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ABSTRACT 

 

IDENTIFICATION AND FUNCTIONAL ANALYSIS OF A CIRCULAR 

RNA CIRCZNF800 INVOLVED IN REGULATING COLORECTAL 

CANCER STEMNESS PROPERTIES 

 

Vimalan A/L Rengganaten  

 

Colorectal cancer (CRC) is one of the most diagnosed cancers. Effective therapeutic 

interventions remain challenging due to the existence of a rare population of chemo-

resistant CRC cancer stem cells (CrCSC). In a spheroidal culture model, the CrCSC 

population is enriched with enhanced CSC-like properties. However, the molecular 

events governing CSC properties in the CrCSC population remains poorly 

understood. Circular RNAs (circRNAs) are long non-coding regulatory RNAs 

associated with various biological functions. The present study aimed to elucidate 

the biological role of circRNAs in maintaining CSC properties in CRC cells. 

CircRNA sequencing was performed using Illumina technology. qRT-PCR and 

RNA FISH were used to evaluate the expression levels of circRNA. In vitro 

transcription and CRISPR Cas13d RNA editing system were used to modulate the 

expression levels of the circRNA. Whole-transcriptome sequencing of RNA of 

CRC spheroidal cells revealed over 8,000 differentially expressed circRNAs. The 

top 8 differentially expressed circRNAs were identified and the interacting 

miRNAs and mRNA transcripts were predicted. KEGG analysis revealed the 

enrichment of various CSC-associated signalling pathways; the pluripotency 

regulating pathways were most significantly up-regulated. Two circRNAs, 
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hsa_circ_0066631 (circDCBLD2) and hsa_circ_0082096 (circZNF800), were 

predicted and experimentally validated to sponge five miRNAs, releasing post-

transcriptional inhibition of six mRNA transcripts involved in the regulation of 

stemness. Literature analysis showed that the predicted miRNAs acted as tumour 

suppressors and the targeted transcripts regulated various CSC signalling pathways. 

As a candidate circRNA for further in-depth analysis, circZNF800 was shown to be 

significantly up-regulated in CRC tumour tissues. CircZNF800 overexpression 

promoted CSC phenotypes, including proliferation, expression of CSC and 

intestinal stem cell markers, and tumorigenicity, all of which were reversed by 

CRISPR Cas13d-mediated circZNF800 knockdown. CircZNF800 was shown to 

sponge miR-140-3p, miR-382 and miR-579 which, in turn, increased the levels of 

ALK7, FZD3 and WNT5A, which are involved in the regulation of CSC properties. 

In conclusion, circZNF800, identified in CrCSC circRNA profiling, was shown to 

participate in regulating CSC properties in CRC.   
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CHAPTER 1 

 

INTRODUCTION 

 

Globally, the incidence rate of colorectal cancer (CRC) remains high 

(Taborda, Ramírez and Bernal, 2017). In Malaysia and Taiwan, CRC remains a  

common top malignancy (Kuo et al., 2020; Schliemann et al., 2020).  Colorectal 

cancer stem cell (CrCSC) population have been linked with the chemo- and radio-

resistant population (Das, Islam and Lam, 2020). The current chemo-and radio- 

therapeutic regimes are believed to be less efficient against the CrCSC population, 

and have been postulated to result in a high recurrence rate amongst advanced CRC 

patients (Frank et al., 2021).  

 

CrCSC is made up of population that possess enhanced stemness and 

oncogenicity (Puglisi et al., 2013; Iyer, Sin and Ng, 2019). Residing intestinal stem 

cells in the crypts of intestines have been hypothesised to frequently acquire 

multiple gain-of-function oncogenic mutations (Huels and Sansom, 2015). The 

resulting enhanced stem cell properties with unlimited proliferation in the CrCSC 

population have become a clinical challenge for therapeutic interventions (Agliano, 

Calvo and Box, 2017).  

 

As CrCSC populations are relatively scarce in tissue samples and cancer 

cell lines, isolating and enriching this population for further investigations has been 

a hurdle (Matsui, 2016). In our previous investigations, a simple robust system via 

spheroidal culture was developed to enrich stemness in CRC cells. Spheroidal 
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culture is an anchorage-independent culture that positively selects cells that resist 

anoikis, programmed cell death that is induced upon loss of extracellular matrix 

(Fang et al., 2005; He et al., 2014; Fekir et al., 2019). Cells resistant to anoikis have 

been shown to exhibit CSC-like properties in various cancers (Adeshakin et al., 

2021).  

