 5  D and 

E). 
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Figure 3-35 Representative examples of IHC staining of GSK-3β in CRC-

TMA. IHC analysis displayed uniform intensities of nuclear and cytoplasmic 
staining in A) normal samples, and B) tumour samples. Scale bar 200μm. 

 
Generally, similar to FLYWCH1, the GSK-3β was highly expressed in the nucleus in 

the normal tissue cores (Figure 3-35 A). However, GSK-3β staining intensity was 
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variable across the tumour tissues and showed high nuclear and cytoplasmic 

expression (Figure 3-35 B). According to the statistical analysis performed by Dr 

William Dalleywater, the nuclear expression of GSK-3β showed an increasing trend 

with tumour stage, in all tumour segments. While cytoplasmic expression was 

significantly reduced in higher-stage tumours at the advancing edge (Figure 3-36).
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Figure 3-36 Nuclear, and cytoplasmic mean expression of GSK-3β in different 

tumour segments, and pathological T stages. (1, 2, 3, 4 represent T1, T2, T3, T4 
stages), *=P ≤ 0.05. 

 
 
Interestingly, in higher T-stage tumours, the cytoplasmic expression of FLYWCH1, 

and GSK-3β was reduced compared to lower T-stage tumours. Additionally, a 

correlation between tumour, and normal expression of both FLYWCH1, and GSK-

3β was observed. Therefore, tumour expression was standardised to normal 

tissue. This accounted for differences in biological activity at baseline (Figure 3-

37). Moreover, the association of cytoplasmic/nuclear expression of both 

FLYWCH1 and GSK-3β was evaluated in relation to various clinicopathological 

parameters (Figure 3-38). 
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Figure 3-37 The correlation of FLYWCH1/GSK-3β expression in CRC-TMA. Nuclear, and cytoplasmic expression of FLYWCH1, and GSK-
3β is correlated between maximum expression across all tumour segments, and adjacent normal tissue. 
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Figure 3-38 The association of FLYWCH1, and GSK-3β expression with various clinicopathological parameters. A) T-stage, B) N-stage, 
C) Distant Metastases, D) Tumour local recurrence, E) Perineural invasion and F) Extramural Vascular invasion. FLYWCH1(C)= FLYWCH1 
cytoplasmic expression group, FLYWCH1(N)= FLYWCH1 nuclear expression group, GSK-3β(C)= GSK-3β cytoplasmic expression group, and 
GSK-3β (N)= GSK-3β nuclear expression group, (*=P ≤ 0.05). 
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As shown in Figure 3-38 B, low cytoplasmic FLYWCH1 expression was significantly 

associated with an increased rate of higher stage (N1+) lymph node metastases, 

reflecting a higher number of lymph nodes, involved. Likewise, high cytoplasmic 

GSK-3β expression was also associated with higher stage lymph node involvement 

(Figure 3-38 B). Comparatively, tumours with low cytoplasmic FLYWCH1 also 

showed a trend towards higher rates of distant metastases (Figure 3-38 C). 

Nonetheless, there was no significant association between differential 

FLYWCH1/GSK-3β expression, and vascular invasion (Figure 3-38 F). In follow-up 

data, the association between FLYWCH1/GSK-3β expression at the time of 

diagnosis, and subsequent recurrence of the tumour was evaluated. High nuclear 

FLYWCH1 expression was associated with a significantly greater rate of local 

recurrence when compared to low expression (Figure 3-38 D). This suggested that 

nuclear FLYWCH1 could be a useful predictive marker of tumour recurrence. 

Furthermore, low cytoplasmic FLYWCH1 expression was associated with a strong 

trend towards increased rates of perineural invasion (Figure 3-38 E). 

Our clinical data revealed that loss of nuclear and low FLYWCH1 expression is 

correlated with CRC progression and poor pathological parameters. However, 

focusing on the effect that nuclear expression of FLYWCH1 might have on overall 

survival (OS) via Kaplan-Meier analysis showed no statistical significance between 

patient groups of low versus high nuclear expression of FLYWCH1 (Figure 3-39 A, 

P = 0.77). Likewise, no statistical significance had been discovered between 

patient groups of low versus high GSK-3β nuclear expression with the overall 

survival (Figure 3-39 C, P = 0.159). Nonetheless, the cytoplasmic expression of both 

FLYWCH1 and GSK-3β was significantly associated with the overall survival. (Figure 



Chapter 3: Roles of FLYWCH1 in Intestinal Crypt Growth and CRC 

171 
 

3-39 B, D). Kaplan Meier curves showed a superior overall survival of CRCs with 

high cytoplasmic FLYWCH1 expression compared to low cytoplasmic FLYWCH1 

expression (Figure 3-39 B). In contrast, low cytoplasmic expressors of GSK-3β had 

significantly better survival than those with high cytoplasmic GSK-3β (Figure 3-38 

D). 

 

 

Figure 3-39 Kaplan-Meier modelling of overall survival related to low and 
high tumour expression of FLYWCH and GSK-3β in the nucleus and 
cytoplasm. A) FLYWCH1 nuclear expression, B) FLYWCH1 cytoplasmic 
expression. (High vs. low cytoplasmic expression). Mean survival time–Low 
expressors: 74.9, High expressors: 88.3. HR: 0.72 (95% CI: 0.53 – 0.99), 
n=241/201. C) GSK-3β nuclear expression, and D) GSK-3β cytoplasmic 
expression. (High vs. low cytoplasmic expression), Mean survival time – Low 
expressors: 85.1, High expressors: 75.7. HR: 1.45 (95% CI: 1.01 – 2.06), 
n=199/158. (*=P ≤ 0.05). 
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Interestingly, when we combined FLYWCH1/GSK-3β expressions into a composite 

group, patients with low cytoplasmic FLYWCH1 and high cytoplasmic GSK-3β had 

the shortest OS, while low cytoplasmic GSK-3β and high cytoplasmic FLYWCH1 had 

a better prognostic value (Figure 3-40). 

 

 

Figure 3-40 Kaplan–Meier survival curves depicting outcomes of overall 
survival (OS) according to the cytoplasmic expression of FLYWCH1/GSK-3β. 
In this model, FG = 1 is high cytoplasmic GSK-3β /low cytoplasmic FLYWCH1. 
FG = 0 is either low cytoplasmic GSK-3β and low cytoplasmic FLYWCH1 or high 
cytoplasmic GSK-3β and high cytoplasmic FLYWCH1. FG = 2 is low cytoplasmic 
GSK, high cytoplasmic FLYWCH1. (*=P ≤ 0.05). 

 

To sum up, our data showed a significant correlation between low cytoplasmic 

FLYWCH1 expression with CRC staging and patients’ overall survival. We further 

revealed an inverse correlation between cytoplasmic expression of FLYWCH1 and 

GSK-3β. The combination of low cytoplasmic FLYWCH1 and high cytoplasmic GSK-

3β conferred a worse prognosis and shorter OS, on the clustering analysis. 
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Findings together point toward a potential clinical impact of FLYWCH1 expression 

in CRC, highlighting the significance of FLYWCH1 localisation in CRC staging and 

tumour progression. 

 

3.3 Discussion 

We previously indicated a significant tumour suppressive function of FLYWCH1 in 

CRC cells by regulating the transcriptional activity of β-catenin/TCF4 (198). 

However, all observations were focused on the late-stage, or metastatic CRC. This 

is the first study to explore the biological implications, functions, and regulation 

of FLYWCH1 in normal intestinal cells versus cancer cells. 

On the strength of previous findings in our lab (Chapter 1, Figure 1-12), we 

predicted that FLYWCH1-crypt expression might be crucial for intestinal crypt 

growth. Henceforth, using 3D intestinal organoid model, as a representative tool 

for mimicking the in-vivo intestinal structure (313, 314), we modelled the effect of 

FLYWCH1-depletion on intestinal cells proliferation and growth. So far, organoid 

systems have a proven ability as robust and promising research tools within many 

research areas. They can be used as significant experimental or diagnostic tools, 

and new attractive therapeutic tools (315). Moreover, owing to their strict 

dependence on Wnt signaling, employing intestinal organoids in this study offered 

an opportunity to examine FLYWCH1 roles in regulating Wnt-driven activities in 

normal physiology and cancer. 

Our data showed that loss of FLYWCH1 drives a hyperproliferative phenotype of 

normal intestinal organoids and significantly accelerates their growth. The 
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expression of the proliferation marker Ki-67 paralleled the growth characteristics 

in FLYWCH1 depleted organoids, where it was strongly expressed in the basal area 

of the crypt but low in the control organoids. Cell hyper-proliferation is known to 

be the first cytological and histological evidence of abnormal epithelial growth, 

which might give rise to aberrant crypts and may eventually develop into 

adenomas and invasive adenocarcinoma, over time (316).  

Several genetic changes occur in the epithelial cells long before any visible changes 

in the mucosal structure. Gradually, these changes alter the regular cellular 

activity leading to abnormal growth and/or differentiation (317). In this sense, we 

showed that FLYWCH1-depletion drives significant transcriptional changes in the 

normal organoids to induce their proliferation. Our preliminary data may suggest 

that loss of FLYWCH1 could drive the proliferation by inducing the transcription of 

Lgr5+/Olmf4+ (actively cycling cell markers) and reducing the transcription of 

quiescence Tert+/Lrig1+ cell markers. Several experiments are required at the 

organoid culture to fully address this phenomenon.  

It is plausible that the loss of FLYWCH1 encourages the transition of the relatively 

quiescent position 4 ISCs or (+4 ISCs, Tert+) into actively proliferating cells via 

regulating β-catenin mediated activation of Tert+ cells (318). Suh HN et al. 

reported that Tert+ cells could serve as a reservoir for Lgr5+cells during 

regeneration. More importantly, the report showed that Wnt/β-catenin signaling 

is essential for the transition, and mitotic activation of Tert+ cells (318). Yet, the 

exact mechanism was not fully elucidated. Hence, the potential role of FLYWCH1 

in the β-catenin-induced quiescence exit of Tert+ cells is worth future 

investigations. Our findings generally underline the impact of FLYWCH1 crypt-



Chapter 3: Roles of FLYWCH1 in Intestinal Crypt Growth and CRC 

175 
 

expression for regulating intestinal cell growth and proliferation, in part via its 

suppression activity on Wnt/β-catenin signaling. 

Furthermore, the role of FLYWCH1 in controlling Wnt-mediated tumorigenesis 

was examined in this study using patient-derived CRC organoids (PDOs). 

Intriguingly, the growth-suppressive phenotype reported in the FLYWCH1-

overexpressing PDOs was associated with significant changes in gene signatures 

involved in important Wnt-driven biological activities including migration, cancer 

stemness, and EMT. Therefore, our findings indicated that FLYWCH1 mediates 

changes in the size and growth of tumour organoids, relatively via transcriptional 

regulation of selected Wnt targets. 

Despite all PDOs having common characteristics of CRC tumours, each patient will 

display a unique proteomic signature that can be detected in tumour organoids 

(319). Therefore, it was beneficial to explore the phenotypical and transcriptional 

changes under altered FLYWCH1 expression in two different types of PDOs. 

Interestingly, irrespective of genetic background variation, and characteristics of 

these organoids, enforced FLYWCH1-expression significantly affected their growth 

rates. However, this can be achieved via distinct mechanisms, in a genetic-

background dependent manner. Screening the mutational status of the PDOs used 

in this study would allow for a more specific interpretation of the mechanism by 

which FLYWCH1 acts. Additionally, screening the outcomes of FLYWCH1 

overexpression on a library of different characterised PDOs would enrich our 

understanding of the tumour suppressive functions of FLYWCH1 under various 

tumour microenvironments. 
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Moving forward, our data suggested a likely relevance of altered FLYWCH1 

expression with cancer stem-like properties. It is widely accepted that a small sub-

population of poorly differentiated cancer stem-like cells (CSCs), are responsible 

for drug resistance and relapse (274). CSCs possess the ability to self-renew, 

differentiate, and proliferate like normal stem cells (320). We showed that loss of 

FLYWCH1 enriches CSCs properties, by enhancing the colonosphere forming 

efficiency in SW620 cells. Moreover, our PCR array and gene expressional analysis 

showed significant changes in the gene signatures associated with EMT, and 

cancer stemness. Therefore, we suggest that FLYWCH1 can be inversely correlated 

with Wnt signaling activity in CRC, counteracting the cancer stem cell phenotype 

when ectopically expressed. 

While FLYWCH1 controls β-catenin transcriptional activity, the connection 

between FLYWCH1 and the Wnt/β-catenin signaling can be more complicated 

than initially thought. Prior to this study, it was unclear how FLYWCH1 is 

endogenously regulated in normal intestinal cells and tumour cells. We here 

proposed FLYWCH1 as a new downstream target of the Wnt/β-catenin signaling 

pathway that is regulated through nuclear/cytoplasmic shuttling. Findings here 

provide a significant contribution to our knowledge regarding FLYWCH1 regulation 

by Wnt/β-catenin signaling in normal versus cancer cells.  

When Wnt signaling was activated by Wnt3A-CM both transcriptional and 

translational activity of FLYWCH1 were suppressed. This was coinciding with 

cytoplasmic translocation of FLYWCH1 and reduction in the nuclear expression. It 

is well-known that the function of several TFs involved in Wnt/β-catenin (e.g. 

Chibby, Axin2, GSK-3β etc.) is determined by their cellular distribution (321-323). 
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Henceforth, FLYWCH1 functions may also be affected by changes in the cellular 

distribution.  

Furthermore, despite having defined mechanisms for nuclear imports and exports, 

the stability, functions, and activity of a protein in each cellular compartment are 

mainly determined by PTM modifications (324, 325). It should be emphasized that 

both post-transcriptional and post-translational modifications contribute 

substantially to regulate the fate of the protein under different stimuli. While 

alternative splicing and RNA-mediated silencing control the amount of specific 

transcripts (326, 327), after translation, a protein can be modified by a plethora of 

molecules that in turn modulate its activity, subcellular localisation and half-life 

(328). These modifications may occur at different levels during the 

transcriptional/translational process, whilst also acting on the same 

transcript/protein target. Predominantly, the PTM status of a protein controls its 

N/C shuttling and subsequent activation or degradation (328). Although FLYWCH1 

has a defined NLS, the fundamental aspects of FLYWCH1 shuttling and how Wnt 

activation influences FLYWCH1 localisation remains undefined. Likewise, 

mediators involved in FLYWCH1 shuttling require further exploration. 

In this study, we explored the potential PTMs and studied the half-life and stability 

of FLYWCH1. These are all crucial aspects for addressing the modes of regulation 

and accelerating future identification of mechanisms by which FLYWCH1 can be 

controlled in cancer cells. Initial screening of PTMs on the FLYWCH1 protein 

sequence revealed various phosphorylation, ubiquitination and SUMOylation sites 

within its sequence. Protein phosphorylation is a well-established mechanism for 
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stress signal transmission (328, 329). Ubiquitin and SUMO conjugations are also 

major post-translational regulatory processes in all eukaryotes (330-332). For 

example, SUMOylation of a target protein can influence protein stability, 

subcellular localisation, protein-protein interactions and/or transcriptional 

activity (330, 333). Like the case of PLK1 protein, where SUMOylation causes its 

nuclear import and significantly increases the protein stability (334). Another 

example is the Transducin β-like proteins (TBL1-TBLR1), a transcriptional 

coactivator, that is SUMOylated in a Wnt signaling-dependent manner. The 

SUMOylation of TBL1 and TBLR1 releases TBL1-TBLR1 from the NCoR/SMRT 

corepressor complexes and consequently leads to Wnt signaling activation (335). 

Overall, the combination of different modifications shapes the final amount of the 

targeted protein and its corresponding process/function. 

To explore this, we first studied the stability and turn-over rate of FLYWCH1 

protein and subsequently examined the outcome of BIO on FLYWCH1 protein 

stability. Our results revealed that FLYWCH1 is a short-lived protein with a 

maximum half-life of 2h (Figure 3-28 A). Remarkably, the half-life of FLYWCH1 

protein in cells treated with BIO was approximately 2 times longer than that of 

untreated FLYWCH1 (Figure 2-28 B). While GSK-3β is a well-established kinase that 

regulates the localisation and functions of several TFs such as Snail (301, 302), Slug 

(302), FoxM1 (336)and c-Myc (337), our data indicates a potential regulation of 

FLYWCH1 stability, possibly via GSK-3β mediated PTMs. 

Further preliminary in-vitro phosphorylation assay suggested that FLYWCH1 could 

be maintained in the nucleus by phosphorylation (at Ser/Thr). Wnt activation/GSK-
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3β inhibition hindered the phosphorylation of FLYWCH1 (Appendix 4). Overall, the 

current findings imply that the localisation of FLYWCH1 is highly dynamic under 

Wnt modulation. We propose that Wnt-mediated regulation and translocation of 

FLYWCH1 is primarily achieved by GSK-3β dependent mechanism(s). However, 

further research is necessary to explore whether FLYWCH1 is a direct substrate of 

GSK-3β. Specifically, studies that identify and manipulate GSK-3β phosphorylation 

motifs in FLYWCH1 would further elucidate this mechanism. Future research 

addressing ‘how FLYWCH1 is maintained in the nucleus, and whether the GSK-3β-

interaction/mediated-phosphorylation is sufficient to maintain the active nuclear 

form of FLYWCH1?’ would substantially enhance our understanding of this 

protein. Moreover, the identification of strategies that enhance the nuclear 

import and stability of FLYWCH1 would provide a novel approach for controlling 

Wnt-mediated tumorigenesis.  

Moreover, we questioned the impact of GSK-3β inhibition on the growth and 

proliferation of FLYWCH1-expressing PDOs. Reports have shown that inhibiting 

GSK-3β in human cortical organoids increased the organoid size and caused 

massive derangement of cortical tissue architecture (338). Alternate research 

(339) has also reported that GSK3 inhibitor increased the colony formation 

efficiency of intestinal stem cells through Wnt signaling (339). 

We showed that BIO treatment significantly induces the proliferation of CRC-

PDOs, as proven by WST-1 assay. Whilst FLYWCH1OE reduces the proliferation of 

PDOs. BIO treatment in FLYWCH1-overexpressing organoids slightly neutralises 

FLYWCH1’s anti-proliferation effect. Yet, this response was weaker when 

compared to BIO-treated control organoids. Likewise, the expression of Wnt 
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targets and stemness genes was lower in BIO-treated FLYWCH1OE organoids 

relative to BIO untreated control organoids. 

Nonetheless, the outcomes on the differentiation markers were contradictory 

within the different PDOs. The variations might suggest that FLYWCH1/GSK-3β 

might provoke specific responses in a genetic background dependent manner. 

Though, it is yet to be determined whether this mechanism works independently 

or concurrently with other mechanisms to induce specific biological outcomes. 

To sum up, FLYWCH1-overexpression suppressed the growth, Wnt-mediated 

stemness, and metastatic activities in CRC-PDOs. Inhibiting GSK-3β counteracted 

FLYWCH1’s suppression activity. Still, the proliferation of BIO+FLYWCH1-

overexpressing organoids was less than BIO-treated control organoids. 

Accordingly, it can be predicted that GSK-3β plays a role in mediating FLYWCH1 

functions in CRC-PDOs. Further research would enable the discovery of a 

mechanism to decipher and manipulate FLYWCH1’s cellular mechanism(s). 

 

Another new finding of this chapter was addressing the clinical significance and 

relevance of FLYWCH1 expression for CRC patients. FLYWCH1 protein expression 

was examined by scoring and analysing TMA that contained tissue biopsies from 

1000 different cases/stages of CRC cancers. Notably, the nuclear expression of 

FLYWCH1 was significantly repressed in tumour samples compared to normal 

ones. Whereas cytoplasmic FLYWCH1 increased in tumour tissues. 

Moreover, the statistical analysis indicated a disparate expression of FLYWCH1 

within different CRC segments/stages. Whereby cytoplasmic FLYWCH1 expression 

was significantly lower at the late stages in intratumoural and the advancing edge 
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segments of the tumour. This indicates a potential loss of expression in the late 

stages of CRC. 

We further studied the expression of nuclear versus cytoplasmic GSK-3β and 

addressed its correlation with FLYWCH1 expression. GSK-3β expression in tumours 

was localised in both cytoplasmic and nuclear compartments. We identified a 

statistically significant association between the high nuclear/and the low 

cytoplasmic GSK-3β expression with the advanced stages. GSK-3β overexpression 

has been linked to adverse tumour features in many cancers (340-342). Our 

findings are consistent with the reported association between high expression of 

GSK-3β with the shorter survival and worse prognosis of colon carcinomas (343). 

Other observations entailed, low cytoplasmic FLYWCH1, as well as low 

nuclear/high cytoplasmic GSK-3β, is associated with markers of poor prognosis (T-

stage, N-stage, local recurrence) in colorectal adenocarcinoma. The survival curve 

showed that patients with high cytoplasmic FLYWCH1 had significantly better OS 

than those with low FLYWCH1 expression. We also showed that the combination 

of the low cytoplasmic FLYWCH1 and high cytoplasmic GSK-3β expression status 

had the worse survival. While the group with high cytoplasmic FLYWCH1/low 

cytoplasmic GSK-3β had a better prognostic value. 

The nuclear expression of FLYWCH1 was very low in tumour tissues, and the 

association between higher versus lower nuclear expression of FLYWCH1 with the 

OS was not significant. This could be because only a few tumour samples 

expressed FLYWCH1 in the nucleus. FLYWCH1 expression was mainly cytoplasmic 

in tumour tissues. However, it had to be noted that FLYWCH1 cytoplasmic 

expression was undergoing a gradual reduction at the higher CRC stages.  
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Overall, low expression of FLYWCH1 was associated with a more advanced tumour 

stage and worse overall survival in CRC. To the best of our knowledge, this is the 

first study to identify the expression of FLYWCH1 as a potential marker for overall 

survival and establish an association of FLYWCH1/GSK-3β expression in CRC. 

Future studies will seek to address FLYWCH1 localisation as an indicator of patient 

survival and therapy outcomes. 

In conclusion, our findings together indicate that FLYWCH1 can be switched off 

during CRC progression via delocalisation of FLYWCH1 protein into the cytoplasmic 

compartment. This could be trigged by PTMs such as phosphorylation and 

ubiquitination. However, FLYWCH1 inactivation is not typically limited to Wnt-

mediated cytoplasmic shuttling but could be a consequence of various mutations 

in the FLYWCH1 gene. 