 

The previous data indicated spheroidal culture was able to enrich CRC 

population with enhanced CSC-like properties in a passage-dependent manner 

(Rengganaten, 2016). The enhanced expression levels of  Yamanaka factors, OCT4, 

SOX2, KLF4, CMYC and NANOG in the established CRC spheroidal cells are 

indicative of stemness properties (Aponte and Caicedo, 2017). Furthermore, the 

CRC spheroidal cells exhibited enhanced colony-forming, migration and invasion 

properties. The CRC spheroidal cells also showed resistance toward common 

chemotherapeutic drugs, 5-fluorouracil and oxaliplatin (Blondy et al., 2020). These 

previous data on the molecular characteristics of the established CRC spheroidal 

cells are consistent with CrCSC population enrichment in spheroidal culture. 

However, to date, the molecular mechanisms governing the CSC properties in 

CrCSC populations remain unclear.  

 

Circular RNAs (circRNAs) are novel group of RNAs, which are categorised 

under competing endogenous RNAs (ceRNAs). CircRNAs are formed by 

backsplicing of exons and/or introns into three variants: exonic circRNAs (80% of 

all circRNAs), intronic RNAs and combined exon and intron circRNAs (Dong et 

al., 2017). CircRNAs are widely involved in vast processes including microRNA 

(miRNA) sponges, modulating transcriptional machinery by regulating RNA-
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binding proteins, or by directly translating to short peptides (Dong et al., 2017; 

Wang et al., 2017). Acting as miRNA sponges, circRNAs compete with targeted 

mRNA for miRNA binding sites, which in return regulate specific miRNAs and 

expression of the downstream target (Dou et al., 2016; Xie et al., 2016). CircRNAs 

are involved cancer development (reviewed by Dong et al, 2017). The regulation 

of circRNAs in CrCSC remains to be investigated. 

 

The involvement of circRNAs in various oncogenic hallmarks has 

warranted a more systematic circRNA-targeting tool to investigate the knockdown 

effects of specific circRNA (Verduci et al., 2021). The recent discovery of CRISPR 

Cas13d system that enables RNA targeting has been highlighted as a potent tool for 

circRNA expression modulation (Wang, Zhang and Gao, 2020). Using an anti-

sense RNA to target a specific RNA transcript, the ribozyme complex within the 

CRISPR Cas13d cleaves and degrades the targeted RNA transcript (Zhang et al., 

2021b). In context of circRNA investigations, the specificity of RNA targeting is 

essential to ensure a systematic knockdown of candidate circRNAs without 

significant effects on the linear host transcript. Selective knockdown of circRNA 

by the CRISPR Cas13d system has, indeed been reported (Li et al., 2021b).  

 

Using the previously established CRC spheroidal culture in our laboratory, 

the primary goal of the study was to understand the involvement of circRNA in 

regulating CSC properties in CrCSC cells and to identify potential candidate 

circRNA that could be used for therapeutic intervention. The goal was achieved by 

accomplishing the following objectives:  
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1. To establish the circular RNA profile of colorectal cancer stem cell-like 

population derived from spheroidal culture by whole-transcriptome RNA 

sequencing. 

2. To identify candidate circular RNAs involved in stemness regulation via a 

circular RNA-microRNA-mRNA axis by bioinformatics analysis.  

3. To elucidate the cellular and functional roles of a candidate circular RNA in 

mediating stemness properties of colorectal cancer cells by various molecular 

and biochemical methodologies. 



CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Colorectal cancer 

 

Colorectal cancer (CRC) remains one of the most commonly diagnosed 

cancers (Bray et al., 2018). CRC is the second life-threatening form of cancer with 

the third highest prevalence globally (Siegel et al., 2020). In 2020, 10% of total 

cancer incidences and cancer-related mortalities are associated with CRC (Xie, 

Chen and Fang, 2020). On initial presentation, 20% of newly diagnosed CRC 

patients appear to be metastatic, while 25% are initially diagnosed with localised 

tumours before progressing to advanced stages. Less than 20% of patients 

diagnosed with advanced stages survive beyond 5 years from initial diagnosis 

(Biller and Schrag, 2021).  