Holistically, experiments indicated that upon Wnt stimulation, FLYWCH1 is 

downregulated and translocated into the cytoplasm in different cell lines. This 

proposes a likely model of FLYWCH1 inactivation during tumorigenesis. Clinical 

data presented here uncover a potential value of FLYWCH1 as a biomarker for CRC 

patients, which urges the need for future studies addressing FLYWCH1 as an 

indicator of patient survival and therapy outcomes. While it has not been 

examined in other tumours, it would be interesting to test whether differential 

cellular localisation of FLYWCH1 in various cancer cells may determine the 

response to the increased Wnt signaling.
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4.1 Summary 

Human cells are continuously under various endogenous and exogenous stresses, 

which may ultimately result in DNA damage. The maintenance of genome stability 

is of paramount importance for cell viability. Thus, cells have evolved multiple 

pathways, including the DNA damage response (DDR) pathway, to preserve 

genomic integrity and function (344, 345). The molecular mechanisms governing 

these processes are detailed and complex, with an immense interplay between 

the various signaling pathways. Nevertheless, the cellular response to DNA 

damage and the efficiency of the repair machinery are the main determinant of 

patient outcomes following treatments, especially as the majority of anti-tumour 

therapies exploit DNA damage to target the rapidly dividing cancer cells. 

Therefore, understanding and identifying novel players that govern the DNA repair 

process is crucial to improving anti-tumour therapies' effectiveness and 

developing novel targeted strategies.  

Although FLYWCH1 belongs to Cys2-His2 (C2H2)-type Zinc Finger Protein family, 

knowledge regarding FLYWCH1 requires greater exploration. Several C2H2 

domain-containing proteins have emerged as critical players in repairing DNA 

double-strand break (DSB) (346-348). Enigmatically, a noticeable similarity is 

perceived between DNA-damage foci and nuclear foci formed by FLYWCH1. 

Henceforth, a preliminary idea exploring the genes that share similar function to 

FLYWCH1 based on their interactions was created by employing proteomic 

prediction tools named STRING (https://string-db.org) (349) and GeneMANIA 

(http://genemania.org) (Figure 4-1) (350). These computational approaches 



Chapter 4: FLYWCH1 is a new player in DNA-damage repair pathway 

185 
 

integrate all known and predicted associations between proteins, including both 

physical interactions as well as functional associations. This is based on data using 

patterns of gene co- annotation in the Gene Ontology biological function hierarchy 

(351). Our screening revealed substantial similarities and meaningful potential 

interactions of FLYWCH1 with proteins involved in DNA damage and repair, such 

as breast cancer type 1 susceptibility protein (BRCA1) and MDC1 (Figure 4-1 A, B). 

The potential interaction of FLYWCH1 with MDC1 protein is based on 

experimental evidence of protein-protein interaction reported in (352). 

 

  

A 
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Figure 4-1 Predicted Protein interaction network generated by A) 
GeneMANIA software (351), showing association data including potential protein 
and genetic interactions, pathways, co-expression, co-localisation and protein 
domain similarity B) STRING software (353), the interactions include direct 
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(physical) and indirect (functional) associations; they stem from computational 
prediction, and from interactions aggregated from other (primary) databases. 

 

Indeed, the localisation of proteins to DNA damage sites is believed to be a 

hallmark of participation in the DNA damage and repair processes (354). At the 

site of DNA double-strand breaks (DNA-DSB), several proteins such as γH2AX, 

ATM, 53BP1, RAD51, and the MRE11/RAD50/NBS1 complex accumulate and/or 

modify to form microscopically visible subnuclear foci (355-357).  

The following study is novel in assessing the expression, role, and regulation of 

FLYWCH1 in the context of DNA-damage response signaling pathways. 

Interestingly, we here uncover a significant similarity between DNA-damage 

formed foci and FLYWCH1 nuclear foci. We showed a direct effect of FLYWCH1 

expression on the H2AX phosphorylation independent of ATM protein. 

Additionally, for the first time, we envisaged the regulation of endogenous 

FLYWCH1 under the various DNA-damage stimuli. With a further clinical 

investigation in the future, such knowledge may not only lead to a better 

understanding of the complicated DDR signalling mechanisms but may also offer 

a new target for anticancer therapies. 

 

4.2 Results 

4.2.1 FLYWCH1 is localised in nuclear speckles and co-localised with 

gH2AX 

In Chapter 3, we demonstrated the FLYWCH1 protein in both nuclear and 

cytoplasmic compartments of the colon tissues and various cell lines. The nucleus 
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contains various punctuate structures associated with transcription factories, such 

as PML bodies, Cajal bodies, and nucleolus (358, 359). Additional nuclear domains 

were also described comprising cleavage bodies, nuclear stress bodies, histone 

locus bodies, and DNA damage foci (358, 359). Various sub-cellular localisations 

may contribute to regulating nuclear pathways and differing biological activity 

(360, 361). Thus, understanding the sub-cellular distribution of FLYWCH1 may be 

crucial for understanding its biological functions. Previously, in our laboratory, Dr 

Emenike K. Onyido (2016) analysed the relationship between the nuclear pattern 

of FLYWCH1 and the mechanisms involved in the formation of foci, such as splicing 

activity. Following the observation of several nuclear speckles markers, findings 

indicated FLYWCH1 is co-localised with splicing factor SC-35 using an anti-

FLYWCH1 antibody that was the only commercially available from Santa Cruz. 

However, all knockdown and overexpressing FLYWCH1 studies showed that the 

anti-FLYWCH1 antibody (from Santa Cruz) is non-specific. Furthermore, Dr Onyido 

showed that FLYWCH1 was not involved in the splicing activity (Santa Cruz 

discontinued this antibody). To this end, fortunately, with the recent development 

of anti-FLYWCH1 antibody, we were able to evaluate the specificity in 

overexpressing GFP-FLYWCH1, MYC-FLYWCH1 and FLYWCH1-knockdown 

experiments of the current commercial antibody from Sigma (Prestige) as outlined 

in chapter 3 (Section 3.2.2). 

Next, we carried out the co-localisation studies of FLYWCH1 with known 

mechanisms that are involved in the formation of nuclear foci (such as DNA 

damage foci, chromatin foci, RNA foci and splicing activity). However, as the 

majority of antibodies used in this study were raised in the same host (Rabbit) with 
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our new anti-FLYWCH1 antibody, we had to transiently transfect the cells with 

GFP-tagged FLYWCH1 (GFP-FLYWCH1) for immunofluorescence colocalisation 

studies with the γH2AX, 53BP1, Drosha, HP1BP3 and HP1a antibodies.  

The γH2AX encodes the phosphorylated form of H2AX (Ser139), a biomarker for 

DNA double-strand breaks (DSB) (356). 53BP1 encodes tumour suppressor p53 

binding protein 1, an important DNA damage response factor (355). Drosha is a 

double-stranded RNA-specific ribonuclease (RNase) III, and a subunit of the 

microprocessor protein complex, contributing to DDR activation by generating 

small non-coding RNAs (362). HP1BP3, or heterochromatin protein 1 binding 

protein 3, is a novel chromatin-binding protein (363). HP1a (heterochromatin 

protein 1 isoform a) is the main factor responsible for heterochromatin 

maintenance and gene silencing and is necessary for binding the main DNA 

damage-related protein 53BP1 at DNA repair foci (364).  

The initial co-localisation study with γH2AX, 53BP1, and Drosha in TIG119 cells, 

indicated a co-localisation of GFP-FLYWCH1 with γH2AX, but not Drosha or 53BPI 

(Figure 4-2). These were therefore excluded from the ensuing experiments. 

Unexpectedly, apart from the co-localisation with γH2AX, an upregulation of 

γH2AX was detected in GFP-FLYWCH1-expressed cells compared to control cells 

(Figure 4-2 B, arrowhead).  
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Figure 4-2 Immunostaining shows co-localisation of GFP-FLYWCH1 with 
γH2AX in TIG119 cells. Cells were transfected with A) GFP-tagged FLYWCH1, 
fixed and stained with B) γH2AX, C) 53BP1, D) Drosha and E) Anti-FLYWCH1 
antibody (used as a positive control, confirming GFP-tagged FLYWCH1 
exogenous expression). F) Negative control (N.P, no primary antibody). 
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Arrowheads in B show representative co-localised FLYWCH1 and γH2AX foci. 
Dotted boxes indicate enlarged cell/s. Magnification, 100x. Scale bars, 7.5μm. G) 
Quantification analysis showing the percentage of GFP-FLYWCH1 foci that co-
localise with γH2AX. The number of foci formed by GFP-FLYWCH1was counted 
in 80 cells (from two independent experiments) and the percentage of co-localised 
foci was calculated and averaged. Data represent the mean of co-localisation %, 
and error bars indicate the standard deviation. 

 

Next, to study the co-localisation in CRC cells, HCT116 cells were transiently 

transfected with GFP-tagged FLYWCH1 and were then co-stained with HP1a, 

HPB1P3, and γH2AX (Figure 4-3). Our results below indicated that GFP-FLYWCH1 

does not co-localise with HP1BP3 or HP1a. However, similar to the TIG119 cells, 

γH2AX was induced in GFP-FLYWCH1-expressing cells, in HCT116 cells (Figure 4-3 

B, arrowhead). 
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Figure 4-3 Immunostaining shows the co-localisation of GFP-FLYWCH1 with 
γH2AX in HCT116. A) Schematic representation of GFP-tagged FLYWCH1 
(GFP-FLYWCH1) construct. HCT116 cells were transfected with GFP-
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FLYWCH1, fixed, and stained with B) γH2AX, C) HP1a, D) HP1BP3, E) anti-
FLYWCH1 antibody staining confirms GFP-tagged FLYWCH1 exogenous 
expression (positive control), F) is a Negative control (N.P, no primary antibody). 
Arrowheads in B show representative co-localised FLYWCH1 and γH2AX foci. 
Dotted boxes indicate enlarged cell/s. Magnification, 100x. Scale bars, 7.5μm. G) 
Histogram shows the percentage of FLYWCH1 foci that co-localise with γH2AX. 
Data are represented as the mean of co-localisation % obtained from two 
independent experiments; error bars indicate the standard deviation. 

 

While the minor histone H2A variant is a biomarker for DNA double-strand breaks 

(DSB), the phosphorylation of H2AX at ser-139 is one of the most well-established 

chromatin modifications linked to DNA damage and repair (365). The 

phosphorylation of H2AX (Ser139) occurs in response to DSB formation and plays 

a role in the assembly of DNA repair proteins at the sites of damage and activation 

of checkpoints protein (356). The co-localisation, and the induction of γH2AX in 

FLYWCH1-expressing cells (Figures 4-2 and 4-3) led to the speculation that 

FLYWCH1 protein may play a role in the DNA-damage response pathway. 

Therefore, we aimed to investigate how FLYWCH1 mediates its effect on H2AX, 

and whether FLYWCH1 requires DNA damage and DBS break (a.k.a DNA-damage 

dependent). Initially, we examined the effects of DNA damaging agents (i.e UV and 

Cisplatin) on the endogenous expression level and pattern of FLYWCH1, in human 

fibroblast and CRC cell lines. 

 

4.2.2 The effects of UV-radiation on FLYWCH1 expression in normal 

versus CRC cells 

 Ultra-violet light is a classical DNA-damage agent that induces H2AX 

phosphorylation (366). Here, its influence on endogenous FLYWCH1 expression 
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was examined in different cell lines. Initially, cells were cultured either on 

coverslips (for IF staining), or on 10cm dishes, for protein extraction. Confluent 

cells were then exposed to 50mJ/cm2 UV light using UV-crosslinker (STRATAGENE 

UV Stratalinker 1800, UK). 3h later, cells were fixed and stained for IF assay or 

lysed for WB analysis. For control conditions, untreated cells were cultured at the 

same time and followed similar conditions without exposure to UV. The activation 

of the ATM/ATR signalling pathway in response to UV-induced DNA damage was 

initially validated by monitoring the foci formed by H2AX and ATM before and 

after UV-light treatment (Figure 4-4). 

 

Figure 4-4 Validation of UV-light treatment in TIG119 cell line. Cells were 
exposed to 50mJ/cm2 UV light and immunostained with A) ATM and B) 
γH2AX, as a positive control for UV-induced DNA damage response. Images 
demonstrate the induction of ATM and γH2AX following UV treatment. Nuclei 
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were detected with DAPI-blue fluorescent stain. Magnification, 100x. Scale bars: 
7.5μm. 

 
Afterwards, FLYWCH1 expression was studied in these cells by IF and WB analysis. 

As shown below, IF staining of endogenous FLYWCH1 in TIG119, and CRC cells, 

revealed an increase, but no changes in the expression pattern, after UV-exposure 

(Figure 4-5 A, B). Further investigation by WB analysis indicated a significant 

induction in FLYWCH1 protein expression in the UV+treated TIG119 and CRC cells 

(Figure 4-5 C, D). This was also supported by a significant upregulation of FLYWCH1 

transcription, as demonstrated by qRT-PCR analysis (Figure 4-5 E). These results 

together verified the induction of both FLYWCH1 mRNA and protein level in 

response to UV-mediated DNA damage. 
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Figure 4-5 UV-treatment induces the endogenous FLYWCH1 expression in 
TIG119 and CRC cell lines. A, B) IF staining and quantification showing the 
effect of UV on the expression level and pattern of FLYWCH1, Magnification, 
100x, Scale bars: 7.5μm. The relative fluorescence intensity (fold) was measured 
using ImageJ software. C) WB analysis confirming the upregulation of FLYWCH1 
protein in UV treated cells. Cells were synchronized by starvation in serum-free 
medium before treatment with UV (50mJ/cm2), 100μg of total cell total lysates was 
loaded in 4-20% gradient pre-cast gel. N=4. D) Graphs show the relative 
densitometric quantification of FLYWCH1 band intensities normalized to β-actin 
and presented as the mean fold changes obtained from three independent 
experiments. E) qRT-PCR analysis of FLYWCH1 mRNA in TIG119 and CRC cells 
following UV-treatment. mRNA expression was obtained by using the 2^-(∆∆Ct) 
method. Experiments were carried out in triplicates and repeated on three 
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independent occasions, data are mean and SD (**= P ≤ 0.01, ***= P ≤ 0.001, ****= 
<0.0001). P-values were estimated by Student's t-test 

 

In parallel, the impact of enforced-FLYWCH1 expression on some key DDR-

proteins was examined and compared to UV-mediated outcomes. For this, TIG119 

Myc-control and MYC-tagged-FLYWCH1-IRES-GFP (MYC-FLYWCH1OE) 

overexpressing cells were treated (or untreated) with UV-light. Cells were then 

analysed by IF staining and WB for the expression of several DDR proteins and 

endogenous FLYWCH1 protein (Figure 4-6).  
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Figure 4-6 The association of FLYWCH1 expression in UV-mediated DNA 
damage. A) WB analysis demonstrates the recruitment of DDR proteins in 
response to UV exposure under normal versus enforced FLYWCH1 expression. 
Protein lysates (120μg) extracted from UV-treated, and untreated fibroblasts were 
immunoblotted with the indicated antibodies. Histograms represent quantification 
of B) γH2AX (ser139), C) FLYWCH1, D) ATM, E) p53, F) ATM (ser1981) and 
G) p53(ser15), band intensities normalized to β-actin. Data are represented as the 
mean of fold change obtained from three independent experiments; error bars 
indicate the standard deviation. (ns; not significant, *, p < 0.05; **, p < 0.01, ***= 
P ≤ 0.001, ****= <0.0001). 

 

The activation of ATM/ATR signalling pathway, in response to UV-induced DNA 

damage, was confirmed by the induction of H2AX and ATM protein level, before 

and after UV-treatment (Figure 4-6, left panel). In line with co-localisation data, 

FLYWCH1OE–induced γH2AX protein was higher than that caused by UV treatment. 

Likewise, FLYWCH1OE cells showed an elevated level of ATM, p53, p53(Ser15) 

proteins, regardless of UV-treatment condition. This suggests a positive 

correlation between FLYWCH1 expression and γH2AX induction (ATM/ATR 

activation). 

Collectively, our data implied an impact of FLYWCH1 expression on H2AX 

phosphorylation, and foci formation. Since the ATM/ATR pathway is the main 

signalling pathway implicated in UV-mediated DNA damage (366), it can be 

predicted that the recruitment and activation of ATM/ATR kinases could be the 

essential mediator to execute FLYWCH1’s effect on γH2AX. Therefore, using 

CRISPR-Cas9 technology, we generated a stable ATM knockout model in TIG119 

cells. This was particularly useful in revealing FLYWCH1’s relationship with ATM 

expression and ATM-dependent DNA-damage repair functions. 
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4.2.2.1 FLYWCH1-mediated induction of phosphorylated H2AX level is 

independent of ATM protein 

Through our work, an ATM-knockout (ATMKO) model of TIG119 cells and HCT116 

cell lines was generated (219). To achieve this, an ATM-gRNA-CRISPR plasmid 

construct was used (Figure 4-7). The construct was previously generated in our 

laboratory by Dr Makhliyo Normatova. Specifically, ATM gRNA was cloned into 

pSpCas9 (BB)-2A-Puro (pX459) (Addgene plasmid ID 48139) backbone vector. The 

provided plasmid construct was amplified, and revalidated by DNA-sequencing, 

using U6-Forward primer as shown in Figure 4-7 B. 

 

 

Sequencing Output:

AGGCCCTTTCCCGTTTTATGATTTAAAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC

CGAGTCGGTGCTTTTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTTTTAGCGCGTGCGCCAATT

CTGCAGACAAATGGCTCTAGAGGTACCCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCC

GCCCATTGACGTCAATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCAC

TTGGCAGTACATCAAGTGTATCATATCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTG

TGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTCGAGG

TGAGCCCCACGTTCTGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTA

TTTTGTGCAGCGATGGGGGCGGGGGGGGGGGGGGGG

TGGCACCGAGTCGGTGCTTTTT
ACCGAGGCTCAGCCACGAAAAA

A   

B 
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Figure 4-7 Validation of the ATM-CRISPR construct used in this study. A) 
Diagram of the plasmid construct map. The construct contains resistance genes for 
Ampicillin and Puromycin, and the U6 promoter drives expression of the guide 
RNA (sequence in red box). B) The sequencing readout of the amplified plasmid 
downstream of the U6 promoter. The green and red text show the desired gRNA 
sequence. This was verified through automated DNA sequencing (Sequencing 
Facilities, Queen’s Medical Centre, Nottingham University). 

 

Initially, TIG119 cells were transfected with ATM-CRISPR construct. After 10 days 

of puromycin selection, the cells were diluted into one cell/well, and distributed 

among a 96 well-plate to encourage the growth of colonies derived from a single 

cell. For validation purposes, these colonies were further examined for ATM 

expression via WB and IF staining (Figure 4-8 A, C), and the expression of FLYWCH1 

was thence investigated (Figure 4-8 B, C). 
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Figure 4-8 The depletion of ATM in TIG119 cells has no effects on the endogenous FLYWCH1 level and pattern. A, B) Immunofluorescence 

staining of the ATM protein and FLYWCH1 in TIG119, validating the depletion of ATM in the KO cells, and showing no underlying changes of 

FLYWCH1 level, magnification 100x. Scale bars: 7.5μm. C) Western blot analysis, and D) quantification of ATM
WT 

versus ATM
KO 

TIG119 cells. 

β-actin was used as a control. Experiments were repeated in three independent times. (ns; not significant, ***= P ≤ 0.001). 
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As demonstrated in Figure 4-8 C, WB analysis revealed no detectable levels of ATM 

protein in the ATMKO lysates compared to the untransfected cells (ATMWT), 

indicating the successful knockout. This was backed up by IF staining of ATM 

protein (Figure 4-8 A), where the ATMKO cells showed a reduction in ATM staining 

compared to the control cells. Furthermore, the endogenous expression of 

FLYWCH1 was studied in the ATMKO cells by IF and WB assays. Initial screening 

showed no notable differences in the protein level and/or the pattern of FLYWCH1 

in ATM-depleted TIG119 cells (Figure 4-8). 

Furthermore, several attempts by James Coulton (M.Sc. student) were undertaken 

to generate ATMKO in HCT116 cell lines, using a similar strategy and construct. 

However, it was immediately apparent that the ATM knockout had a significant 

impact on growth, morphology, and cell proliferation in CRC cells (Appendix 6). 

Substantial difficulty was experienced in culturing enough cells, and due to time 

restrictions, it was not possible to carry out the intended experiments in HCT116 

cells knockout for ATM. So, TIG119-ATMKO cells were the only ATMKO model used 

for further experiments. To further assess the need for ATM protein in FLYWCH1-

mediated induction of γH2AX, FLYWCH1 was overexpressed in both control 

(ATMWT) and ATMKO cells (Figure 4-9). The effects on γH2AX foci formation and its 

co-localisation with FLYWCH1 were thence examined. 
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Figure 4-9 FLYWCH1-mediated induction of phosphorylated H2AX level is independent to ATM protein. A) WB analysis showing that 
ectopic expression of FLYWCH1 induces γH2AX in both cells regardless of ATM depletion. 120ug of protein was loaded in 4-20% gradient 
precast gel, experiments were repeated in two independent occasions. B) Quantification analysis of ATM, γH2AX and FLYWCH1 relative protein 
expression following normalization with β-actin, Data are represented as the mean fold change obtained from two independent experiments (ns; 
not significant, *, p < 0.05; **, p < 0.01, ***= P ≤ 0.001, ****= <0.0001). P-values were estimated by Student’s t-test. C, D) IF staining confirming 
the induction and co-localisation of FLYWCH1 (GREEN) with γH2AX foci (RED) in the absence of ATM protein, dotted boxes are magnified 
cells. Arrowheads in C & D show representative co-localised GFP-FLYWCH1 and γH2AX foci. Magnification: 100x, Scale bars: 7.5μm. E, F) 
Histograms show the mean of the percentage of FLYWCH1 foci that co-localise with γH2AX obtained from two independent experiments; error 
bars indicate the standard deviation. 
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As demonstrated in Figure 4-9 A, in the control cells, enforced-FLYWCH1 

expression induced both ATM and γH2AX proteins. However, more importantly, 

overexpressing FLYWCH1 in ATMKO cells was sufficient to induce the foci formed 

by γH2AX irrespective of ATM expression (Figure 4-9). Accordingly, these results 

imply that FLYWCH1-mediated phosphorylation of H2AX could be independent of 

ATM activation. Therefore, the ATM regulated activity of FLYWCH1 can be 

excluded in TIG119 cells. Nevertheless, more information is required regarding the 

potential effects of ATM alterations, and other possible kinases, such as ATR and 

DNA-PKcS on FLYWCH1 expression in CRC cells.  