 

CRC follows a classical cancer progression model, which begins with the 

accumulation of mutations in key driver genes including tumour suppressors and 

oncogenes (Qiu, Zhang and Chen, 2020). Epigenetic dysregulations are also 

associated with the initiation of CRC, which collectively with the genetic mutations 

could transform normal epithelial intestinal cells into precancerous lesions (Grady 

and Markowitz, 2015). Without therapeutic interventions, the lesions could further 

develop into advanced adenocarcinoma and metastasise to different organs.  
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The common genomic alterations in CRC can be divided into two categories, 

chromosomal instability and microsatellite instability (Kasi et al., 2020). 

Chromosomal instabilities are found in 85% of total CRC patients (Grady and 

Carethers, 2008). The general phenotypes of chromosomal instabilities include 

aneuploidy and polyploidy, which affect chromosomal structure and integrity 

(Grady and Markowitz, 2015). Alterations in the chromosomes are known to affect 

various tumour suppressors and oncogenes in CRC.  

 

The most commonly implicated chromosomal instability is the mutation of 

APC (adenomatous polyposis coli), a tumour suppressor. (Kasi et al., 2020). APC 

negatively regulates Wnt signalling pathways that are involved in the differentiation 

of intestinal stem cell population (Zoratto et al., 2014). APC mutation dysregulates 

which results in hyperactivation of proliferation in the intestinal cells. APC 

mutations have also been reported to occur during the CRC precancerous 

development (Zhang and Shay, 2017). Other common mutations associated with 

CRC development include KRAS and TP53 (Xie, Chen and Fang, 2020).  

 

Microsatellite instability refers to the inability of the cells to repair 

alterations in genomic repeats, contributed by the gene inactivation in the DNA 

mismatch repair (MMR) mechanism (Kasi et al., 2020). The most commonly 

affected pathways resulting from microsatellite instability are TGF-β and epidermal 

growth factor pathways, which often result in the activation of cell proliferation 

(Itatani, Kawada and Sakai, 2019). Other than genomic alternations, CRC 

developments are also associated with changes at epigenetic levels. DNA 

methylation at tumour suppressor promoters, which leads to the silencing of tumour 



 7 

suppressive properties, is reported to occur in 40% of CRC patients (Kim and Kang, 

2014).  

 

Furthermore, other epigenetic factors are also reported to be involved in 

CRC development (Zoratto et al., 2014). Epigenetic instabilities associated with 

chromatin modifications and microRNAs could either activate oncogenic pathways 

or inactivate tumour suppressive genes, leading to the dysregulation in cellular 

proliferation of intestinal cells (Baylin and Jones, 2016). Chromatin modifications 

could potentially inactivate tumour suppressive properties of various proteins (Qin 

et al., 2020). The involvement of microRNA in CRC development is covered in 

Subsection 2.5.1 below.  

 

 

2.1.1 Risk factors of CRC 

 

CRC tumorigenesis is a multifactorial process involving a range of risk 

factors. The risk factors of CRC can be divided into two categories; modifiable and 

non-modifiable factors. The modifiable risks include obesity, diet, smoking, 

alcohol and other medical conditions such as diabetes. The non-modifiable factors 

focus on age, race, gender, hereditary mutations and family history (Kanth and 

Inadomi, 2021).  

 

 

 

2.1.2 Modifiable CRC risk factors 
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Given the increasing trend of CRC incidence in emerging markets, evidence 

of changes in lifestyle attributed to modifiable risks could explain the increased 

number of CRC cases (Rawla, Sunkara and Barsouk, 2019). Thus, identifying these 

factors could avert the risk of developing CRC. Obesity, which is often associated 

with a lack of physical training and sedentary lifestyles, has been shown to increase 

the risk of developing CRC by 50% (Sawicki et al., 2021). Medical intervention via 

health campaigns against obesity has shown success in CRC prevention (Arnold et 

al., 2017). 

 

Diet has also been contributed as a risk factor in the development of CRC. 