 

4.2.3 Cisplatin treatment reduced FLYWCH1 protein level in SW480, 

DLD-1, and SW620 but not in HCT116 

Considering the effects of UV-treatment on endogenous FLYWCH1 protein, the 

response to different DNA-damaging mediators was investigated by applying a 

Chemotherapeutic treatment (Cisplatin) strategy as another well-established type 

of DNA damaging agent. Cisplatin is an antitumor drug widely used to treat several 

types of cancer, targeting the genomic DNA, causing adducts that block 

transcription and synthesis of DNA, and leading to cell death if not appropriately 

repaired (367, 368). Most of the major DNA repair systems are involved in 

removing cisplatin-induced DNA damage. Examples include: nucleotide excision 

repair (NER), mismatch repair (MMR), homologous recombination (HR) and non-

homologous end-joining (NHEJ) (369). Yet, despite the several players that are 

implicated in response to cisplatin treatment, and drug sensitivity in general (e.g. 
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DNA binding and repair, and thiol binding, and drug uptake (368)), a functional 

p53 is known to be essential in the cellular response to cisplatin (370). Therefore, 

employing cisplatin would be useful to address the potential linkage between 

FLYWCH1 and p53-mediated cellular response. To study the effect of cisplatin on 

the FLYWCH1 protein expression, CRC cells were exposed to 16µM of cisplatin for 

24h and 48h. The concentration of cisplatin was determined based on the 

literatures (253, 371), and a piolet optimisation experiment carried in our lab. It 

was indicated that a concentration between 10-20µM is sufficient to induce the 

foci formation by H2AX and activate DNA damage pathway, without causing a 

significant cell death. Thence, cisplatin-mediated DNA damage was validated by 

the activation of γH2AX, as well as the induction of p53. 

 As shown in Figure 4- 10 below, cisplatin treatment triggered a rapid formation 

of γH2AX foci within 24h of treatment. This validates the treatment condition used 

in this experiment. Subsequently, the level of FLYWCH1 was examined in CRC cell 

lines (Figure 4-10 B, E). 
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Figure 4-10 Cisplatin treatment reduces FLYWCH1 protein level 
considerably in CRC cell lines but HCT116. A) IF staining and quantification 

showing the induction and quick foci formation by γH2AX after 24h of cisplatin 

treatment, B) IF staining and quantification showing the effect of cisplatin on 

FLYWCH1 protein level in CRC cells. The relative fluorescence intensity (fold) 

was measured using ImageJ software. Magnification: 100x, Scale bars: 7.5μm. C, 
D) WB analysis and quantification of p53 level in HCT116 and SW480 cells 

following cisplatin treatment (N=2). E, F) WB analysis and quantification showing 

the effect of cisplatin on FLYWCH1 protein expression (N=3). G, H) WB analysis 

and quantification confirm the steady expression of FLYWCH1 in HCT116 cells 

treated with 16μM of cisplatin at different time point. All cells were synchronised 

by starvation in a serum-free medium before treatment and were maintained under 

similar conditions, and passage number. 120μg of protein lysate was loaded per 

well, and protein loading levels are monitored by probing for β-actin. For WB 

quantification, band intensities were normalized to β-actin. Data are represented as 
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the mean fold change obtained from two or three independent experiments; error 

bars indicate the standard deviation. P-values were estimated by Student’s t-test (ns; 

not significant, *, p < 0.05; **, p < 0.01,***= P ≤ 0.001, ****= <0.0001). 

 

Unlike the UV+ effects, we here showed that cisplatin significantly reduces 

FLYWCH1 protein level in all p53-mutated CRC cell lines, except for HCT116 

(p53WT) (Figure 4-10 D-F). FLYWCH1 expression in HCT116 cells was examined 

separately at various time points. This repeatedly demonstrated a stable 

expression of FLYWCH1, when compared to other CRC cell lines (P53mut) (Figure 4-

10, G-H). These observations might imply a p53-dependent notion of FLYWCH1 

response to cisplatin-induced DNA damage.  

Although it was indicated that the HCT116 cell line purchased from the American 

Type Culture Collection (Manassas, VA, USA) is cisplatin-sensitive (372). Yet, Shen 

H et al. has reported that the HCT116 cell line contains a mixture of clones that 

vary broadly in their sensitivity to cisplatin (373). In their study, HCT116 cells were 

plated at single-cell density and several clones were isolated. It was then shown 

that some clones of HCT116 cell lines are cisplatin-resistant, while other cisplatin-

sensitive (373). Accordingly, the steady expression of FLYWCH1 in HCT116 could 

also be due to the possible mixed status of cisplatin-resistant in these cells. 

While cisplatin treatment was validated in HCT1116 cells by the induction of 

γH2AX and p53 (Figure 4-10 A, C), to understand their sensitivity to cisplatin, it 

would be important to examine the apoptosis (e.g., by cell cycle analysis or 

Annexin-V staining) following 24-72h of cisplatin treatment. Likewise, studying 

this under enforced FLYWCH1 expression would be beneficial to examine the 

potential link between FLYWCH1 expression and cisplatin sensitivity. 
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Moreover, as indicated in Figure 4-6 above, enforced FLYWCH1 expression was 

able to induce both the total and active forms of p53 (Ser15) in TIG119, regardless 

of the UV-treatment condition. Therefore, to address the association between 

FLYWCH1 expression and p53 in CRC cells, the impact of enforced FLYWCH1 

expression on p53 was examined by WB (Figure 4-11). 
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Figure 4-11 Expression and activity of p53 under ectopic expression of 
FLYWCH1 in CRC cell lines. A) HCT116, SW480 and DLD-1 cells were 

transiently transfected with Myc-tagged FLYWCH1 to over-express the full length 

of FLYWCH1, protein lysates were immunoblotted with anti-FLYWCH1(to 

validate the over-expression), anti-p53 and p53(Ser15) antibodies. B) Histograms 

show the relative band intensities of FLYWCH1, p53 and p53(Ser15) normalized 

to β-actin and presented as the mean fold change obtained from two independent 

experiments. Error bars indicate the standard deviation. (ns; not significant, *, p < 

0.05; **, p < 0.01,***= P ≤ 0.001). 
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Figure 4-11 revealed that ectopic expression of FLYWCH1 has no significant impact 

on the level/activity of p53 in SW480 or DLD-1 (p53mut, molecular details in 

Chapter 2, Methods Table 2-1). Though, the active form of p53 (Ser15) in HCT116 

(p53WT) was reduced. These findings together would indicate a potential 

contribution of p53 in the mechanism by which FLYWCH1 is regulated in response 

to cisplatin-mediated DNA-damage. However, to elucidate the association 

between the two proteins, further analysis would be essential. For example, 

addressing the impact of p53 inhibition or depletion on FLYWCH1 would be 

necessary to examine the direct effect of P53. 

Despite the substantial role of p53 in cisplatin-induced DNA damage response, 

there is increasing evidence suggesting the contribution of several signalling 

pathways such as Akt, PKC, and MAPKs (e.g., ERK, JNK, and p38 MAPK) in cisplatin 

sensitivity, and cisplatin-induced apoptosis in  p53-negative cells. (369). Thus, 

future experiments using a combination of specific inhibitors of these signalling 

pathways (e.g., Akt (MK2206), MEK (UO126) or Chk1 and Chk2 inhibitors) with 

cisplatin treatment and studying their effect on FLYWCH1 expression would be 

beneficial for understanding the upstream players involved in regulating FLYWCH1 

in DDR. 

Nonetheless, for this chapter, and to ascertain a sparse yet informative 

perspective on the transcriptional signalling outputs activated under altered 

FLYWCH1 expression and cisplatin treatment. qPCR analysis of selected markers 

(p53, P21, RNF8, RAD51C and RUNX2) was carried out in TIG119 cells (Figure 4-

12).  
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Figure 4-12 qRT-PCR analysis of different DNA-damage targets under 
enforced FLYWCH1 expression and cisplatin treatment in TIG119 cells. 
mRNA expression was obtained by using the 2^-(∆∆Ct) method. Each set of 

experiment was carried out in triplicate and repeated on two independent occasions. 

Data are mean ± SD. P-values were calculated using Two-way ANOVA test (ns; 

not significant *=P ≤ 0.05, **= P ≤ 0.01, ***= P ≤ 0.001). 

 

In line with our hypothesis, genes affected by FLYWCH1 alteration were mainly 

p53-dependent targets and, as expected, cisplatin treatment displayed an 

opposing effect to FLYWCH1OE, which aligned with the observed downregulation 

of FLYWCH1 in cisplatin-treated cells (Figure 4-10). 

In cisplatin-treated cells, a significant induction of p53, RUNX2, RNF8 and P21 was 

demonstrated. These findings validate the activation of DNA damage signaling 

following cisplatin treatment. Remarkably, over-expression of FLYWCH1 in TIG119 

cells increased the transcriptional activity of  p53 and P21 (a direct target for p53 

and associated with the cell cycle arrest response(374)). While RNF8 (an ATM-

dependent target (375, 376)) was not affected by FLYWCH1-expression, 

supporting the notion of FLYWCH1’s ATM-independent function. In addition, 
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RUNX2 was significantly reduced by FLYWCH1OE. RUNX2 mediates p53 associated 

DNA damage response by repressing p53-dependent apoptotic cell death 

following DNA damage (377, 378). Likewise, RAD51C was reduced by FLYWCH1-

expression which is crucial for the early and late stages of HR and required for 

ATM-mediated phosphorylation of CHK2 (379). 

Our preliminary findings propose that FLYWCH1 might be involved in mediating 

p53 output signals. Results also imply a contribution of p53-mediated signalling on 

FLYWCH1’s functions and regulation. Though, further investigations are still 

required, these initial observations suggest a potential new role of FLYWCH1 in 

DNA-damage response signaling pathways.  

 

4.3 Discussion 

This chapter explores a new potential role of FLYWCH1 protein in the DNA-damage 

response signaling pathways. The tumour-suppressive function of FLYWCH1 is 

undoubtedly not limited to suppressing nuclear β-catenin transcriptional activity, 

also the upstream regulation of FLYWCH1 is not restricted to the Wnt signalling. 

The localisation and function of FLYWCH1, particularly in cancer, could be 

modulated through multiple signalling pathways. This chapter aimed to uncover 

the role of nuclear FLYWCH1 that may shed new insights into its function, and 

biological significance.  

Several co-localisation studies were conducted, and the results revealed a co-

localisation of FLYWCH1 with γH2AX (Figure 4-2 and 4-3). FLYWCH1’s nuclear 

speckles could be highly similar to those proteins recruited under DNA damage 



Chapter 4: FLYWCH1 is a new player in DNA-damage repair pathway 

218 

 

(e.g. γH2AX). When a cell encounters stress (e.g. elevated reactive oxygen species 

(ROS) levels, nutrient starvation, or DNA damage), several nuclear proteins and 

markers are activated in order to partake in re-establishing cellular homeostasis 

(380). It was, therefore, important to question the possible association of 

FLYWCH1 foci in the mechanisms involved in DNA-damage response and examine 

whether it can be recruited under DNA damage, by considering the impact of DNA 

damaging agents on FLYWCH1 expression, and cellular distribution.  

As aforementioned, the phosphorylation of H2AX, a minor histone H2A variant at 

ser-139, is one of the most well-established chromatin modifications linked to 

DNA-damage response (365). Interestingly, we indicated that FLYWCH1 over-

expression triggers the foci formed by γH2AX, regardless of DNA damage. Our 

analysis showed that enforced FLYWCH1 expression causes a significant induction 

of γH2AX protein compared to UV-treatment only. UV and FLYWCH1 

overexpression combination demonstrated the highest level of H2AX compared to 

UV-treatment only or FLYWCH1OE (Figure 4-6). Likewise, enforced FLYWCH1 

expression upregulated the expression of ATM and p53 proteins. On the other 

hand, UV treatment increased the endogenous FLYWCH1 protein, and this was 

correlated with induction of DDR proteins (e.g. ATM, γH2AX), suggesting that 

FLYWCH1 could also be recruited under DNA damage. 

Cisplatin and UV mediate DNA damage via recruiting different players. Unlike 

Cisplatin, ATM/ATR activation is the primary DNA damaging pathway accountable 

for the response to the UV-induced DNA lesions (366, 381, 382). Additionally, It is 

well-established that phosphorylation of H2AX in response to DSBs is mediated by 

PIKK family proteins involved in both ATM/ATR and DNA-PKcs (365). Thus, we 
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hypothesised a potential contribution of FLYWCH1 in the recruitment and 

activation of ATM/ATR and subsequent phosphorylation of H2AX. Accordingly, the 

necessity of ATM in FLYWCH1’s functions was first examined using the ATMKO 

model (Figure 4-8). Experimental evidence showed no direct effect of ATM 

depletion on the endogenous FLYWCH1 expression or its action on H2AX. 

FLYWCH1 was still able to induce γH2AX level, and this was independent of ATM 

expression. Hence, it is plausible that FLYWCH1 mediates the phosphorylation of 

γH2AX in an ATM independent manner, and perhaps without DNA damage. 

While the phosphorylation of H2AX, at ser-139, is a well-known biomarker for DNA 

double-strand breaks (DSB) (365), γH2AX induction does not always indicate the 

presence of DSBs. For instance, H2AX phosphorylation can be induced by serum 

starvation, which does not cause DNA damage (383). H2AX can also be 

phosphorylated in a cell cycle-dependent manner. Particularly, the DNA-

PKcs/CHK2 pathway mediates the mitotic phosphorylation of H2AX in the absence 

of DNA damage, and without the recruitment of DNA damage response proteins 

(384). 

Accordingly, the foci formed by γH2AX under altered FLYWCH1-expression could 

be related to cell-cycle, or other unknown reasons. However, little is known about 

the regulation of γH2AX in association with cell cycle progression or DNA-damage 

independent factors. Thus, the contribution of FLYWCH1 expression in γH2AX foci 

formation out of DNA-damage context is still unclear. Further experiments on the 

effects of FLYWCH1 on γH2AX at different stages of the cell cycle might provide 

more significant evidence on how FLYWCH1 functions. However, this is beyond 

the scope of the current project. 
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In keeping with the role of the ATM/ATR signalling pathway in UV-mediated DNA 

damage, our preliminary findings might suggest a contribution of ATM protein 

expression in the mechanism by which UV/Cisplatin initiates their action on 

FLYWCH1. Nevertheless, the involvement of ATR protein cannot be excluded. 

Another intriguing observation in this chapter was the contrasting effects of 

different DNA damaging agents on the endogenous FLYWCH1 in normal and CRC 

cells. Unlike UV treatment, cells treated with cisplatin showed a significant 

reduction in FLYWCH1 expression. Moreover, cisplatin treatment suppressed the 

FLYWCH1 protein level in all CRC cells (P53mut), except for HCT116 (p53WT) (Figure 

4-10). Several pathways are involved for sensing cisplatin-induced DNA damage, 

including Akt, PKC, and MAPKs (e.g., ERK, JNK, and p38 MAPK). However, the 

tumour suppressor protein p53 plays the most critical role in DNA-damage 

response to cisplatin and is known to be the main mediator (367, 385). When cells 

receive DNA damage, p53 is quickly activated, induces cell cycle arrest, and/or 

apoptotic cell death by trans-activating its target genes. These genes are 

implicated in the promotion of cell cycle arrest and/or apoptotic cell death such 

as p21WAF1, BAX, and PUMA (385). Clarke, P et al. has shown that the induction of 

apoptosis followed by genotoxic damage caused by cisplatin needs a functional 

p53 (370). An additional but important player that influences the response to 

cisplatin treatment is the activation of c-ABL, which in turn requires: the ATM 

protein, DNA-PK, and a functional DNA mismatch repair response (368). With all 

the above considerations, the potential role of p53 in regulating FLYWCH1’s 

response to cisplatin cannot be neglected. 
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Nonetheless, the effects of ectopic-FLYWCH1 expression on the level and activity 

of p53 were examined in CRC cell lines. Our preliminary data suggest no impact of 

over-expressing the full length of FLYWCH1 on the total level of p53, in all 3 CRC 

cell lines (p53wt/mut). However, this was able to reduce the phosphorylated form of 

p53 (Ser15) in the HCT116 cells only, which harboured WT-p53. The 

aforementioned indicates that FLYWCH1 might need an intact p53 to facilitate its 

influence. However, this was a preliminary experiment and must be repeated on 

at least 3-independent experiments for any conclusive statement to be made. 

(Due to lack of p53-antibody, experiments were postponed for future 

investigations). Furthermore, transcriptional analyses of several genes targeted by 

either p53/ATM and/or cell-cycle signalling mechanisms were considered under 

enforced FLYWCH1 expression. Here, an apparent effect of FLYWCH1-expression 

was perceived on p53 and p53-putative targets (p21, RUNX2), but not ATM-targets 

(RNF8) (Figure 4-12). Therefore, our results suggest a direct link between 

FLYWCH1 and p53-dependent DNA damage response. Once more, addressing the 

impact of p53 gain/loss of function on FLYWCH1 expression would provide greater 

insight into their association. 

In conclusion, the data provided evidence supporting a novel role of FLYWCH1 in 

the DNA-damage response signalling pathways. Our results suggest a mechanism 

by which different DNA-damage stimuli act to regulate FLYWCH1 endogenously in 

normal and CRC cell lines. Future research studying the upstream mediators in 

regulating the FLYWCH1 response to DNA damage; and examining FLYWCH1 

recruitment at the damage sites will provide a better understanding of FLYWCH1’s 

role in DNA damage/repair processes. While FLYWCH1’s role in DNA damage and 
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repair is still unknown, our findings here suggest that enforced FLYWCH1 

expression would trigger the induction and recruitment of DDRP, which does not 

involve ATM protein. In contrast, the response of endogenous FLYWCH1 to DNA 

damage might require a functional ATM protein. Such knowledge will expand our 

understanding of the various functions mediated by FLYWCH1, adding a novel 

C2H2 ZF-containing player to the DNA damage and repair processes. 

Moreover, studying the contribution of FLYWCH1 in the formation of non-DNA 

damage foci by H2AX would also provide more information regarding the multi-

functions of FLYWCH1. To sum up, we can speculate that FLYWCH1 interacts with 

core components of the DNA repair machinery, yet our knowledge remains 

limited. Thus, future work could help to disclose the exact contribution and other 

relevant roles of FLYWCH1 in this context. 
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5.1 Overview 

Colorectal cancer is the prime example of step-wise carcinogenesis and 

predominantly occurs due to the accumulation of mutations in the tumour 

suppressor genes and oncogenes (26). Deregulation of nuclear Wnt/β-catenin 

signaling is the primary oncogenic driver in CRC (222). Hence, this pathway was 

largely targeted in cancer therapy and scientists began to elucidate and explore 

mechanisms underpinning the earliest stages of Wnt/β-catenin-driven 

tumorigenesis (386). Uncovering novel regulators of β-catenin and resolving 

molecular mechanisms for modulating Wnt-mediated tumorigenesis could 

improve future detection and treatment approaches used in CRC. Several 

regulators (both co-repressors and activators) of β-catenin have been discovered, 

which has significantly improved our understanding of this pathway (171, 174, 

387, 388). 

Human FLYWCH1 is a novel nuclear β-catenin interacting protein that expresses 

differentially between normal and various stages of colorectal cancers. We have 

recently demonstrated that restoring FLYWCH1 expression in several cancer cell 

lines suppresses their growth and migration by regulating β-catenin 

transcriptional activity (198). However, the role and mechanism of action of 

FLYWCH1 in Intestinal homeostasis and tumorigenesis was not explored. 

Therefore, the focus of this study was to explore and understand the biological 

significance and regulation of FLYWCH1 during intestinal homeostasis and CRC 

development. This was accomplished by applying multidisciplinary approaches, 

combining cellular and molecular genetic editing with various in-vitro cell/tissue 
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engineering techniques. Overall, this study revealed the following fundamental 

discoveries: 

1. The loss of FLYWCH1 accelerates the proliferation of intestinal cells in 

organoids by increasing the number of proliferating cells (Ki-67+) and the 

transcription of intestinal stem cell markers Lgr5+/Olmf4+. 

2. Over-expressing FLYWCH1 in the CRC patient-derived tumour organoids 

(PDOs) strongly reduces organoid size and growth via alteration of 

selected Wnt target genes. 

3. FLYWCH1-depletion enriches CSCs properties and colonospheres 

formation ability of SW620 cell lines. This is potentially by regulating gene 

signatures associated with EMT and cancer stemness. 

4. FLYWCH1 is a new downstream target of the Wnt signaling pathway that 

is regulated through nuclear/cytoplasmic translocation. This process is in 

part mediated by the GSK-3β-dependent mechanism.  

5. FLYWCH1 plays a novel role in DNA damage and repair pathways via 

induction of H2AX phosphorylation, independently of ATM expression. 

While under DNA damage, endogenous FLYWCH1 can be recruited and 

regulated in a mechanism that requires functional ATM, and P53 proteins. 

6. Clinical data revealed potential prognostic value and clinical significance 

of FLYWCH1 expression/localisation for CRC patients. 
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Figure 5-1 An overview of research findings in this study. 

 

5.2 FLYWCH1 is a downstream target of Wnt/β-catenin signaling  

The canonical Wnt/β-catenin signaling pathway operates through an extensive 

network of molecules to fine-tune the signaling ratio and regulate tissue- and 

stage-specific transcriptional responses during development (168). In many 

instances, Wnt signaling forms a negative/positive feedback loop to regulate the 

activity of β-catenin repressor/activators (114, 389). While FLYWCH1 controls β-

catenin transcriptional activity (198), the connection between FLYWCH1 and the 

Wnt pathway may be more complex than initially considered. It is likely that 

aberrant Wnt signaling, during CRC development forms a negative feedback loop 

to stop the suppression of FLYWCH1 on β-catenin. However, no information was 

available on how FLYWCH1 is endogenously regulated in normal intestinal 

homeostasis and tumorigenesis. Hence, a novelty of this study was uncovering the 

regulation of endogenous FLYWCH1 via the Wnt/β-catenin signaling pathway. In 

cultured cells, we found that FLYWCH1 is not only a negative regulator of β-catenin 

activity but also a potential target of the Wnt pathway, in a process mediated 

through nuclear/cytoplasmic shuttling of FLYWCH1. 
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Investigation of protein localisation at the subcellular level is highly essential to 

better understand protein activity, cellular signaling cascades, and interaction 

networks (361). For instance, reports showed that the activity of many TFs 

involved in Wnt/β-catenin (e.g. Chibby, Axin2, and GSK-3β) is mainly determined 

by their cellular distribution (185). FLYWCH1 has a putative NLS and is generally 

considered a nuclear protein. Yet, we showed when Wnt signaling was activated 

by Wnt3A-CM, FLYWCH1 expression was suppressed, and was shifted into the 

cytoplasm. 