Consumption of high red meat and low fibre diet has been linked with higher risk 

of CRC (Lewandowska et al., 2022). CRC risk increases by 17% with the 

consumption of every 100 g of processed red meat (Cascella et al., 2018) due to the 

high fats and inflammatory substances generated during the high-heat cooking 

process (Kim, Coelho and Blachier, 2013). A high fruits and vegetable diet has a 

protective effect against CRC and reduces the risk of CRC by 50% (Amersi, 

Agustin and Ko, 2005). High-fibre diet reduces the transient time of the stool in the 

intestine and increases the water content in the stool, thus reducing inflammation 

and contact time of potential dietary carcinogens in the intestine (Sawicki et al., 

2021).  

 

 

Smoking and high alcohol consumption have been associated with various 

cancer developments. Smoking rises the risk of CRC by three folds while more than 



 9 

three daily drinks of alcohol can heighten the risk of CRC by 40% (Rawla, Sunkara 

and Barsouk, 2019). The increased risks of CRC in smoking and high alcohol intake 

have been well understood: elevation of the levels of carcinogens and reactive 

oxygen species leads to increased chances of DNA mutations in the intestinal cells 

(Rossi et al., 2018).  

 

Other non-genetic inheritance diseases such as diabetes type 2 have also 

been associated with higher CRC risk. Diabetic patients are at 1.3-fold risk of 

developing CRC compared to the non-diabetic group (Peeters et al., 2015). 

Diabetes, which is often a result of a sedentary lifestyles, could lead to increased 

insulin levels due to insulin resistance. The high levels of insulin can, in turn, induce 

hyperproliferation in the colonic cell population, constituting a precursor event in 

CRC development (Sawicki et al., 2021).  

 

 

2.1.3 Non-modifiable CRC risk factors 

 

Age, gender and race have been individually identified as potential risk 

factors for CRC. Almost 90% of diagnosed CRC patients are above 50 years old, 

with CRC 30 times more prone to develop in individuals above 65 years old 

compared to the younger population (Rawla, Sunkara and Barsouk, 2019). The 

statistical data indicates while CRC is an age-related disease, growing incidence 

rate amongst younger-age groups again highlights the impacts of sedentary 

lifestyles and the need for preventive intervention of CRC (Edwards et al., 2010).  
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Males are at higher risk of developing CRC than females, with males facing 

a poorer prognosis (Keum and Giovannucci, 2019). The disparity between genders 

remains poorly understood; however, sex hormones have been associated to 

influence CRC development. Race and ethnicity have also been listed as CRC risk 

factors (Xi and Xu, 2021). African-Americans are at higher risk of developing CRC 

in American society, with recorded higher mortalities. Globally, Europeans are 

reported to have the highest prevalence and mortality associated with CRC (Wong 

et al., 2019). 

 

Specific genetic mutations have been associated with an increased risk of 

developing CRC, which accounts for up to 10% of total CRC cases. Individuals 

with a family history of CRC have a significantly higher risk of developing CRC, 

correlating with the degree of consanguinity (Henrikson et al., 2015). Hereditary 

conditions, such as Lynch syndrome and familial adenomatous polyposis coli, 

could eventually lead to the development of CRC (Kolligs, 2016). Other than that, 

inflammatory bowel disease, also known as Crohn’s disease, which is a result of 

genetic and environmental factors, is at least six-fold higher risk of developing CRC 

(Hnatyszyn et al., 2019).  

 

 

 

 

2.2 Colorectal cancer stem cells 
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In a solid tumour mass, the vast majority of the cells lack the ability to self-

renew with limited tumorigenicity (Gupta et al., 2019). The existence of a small 

population of cells within a tumour mass that exhibits enhanced self-renewal and 

tumorigenicity abilities is known as cancer stem cells (CSC) (Munro et al., 2018). 

CSC population has been linked to various cellular processes associated with 

increased tumour aggressiveness. CSC hypothesis evolves around two possibilities: 

(i) oncogenic mutation(s) in the stem cell population residing in certain organs; or 

(ii) de-differentiation mutation(s) that allow terminally differentiated cells to 

acquire stem-cell like properties (Alhulais and Ralph, 2019). The resulting CSC 

population have shown enhanced oncogenic properties and self-renewal, and 

inherited unlimited cell division capacities (Munro et al., 2018).  