Interestingly, further evidence presented in this study suggests that cellular 

distribution, and stability of FLYWCH1 is mainly governed by GSK-3β-dependent 

mechanism. We speculated that phosphorylation/ubiquitination of FLYWCH1 are 

key events to regulate FLYWCH1 nuclear stability. It is likely that the 

phosphorylation of FLYWCH1 may well position its NLS for interaction with the 

nuclear import transporters, and therefore facilitate its nuclear import (390). 

However, further explorations of upstream regulators of FLYWCH1 and the 

relation between its phosphorylation status and nuclear localisation would offer a 

better understanding of how FLYWCH1 can be targeted in cancers. 

This study provides a novel perspective by introducing FLYWCH1 as a downstream 

target of Wnt/β-catenin signaling, in cultured cells. In conclusion, whilst the 

relative distribution of FLYWCH1 between the nucleus, and cytoplasm varies 

between normal, and within different cancer cell lines, its localisation could be 

dynamic in all cases. This could involve continual shuttling between the nucleus 

and cytoplasm in response to different stimuli. Accordingly, nuclear-cytoplasmic 

shuttling of FLYWCH1 may be considered a general phenomenon that could have 
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biological implications in a broad range of cell types. Understanding the impact of 

FLYWCH1 translocation, and nuclear/cytoplasmic expression in CRC would offer a 

novel clinical indication for CRC patients. 

 

 

Figure 5-2 Schematic presentation showing the potential regulation of 
FLYWCH1 by Wnt signaling. 

 

5.3 FLYWCH1 linked with Wnt/β-catenin-mediated control of cell 

proliferation in organoids.  

The intestinal crypt is the main powerhouse for intestinal regeneration and 
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actively cycling stem cells) drive the replenishment of all epithelial cells lining the 

crypt-villus axis. These are also considered as regulated Wnt targets required for 

intestinal homeostasis (74, 386). Recently, several crypt-expressed Wnt repressors 

have been identified, for example, AXIN2 (292), SH3BP4 (391), Sox9 (388), and 

RNF4 (247). These proteins are localised in the stem cell area and can suppress 

Wnt activity at the cytoplasmic destruction complex, nuclear level, and receptor 

levels, respectively. Initial data from our lab indicated that Flywch1 mRNA is highly 

expressed in the crypt bottom cells and lost in the differentiated cells in the 
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intestine. Hereafter, we uncovered that FLYWCH1 plays a role in intestinal cell 

proliferation and Wnt-mediated tumorigenesis in organoids.  

Organoid culture is considered a powerful tool that accurately reproduces the in-

vivo structure of the intestinal/colon epithelium (315). Research using organoid 

systems permits deciphering the molecular mechanisms involved in regulating 

stem cell compartments and tumorigenesis (392). Irrespective of their tissue 

origin, all adult stem cell-derived organoids highly depend on the canonical Wnt 

signaling pathway for their propagation and maintenance of stemness activity. 

Therefore, the organoid culture model is effectively used to study Wnt/β-catenin 

signaling and its regulation during tissue homeostasis and cancers. 

In this study, we denoted phenotypical and transcriptional changes in FLYWCH1-

depleted intestinal organoids. Firstly, the hyper-proliferative phenotype observed 

in FLYWCH1-depleted intestinal organoids was supported by the increasing 

number of Ki-67+ cells compared to control (Figure 3-3, 3-5). This indicates the 

direct impact of FLYWCH1 loss on intestinal cells proliferation and activity. Further 

transcriptional data suggest that loss of FLYWCH1 may drive the proliferation via 

increasing the transcriptional products of actively cycling stem cell markers (Lgr5 

and Olmf4) while reducing the quiescence cell markers (Tert and Lrig1). Together, 

this study revealed the impact of FLYWCH1 crypt-expression on intestinal 

proliferation and stem cell activity. However, further investigations are essential 

to understand whether FLYWCH1 inactivation impacts intestinal cells 

differentiation.  

On the other hand, experimental evidence using Patients derived tumour 

organoids (PDOs), indicated that over-expressing FLYWCH1 could substantially 
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reduce the size and proliferation of organoids. This could be mediated via 

upregulating selected Wnt suppressive components such as WNT11 and 

downregulating transcriptional co-activators such as FOXN1 (Figure 3-15). 

Moreover, using colonosphere formation assay, we established that loss of 

FLYWCH1 in SW620 cells triggers their ability to form colonospheres, and 

enhances CSCs properties by enriching stemness and EMT gene signatures. The 

latter supports the notion of FLYWCH1 anti-metastatic functions, reported in CRC 

cells (198). 

Our study also highlighted the significance of GSK-3β-mediated regulation of 

FLYWCH1 in controlling FLYWCH’s anti-proliferation effects in the PDOs (Figure 3-

30). Overall, it is likely that the tumour suppressive action of FLYWCH1 is restricted 

to its nuclear localisation, which could be dis-localised at different CRC stages due 

to aberrant Wnt activity. Utilising PDOs is now widely accepted as an efficient tool 

in understanding Wnt pathway-dependent cancer growth and predicting tumour 

sensitivity to Wnt-targeted therapies (245, 264). Future studies should employ a 

library of various CRC-PDOs, which may offer a new strategy to decipher and 

manipulate FLYWCH1’s cellular mechanism in individual patients and its 

involvement in Wnt-driven tumorigenesis. 

 

5.4 The clinical impact of FLYWCH1 expression for CRC patients 

Colorectal cancer is a disease with heterogeneous molecular subtypes, leading to 

a diverse patient prognosis and treatment outcomes. Several mutations in the 

tumour suppressors or oncogenes have been implicated in CRC development, 

including APC, KRAS, SMAD4, and TP53 (393). Currently, mutations in these genes 
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are routinely tested in clinics and used for CRC classification and staging (22). 

Undoubtedly, screening for molecular biomarkers offers a prognostic value for 

patients survival, drug response, relapse, and recurrence (394). Additionally, 

screening for these biomarkers provides patients with personalised profiles, and 

this facilitates the choice regarding the best treatment options. Also, such genetic 

information is increasingly used to identify individuals whom are at ‘high risk’ of 

developing CRC or other cancers (2). Yet, despite the current advances in 

biomarker research, there is an unmet clinical need to identify biomarkers for 

early-stage CRC patients. 

Our findings on FLYWCH1 in CRC cell lines and organoids point towards a potential 

clinical impact of FLYWCH1 expression for CRC patients. Therefore, it was essential 

to address its clinical significance for patient’s pathological outcomes with respect 

of nuclear/cytoplasmic shuttling. In this study, a TMA library of 1000 cases, 

including different stages of CRC samples was examined for FLYWCH1 expression 

by IHC analysis (in collaborations with Prof M. Ilyas, University of Nottingham). 

Interestingly, the overall nuclear expression of FLYWCH1 was significantly 

downregulated in tumour tissues when compared to normal ones. Whereas the 

cytoplasmic FLYWCH1 appeared to be higher in tumour samples. Yet, the 

expression of FLYWCH1 varied within different CRC stages and segments. Our data 

also denotes a significant reduction in the cytoplasmic expression, as the T-stage 

increases. This indicates a possible complete loss of FLYWCH1 expression at the 

late stages of CRC. 

We also showed that FLYWCH1 expression, and localisation could be correlated 

with different clinicopathological outcomes, including vascular invasion, and local 
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recurrence. Importantly, the low cytoplasmic expression of FLYWCH1 was also 

associated with shorter overall survival. Based on the current analysis, it is feasible 

that FLYWCH1 nuclear/cytoplasmic translocation might occur early in CRC and 

might contribute to the initiating capacity of CRC cells. However, these require 

further exploration. 

Indeed, the identification of prognostic and predictive molecular biomarkers is 

attracting many researchers and drug companies. This highlights the importance 

of discovering new potential biomarkers that might significantly influence the 

surveillance, and treatment of CRC patients. We are hopeful that with the rapid 

advancement of molecular testing, as well as greater understanding of CRC 

genetics, and molecular events, further research on FLYWCH1 could offer a novel 

biomarker, which may be added to concurrent mutational landscape. Therefore, 

additional studies implementing more advanced approaches such as, multi-omics 

and in vivo GEM animal CRC models will provide new insights into molecular 

signatures of FLYWCH1 in different patient stratifications and help to validate 

FLYWCH1 as a new biomarker for CRC patients. 

 

5.5 FLYWCH1, a new player in the DNA-damage response pathways 

Several studies suggest that proteins with the classical Cys2His2 zinc finger motif, 

can exhibit various functional tendencies (395). These proteins may act as 

transcription factors that function by recognition of specific DNA, and/or RNA 

sequences (194, 199). We strove to uncover new functions of FLYWCH1 out of the 

scope of Wnt/β-catenin signaling. This would assist in understanding the roles of 

FLYWCH1 in intestinal development, and cancers. Preliminary proteomics analysis 
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revealed high similarities, and potential interactions of FLYWCH1 with proteins 

involved in DNA damage response (DDR) signaling pathway. Examples include, 

breast cancer type 1 susceptibility protein (BRAC1) and  Mediator of DNA damage 

checkpoint protein 1 (MDC-1). Moreover, the significant similarities between 

DNA-damage foci and nuclear foci formed by FLYWCH1 have encouraged us to 

explore the expression and regulation of FLYWCH1 in the context of DNA-damage 

response signaling. We here showed in chapter 4 that FLYWCH1 co-localises with 

γH2AX in the nucleus of both normal and CRC cell lines. More interestingly, our 

experimental evidence suggests that FLYWCH1OE can induce the phosphorylation 

of H2AX (Ser139) regardless of ATM expression. The histone variant H2AX is the 

first, and most prominent protein to form foci at the site of DSB. Upon detecting 

DSB, H2AX is quickly phosphorylated at C-terminal Ser-139 residue, by the DNA 

damage-activated kinases ATM, ATR, and DNA-PK to form γH2AX (396). However, 

the foci formed by γH2AX under altered FLYWCH1-expression could also be 

corresponded to other factors such as cell-cycle, or serum starvation (383, 384). 

Thus, further studies are needed to investigate this phenomenon. 

We also showed that FLYWCH1 transcription, and protein expression is regulated 

contrarily by the various types of DNA-damaging agents. Ultraviolet light caused a 

clear induction in the level of FLYWCH1 in both normal and CRC cells. 

Contrastingly, Cisplatin (chemotherapeutic agent) significantly downregulated the 

level of endogenous FLYWCH1. 