 

 The CSC population that is found in CRC is known as colorectal cancer 

stem cell (CrCSC) population. CrCSC is believed to arise from the acquisition of 

oncogenic mutations in the intestinal stem cell (ISC) population (van der Heijden 

and Vermeulen, 2019). The long-lived ISC population in the intestine is a good 

candidate for acquiring various genetic mutations to initiate CRC development 

(Munro et al., 2018). The hypothesis followed a bottom-up theory, which dictates 

that the initiation of CRC begins in the bottom of intestinal crypt where the ISC 

population is residing (Alhulais and Ralph, 2019). The hypothesis acquires further 

support when reports show that introducing adenomatous polyposis coli (APC) 

mutation gives rise to the formation of adenoma only in LGR5+ population, which 

resembles ISC, but not in LGR5- population (Barker et al., 2009).  

2.2.1 Regulation of colorectal cancer stem cells 
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The CrCSC population makes up from 0.1% to 10% of the entire tumour 

mass. The small fraction of the CrCSC population has been associated with 

enhanced tumorigenicity, recurrence and chemoresistance in CRC (Pashirzad et al., 

2022). The association of CrCSC population with increased oncogenicity is 

attributed to the higher plasticity observed in the CrCSC population (van der 

Heijden and Vermeulen, 2019). Furthermore, CrCSC population has been shown to 

constantly activate various stemness-associated pathways, including Wnt/β-catenin 

and Notch signalling pathways (Conciatori et al., 2019).  

 

The activations of specific signalling pathways are important in the 

regulation of various CrCSC properties. The constant up-regulation of Wnt/β-

catenin signalling pathway has been shown to increase the differentiation potential 

and chemoresistance in CrCSC population (Zhou et al., 2018). In normal 

homeostasis, Wnt/β-catenin signalling controls the cell fate of ISC population. The 

signalling pathway is highly activated from the bottom of the intestinal crypt, where 

ISC population is primarily residing (Angius et al., 2021). Wnt/β-catenin signalling 

activation is gradually suppressed upon moving upstream of the crypt. This event 

allows a systematic differentiation of the colonic crypts, producing progenitor cells 

with limited self-renewal capacity (Gupta et al., 2019). However, as APC mutations 

are common in CRC, the mutations often result in hyperactivation of the Wnt/β-

catenin signalling pathway (van der Heijden and Vermeulen, 2019) and 

uncontrolled proliferation of ISC-like population in CRC, yielding highly 

metastatic and therapy-resistant cells (Angius et al., 2021).  

Besides Wnt/β-catenin, activation of the Notch signalling pathway has also 

been implicated in regulating CrCSC properties. Notch pathway is important in the 
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embryogenesis, differentiation and epithelial-mesenchymal transition (EMT) 

processes (Munro et al., 2018). Notch pathway inhibits apoptosis by repressing cell 

cycle regulators (Gupta et al., 2019). In CrCSC population, the activation of the 

Notch signalling pathway enhances the self-renewal abilities, migratory properties 

of CrCSC, and anti-apoptotic mechanism to resist therapeutic inventions, including 

radio- and chemo-therapy (Angius et al., 2021). 

 

Similarly, dysregulation of the Hedgehog signalling pathways, which 

maintain the stemness properties in ISC population could result in the hyperplasia 

of ISC population and acts as a precursor for CRC development (Wu et al., 2017). 

The Hedgehog activation in CRC cells results in enhanced CrCSC properties, 

including tumourigenicity, metastasis and recurrence (Varnat et al., 2009). 

Interestingly, the crosstalk between the Wnt and Hedgehog signalling pathways 

enhances the CrCSC phenotype resulting in increased CRC metastatic abilities 

(Song et al., 2015).  
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2.2.2 Identification of colorectal cancer stem cell population 

 

CRC is composed of a heterogeneous cell population. CRC consists of cells 

of different self-renewal potentials, forming a hierarchy based on cellular potency 

(van der Heijden and Vermeulen, 2019). CrCSC population forms the top of the 

hierarchy, which are transformed intestinal cells with enhanced stemness and 

oncogenic properties (Angius et al., 2021). Phenotypic markers to discriminate the 

intestinal stem cell population and non-CrCSC cancer population remain a 

challenge (van der Heijden and Vermeulen, 2019).  

 

CD133+ cell population has been well documented to exhibit CSC-like 

properties in various solid tumours. CD133 is a glycoprotein localised in the 

transmembrane, and is involved in cellular differentiation and epithelial-

mesenchymal transition (EMT) (Angius et al., 2021). CD133+ cells isolated from 

CRC populations mimic functional properties of CrCSC, including enhanced self-

renewal, higher cellular proliferation, migratory abilities and resistant to radio- and 

chemotherapy (Todaro et al., 2007; Zhi et al., 2015; Gisina et al., 2019).  

 

CD44 is another common CrCSC marker. CD44 is involved in cell adhesion 

and migration under normal physiological conditions (Gupta et al., 2019). CD44+ 

population exhibits enhanced tumorigenicity and cell proliferation in CRC, 

compared to CD44- population (Marhaba et al., 2008). Knockdown of CD44 in 

CRC cells reduces self-renewal abilities and tumorigenicity in a mouse model (Du 

et al., 2008). In the same study, limiting-dilution transplantation assays of CD44+ 
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and CD44- CRC cells show that a mere 100 cells of CD44+ population were 

sufficient to initiate tumour growth (Du et al., 2008). 

 

ALDH1 (Aldehyde dehydrogenase isoform 1) is a metabolic enzyme 

responsible for aldehyde conversion. Different isoforms of ALDH1 have been 

identified as CSC markers for different cancer types (Kozovska et al., 2018). The 

high expression levels of ALDH1 correlate inversely to different degrees of CRC 

differentiation (Rassouli, Matin and Saeinasab, 2016). Furthermore, due to the 

metabolic involvement of ALDH1, CRC cells expressing high levels of ALDH1 

often exhibit chemoresistance properties (Deng et al., 2014).  

 

Besides phenotypic markers, molecular markers have been associated in 

identifying CrCSC population. Since the discovery of the Yamanaka 

reprogramming transcriptional factors, Oct4, Sox2, Klf4, cMyc and Nanog, which 

are implicated in the maintenance of cellular potency in stem cells, various studies 

have focused on investigating the expression levels of these transcriptional factors 

in CSC populations (Bradshaw et al., 2016). Each of the transcriptional factors has 

been correlated with enhancing the CSC properties, either individually or in 

different combinations (Munro et al., 2019). 

 

Oct4 has been associated with cancer recurrence, metastasis and increased 

levels of undifferentiated CRC population (Dai et al., 2013; Amini et al., 2014). 

Sox2 maintains the cellular potency and increased the metastatic potential of CRC 

population (Neumann et al., 2011). Nanog, expressed downstream of Oct4 and 

Sox2, has been shown to correlate with a poor prognosis of CRC (Hadjimichael et 
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al., 2015). Klf4 controls chemoresistance properties in regard to CSC population 

while cMyc is a proto-oncogene involved in CRC development (Munro et al., 2018). 

However, since these transcriptional factors are not exclusively expressed in 

CrCSC population, they are not good candidates for CrCSC identification purposes.  

 

 

2.3 In vitro enrichment tools of colorectal cancer stem cells 

 

Colorectal cancer stem cells (CrCSC) population makes up a small fraction 

of the entire tumour mass, hence, there is a need for in vitro culturing approaches 

(Pashirzad et al., 2022). The culturing of CrCSC should take into account 

enrichment of the CRC population and maintaining the stemness properties by 

preventing cell differentiation. Furthermore, long-term propagation of the CrCSC 

population while preserving the typical properties CSC, such as self-renewal 

abilities, should also be considered (De Angelis et al., 2021).  

 

Isolation based on phenotypic CrCSC surface markers using flowcytometry 

has been reported. CD133, CD44 and ALDH1 have been used to isolate potential 

CrCSC population using flowcytometry (Wahab et al., 2017). While the 

fluorescence-activated cell sorting approach has shown promising results on 

CrCSC enrichment, maintaining the CrCSC population in long-term cultures has 

been challenging. Due to the asymmetrical cell division, the sorted population 

continues to be heterogenous with a mixture of different stages of differentiated 

CRC cells upon propagation (De Angelis et al., 2021).  
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Another approach to enrich CrCSC population is by using serial 

transplantation of xenograft tumours in mice. Patient-derived tissues or cell lines 

can be used to generate xenograft tumours (De Angelis et al., 2021). Using the 

limiting dilution process, the tumour-initiating cells can be enriched to enable 

tumour growth during each serial transplantation (Dieter et al., 2011). Thus, 

constant pure CrCSC cells are cultured throughout. However, this approach is time-

consuming, expensive and laborious (Ibarrola-Villava, Cervantes and Bardelli, 

2018). 