Given the fact that UV-light recruits a DDR mechanism that is different from 

Cisplatin, FLYWCH1 can be regulated via various upstream mediators depending 

on the type of damage. According to our initial data, ATM/ATR, and p53 signaling 
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pathways appear critical upstream players in regulating the endogenous FLYWCH1 

expression in response to DNA-damaging agents. 

Collectively, this study supports a novel role of FLYWCH1 in DNA-damage response 

signaling pathways. Our findings suggest, for the first time, a potential 

contribution of FLYWCH1 in the induction and recruitment of DDRP including 

H2AX, ATM, and P53. However, FLYWCH1’s role in the DNA-damage response 

pathways requires substantial investigations. Future research studying the 

upstream kinases involved in regulating the FLYWCH1 response to DNA damage, 

examining FLYWCH1 foci recruitment at the damage site in responses to more 

agents and stimuli, as well as exploring P53 dependency using genetically modified 

CRC cells or organoids, would provide a better understanding of FLYWCH1’s role 

in DNA damage and repair processes. 

 

 

Figure 5-3 Potential association of FLYWCH1 protein in DNA-damage 
response signaling pathways. 
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5.6 Experimental limitations 

Despite the comprehensive approaches used, the efforts made for effective 

evaluation, and production of high quality/reliable data, several 

limitations/challenges were encountered throughout this project. For example: 

1. The lack of a robust antibody that could detect endogenous FLYWCH1 

protein by WB analysis caused considerable delays in the progress of 

generating/validating FLYWCH1KO cells and has therefore limited their use 

throughout the project. 

2. Although evidence of using Wnt3A-CM, and BIO (GSK-3β inhibitor) clearly 

demonstrated FLYWCH1 regulation by Wnt/GSK-3β. Applying and 

comparing the effects of several other Wnt antagonists (e.g. DKK1), and/or 

inhibitors of other pathways (e.g. TGF-β) on FLYWCH1 in both CRC cell lines 

and 3D-organoids, may provide further insight into the mechanism by 

which FLYWCH1 is regulated endogenously in normal versus cancer cells. 

3. Due to time constraints, it was not possible to examine additional 

differentiation markers such as E-cadherin, cytokeratin 20 (CK20), and 

mucin 2 (MUC2), as well as apoptotic markers (or epithelial turnover 

markers) such as Bax, and cleaved Caspase-3, in normal mouse organoids 

with altered FLYWCH1 expression. Therefore, this study was limited to few 

stemness, and proliferation markers. 

4. The effect of FLYWCH1 deletion on in vitro stemness activity using 

colonosphere forming efficiency was limited to SW620 cell line only; it 

would be interesting to expand this further in other CRC cell lines. 
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5. The molecular profile of PDOs used in this study was not available, and 

therefore it was difficult to assess the molecular details/mechanisms of 

action, and the correlations of FLYWCH1 with specific molecular subtypes. 

6.  The transcriptional analysis associated with FLYWCH1OE in PDOs was 

limited to PCR array of Wnt signaling target genes, a comprehensive 

genomic analysis by single cell profiling or RNA-seq would provide valuable 

information regarding FLYWCH1 roles, out the scope of Wnt signaling. 

7. PTM of FLYWCH1 by Wnt/GSK-3β signaling needs better clarification, more 

repeats and further analysis to understand the impact of 

phosphorylation/ubiquitination on the cytoplasmic translocation of 

FLYWCH1. 

8. Due to the shortage/lack of p53 antibody, experiments assessing the 

association between FLYWCH1, and p53 was not completed. 

9. Due to time/funds restrictions, sequencing the genomic DNA of all 

generated KO cell lines and organoids was not accomplished within the 

period of this project. 

 

 

5.7 Conclusions and future directions 

The findings from this thesis highlight the significant roles of FLYWCH1 in 

regulating Wnt-driven activities in normal and CRC cell lines, and intestinal 

organoids. In cultured cells, FLYWCH1 protein is localised in the nucleus and 

crosstalk with nuclear GSK-3β and β-catenin, to regulate β-catenin transcriptional 

activity. We found that FLYWCH1 expression is repressed via the hyperactivation 
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of Wnt signaling through changes in the subcellular distribution and stability. 

Therefore, it can be predicted that during CRC development, the hyperactivation 

of Wnt signaling drives changes in the stability of FLYWCH1, releasing it into the 

cytoplasm. Eventually, these changes might hinder the FLYWCH1 suppression 

activity on β-catenin. 

In the patient’s tumour tissues, FLYWCH1 expression was mainly cytoplasmic and 

lost in the nucleus, particularly, at the high stage tumours. Our CRC TMA analyses 

suggested that low cytoplasmic FLYWCH1 expression is correlated with worse 

survival and poor prognosis. Therefore, FLYWCH1 can potentially be used as 

prognostic markers in CRC patients.  

Moreover, several inactivation mutations or deletion of Wnt repressors have 

previously been reported in CRCs (e.g. AXIN2, and RNF43) (397-399). Despite the 

limited studies on FLYWCH1, missense mutations and deletions of FLYWCH1 were 

also reported in various cancers including CRCs, in accord with the TCGA dataset 

(see chapter 1, figure 1-8). 

While FLYWCH1 regulates specific Wnt-mediated biological responses in CRC, it is 

conceivable that FLYWCH1 inactivation might be linked with Wnt signaling status 

and staging of CRC. Further understanding of mechanisms/mutations that drive 

FLYWCH1 inactivation would help to discover a new therapeutic strategy for 

targeting Wnt signaling in cancer. Also, identification, and characterisation of 

specific drugs that induce nuclear localisation of FLYWCH1, and lead to inhibition 

of the oncogenic WNT/β-catenin pathway, might improve survival in colorectal 

cancers. 
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However, more extensive follow-up investigations are needed to enhance the 

clinical applicability of our research, and to greater impact the therapeutic field. 

Thus, we propose a series of research ideas that could be implemented in the 

future: 

1. In-vivo animal studies such as knockout mice, and/or xenograft could be 

useful in appreciating the significance of FLYWCH1 in the in-vivo 

development of intestinal epithelium, and tumorigenesis. Additionally, it 

will enable tracing the stem cells, and their lineage compartments in the 

murine intestine. 

2. A comprehensive genomic analysis to identify the direct target genes 

regulated by FLYWCH1, using both ChIP-sequencing, and RNA-sequencing 

or RIP-sequencing analyses, will further clarify alternate functions of this 

protein. 

3. Further investigations of the post-transcriptional, and/or post-

translational modification mechanism(s) governing FLYWCH1 expression, 

and/or activity would facilitate approaches to regulate FLYWCH1. 

4. Identifying E3 UB-ligases that could target FLYWCH1 for degradation would 

improve our understanding of how FLYWCH1 is generally downregulated 

in CRC. 

5. Screening the mutation status of FLYWCH1 in different CRC cell lines, 

and/or organoids would resolve the discrepancy observed in FLYWCH1 

expression and actions. 

6. Further investigations of the different FLYWCH1 isoforms, and splicing 

activity mediated under Wnt modulation, and DNA damaging agents.  
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7. Further IHC, and/or gene expression analysis of FLYWCH1 impacts on 

differentiation, apoptosis, and cell-cycle markers in organoids, would 

improve our understanding of FLYWCH1 association in various cellular 

activities. 

8. Understanding the possible crosstalk of FLYWCH1/GSK-3β with DDRPs, 

might offer a new axis for regulating DNA-damage response signaling and 

could enhance the effectiveness of anti-tumour drugs. 

9. Studying the different cellular localisation of FLYWCH1 in various cancer 

cells may help to determine the response to aberrant Wnt activation in 

different cancers.
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Appendix 1 

 

 
 

Appendix 1: Generation and validation of TIG119 Stable cell lines over-expressing the full 
length of FLYWCH1. A) Schematic presentation of plasmid construct used to generate the cell 

line and microscopic images showing the GFP expression after selection with Neomycin 

(G418). B) Immunofluorescence staining shows the expressing of Myc-tagged FLYWCH1 and 

endogenous FLYWCH1 in both control cells (transfected with empty vector) and FLYWCH1-

expressing cells. C) WB analysis validates the stable expression of Myc-tagged FLYWCH1 in 

TIG119 cells. Cells were blotted with the indicated Abs. anti-β-actin was used a loading 

control. Lysate derived from GFP trasnfected cells were used as controls.  
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Appendix 2 

 
 

Appendix 2: Validation of essential culture components produced in house and used in our 

organoid growth medium. A) Western Blot analysis of Noggin protein secreted by transfected 

HEKT293. Cells were transfected with 15µg of Noggin plasmid, and the noggin conditioned 

medium was filtered and run in 10% SDS-gel. B) Luciferase analysis of Wnt-3a and R-spondin 

in HEK293T cells confirms the activity of Wnt-3a+R-spondin1 function used in our organoid 

culture. Figure shows a significant increase of the activity in the combination of Wnt3a+R-

spondin **P < 0.01. C) Representative Images for Human colonic crypts embedded in Matrigel 

and cultured for 10 days. Images were taken daily to monitor the growth and expansion of 

crypts before freezing. Magnification 10x, Scale bars; 75µm. 
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Appendix 3 

 
 
Appendix 3: Images used for the quantificational analysis of Ki-67 in A) Control & B) 

FLYWCH1
KO

. The expression of Ki-67 was quantified from 10 organoids and the percentage of 

positive cells was calculated.  
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Appendix 4 

 
Appendix 4: PTM of FLYWCH1 by Wnt/GSK-3β signaling. A) Ubiquitination assay shows that 

FLYWCH1 can be modified by UB protein. HEK293T cells were transiently transfected with 

GFP-FLYWCH1 and/or HA-UB. 48h post transfection, lysates were prepared, and cells were 

immunoprecipitated with HA-tagged antibody and then blotted against FLYWCH1 antibody. 

The experiment was repeated in two independent occasions. B) Co-IP-based in-vitro 

phosphorylation and UB assay showing the impact of Wnt activation using (Wnt3A-CM, BIO) 

on FLYWCH1 phosphorylation and ubiquitination. HEK293T cells were treated with (Wnt3A 

/BIO) or mock treated with just Optimum for 24h. Lysates were then immunoprecipitated for 

endogenous FLYWCH1 and blotted against either anti-Phospho-(Ser/Thr) or anti-UB. Beads 

only was used as a negative control for IP and β-actin was used as loading control for input 

samples. N=2. *Indicates non-specific bands (correspond to IgG heavy chain). 
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Appendix 5: Intraclass Correlation Coefficient (ICC) of TMA analysis for: A) Nuclear and B) 

Cytoplasmic FLYWCH1, D) Nuclear & E) Cytoplasmic GSK-3β. ICC test was used to assess the 

concordance rate of the two scoring. Values between 0.75 and 0.9 indicate good reliability, 

and values greater than 0.90 indicate excellent reliability (400). ICC results indicate an 

excellent correlation and agreement between the two scoring. 
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Appendix 6 

 

Appendix 6: Growth pattern and validation HCT116 ATMKO cells. A) Representative images 

showing the growth pattern and morphology of the control HCT116 (top two images) versus 

the ATMKO cells (Bottom two images). Images taken by bright field light microscope. Scale bar 

75µm. B) Validation of the knockout in HCT116 cells by Western blot technique. WB confirms 

the depletion of ATM in the knockout. 100µg of protein was loaded, blotted with ATM 

antibody and β-actin was used as a loading control, N=1. 
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