 

 

2.3.1 Spheroidal culture 

 

Conventional cell culture method uses the two-dimensional (2D) approach 

in which cells are grown as monolayer culture on a solid surface. The 2D method 

does not represent the physiological condition nor provides the in vivo 

microenvironment for the growth of the cells (Hoarau-Vechot et al., 2018). 

Furthermore, the 2D culture changes the cellular architecture by creating a flattened 

cell morphology and altering cell-to-cell communication (Colombo and Cattaneo, 

2021). The artificial effects of the 2D culture are often associated with the lack of 

consistency of the in vitro data and the inability to reproduce similar data in animal 

models (Zhang et al., 2020a).  
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In contrast, three-dimensional (3D) cultures that promote cell-to-cell and 

cell-to-matrix interactions have been widely accepted as an effective method to 

culture CSC populations. By mimicking the complex microenvironment exhibited 

in the tumour microenvironment, anchorage-independent 3D culture allows a 

natural physiological and structural architecture for cellular growth.  

 

3D culture, also known as spheroidal culture, is a commonly used method 

in enriching cancer cells with CSC-like properties (Zhang et al., 2020a). By 

culturing the cancer cells in an anchorage-independent condition, cells with higher 

cellular potency survive the culture conditions and form floating spheres (Colombo 

and Cattaneo, 2021). The anchorage-independent culture allows cells to be resistant 

to anoikis, a programmed cell-death process that occurs when terminally 

differentiated cells lose cell-to-matrix interaction (Zhang et al., 2020a; Velletri et 

al., 2022). Moreover, CSC populations are known to resist anoikis and proliferation 

without any matrix. The resulting spheroids can be propagated under similar 

conditions for many passages to enrich the cancer cells with higher CSC-like 

properties (De Angelis et al., 2021).  

 

Furthermore, spheroidal culture is able to recapitulate the architecture of in 

vivo tumour structure. Nutrient and oxygen gradients are formed due to the 

geometry of the spheroids to simulate the hypoxia conditions in tumour mass, 

allowing for cellular heterogeneity (Holle, Young and Spatz, 2016). Other than that, 

the maintenance of the cell-to-matrix interaction controls conditions more similar 

to in vivo environment, including pH and oxygen levels (Herrmann et al., 2014; 

Zhang et al., 2020a).  
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Cells generated from spheroidal culture have shown close resemblance to 

CSC population, including cells from CRC. CRC cell lines, HT29 and Caco-2 were 

subjected to spheroid culture and the resulting spheres exhibited classical properties 

of CrCSC, including up-regulation of CrCSC markers and stemness transcriptional 

factors and EMT markers (Gheytanchi et al., 2021). Similarly, spheres generated 

from CRC patient-derived tissues expressed higher levels of CrCSC markers, 

CD133, CD44 and ALDH1. Furthermore, the spheres also exhibited resistance to 

cetuximab and recapitulated the original tumour pathology when transplanted into 

mice (Lee et al., 2015). These reports highlight the reliability of spheroidal culture 

as an in vitro means for CrCSC enrichment using CRC tissue and cell lines.  

 

In our previous work, we developed a CrCSC spheroidal cell model, using 

HCT-15 and WiDr (CRC cell lines) to enrich CRC cells with the derived cell 

population shown to resemble CrCSC. The spheroidal culture was subjected to 

serial passaging of the spheres, aimed to enrich the CSC population in the CRC 

cells. Characterisation of the resulting CRC spheroids showed increased levels of 

CSC markers, chemoresistance, migration and invasion properties (Rengganaten, 

2016). The CrCSC spheroidal model thus established was used in the present study 

for further investigation.  

 

 

 

 

 

 



 20 

2.4 Non-coding regulatory RNAs 

 

Non-coding RNAs refer to single-stranded RNA transcripts that are not 

translated into proteins. However, non-coding RNAs can regulate gene expression 

at the post-transcriptional level (Shirmohamadi et al., 2020), regulating various 

important biological processes; dysregulation of the non-coding RNAs has been 

commonly reported as oncogenic factors (Slack and Chinnaiyan, 2019). Non-

coding RNAs are classified based on the size of the RNA; short non-coding RNAs 

and long non-coding RNAs. Short non-coding RNAs include short interfering RNA 

(siRNA), microRNA (miRNA) and piwi-interacting RNA (piRNA) (French and 

Pauklin, 2021). Long non-coding RNAs (lncRNAs) are non-coding RNAs longer 

than 200 nucleotides, which include sense, antisense, intergenic and intronic 

lncRNAs. More recently, a group of novel lncRNA, known as circular RNA 

(circRNA), was discovered (Slack and Chinnaiyan, 2019).  

 

 

2.4.1 MicroRNAs 

 

MicroRNA (miRNA) is a non-coding RNA between 18 – 25 nucleotides in 

length. MiRNAs act at the post-transcriptional levels by complementarily binding 

with the 3’-untranslated region (UTR) of target transcripts, leading to degradation 

and inhibition of translation. The degradation of the target mRNA is facilitated by 

an RNA-induced silencing complex. Despite being relatively short, miRNAs exert 

a wide range of regulatory control, given the fact that a miRNA has multiple mRNA 

targets and an mRNA can be targeted by multiple miRNAs. As such, miRNAs are 
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often denoted as master post-transcriptional regulators, having control over major 

biological processes. Thus, dysregulation of miRNAs could lead to the 

development of various diseases including cancer.  

 

MiRNA dysregulation in cancer occurs when the levels of the miRNAs are 

abnormal, leading to negative modulation of tumour suppressive genes, or 

activation of oncogenic factors via suppressed expression of oncogene suppressors. 

Besides being involved in oncogenicity, miRNAs are also important in maintaining 

stemness in stem cells. MiR-21, a well-studied oncogenic miRNA, is up-regulated 

in various cancer types (Fulci et al., 2007; Feng et al., 2011; Feng and Tsao, 2016).  

 

MiRNAs have been associated with the properties of CrCSC. MiR-137 is 

known to repress tumour growth in various cancers, including CRC, by down-

regulating oncogenes such as MSI1 (Balaguer et al., 2010; Liu et al., 2011). 

Furthermore, miR-137 also is involved in the stemness regulation in stem cell 

populations (Jiang, Ren and Nair, 2013). In CrCSC, the expression levels of miR-

137 are down-regulated, contributing to the maintenance of stemness in CRC 

population (Sakaguchi et al., 2016).  

 

Similarly, miR-451 has been shown to be down-regulated in CrCSC 

population (Bitarte et al., 2011), to control self-renewal, tumorigenicity and 

chemoresistance in CrCSC cells. Mechanistically, miR-451 indirectly down-

regulates the Wnt signalling pathway, which is essential for CrCSC stemness 

maintenance. Modulation of miR-21, an oncogene, promotes CSC properties in 

CRC population (De Robertis et al., 2018). Overexpression of miR-21 increases the 
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self-renewal properties of the CRC cells, while miR-21 knockdown significantly 

induces cellular differentiation in the CRC spheroidal cells. MiR-21 was shown to 

target TGF- β signalling pathway to exhibit the CSC properties in CRC cells (Yu 

et al., 2012).  

 

 

2.4.2 Circular RNAs 

 

Circular RNA (circRNA) is a long non-coding RNA with the 3’ and 5’ ends 

covalently joined to form a circle. Discovered during the mid-1970s, circRNAs 

were initially thought to be a by-product of RNA splicing (Sanger et al., 1976). 

Circularised RNAs were first identified in plant viroid and δ hepatitis virus. The 

first association of circRNA in human biology was made during the discovery of 

circularised isoforms of RNA transcripts from the DCC gene in the CRC (Nigro et 

al., 1991). However, advancements in RNA sequencing have rapidly unlocked the 

potential roles of circRNAs. CircRNAs have now been associated with a wide range 

of biological processes in normal homeostasis and abnormal conditions (Harper, 

McDonnell and Whitehouse, 2019).  
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2.4.2.1 Biogenesis and properties of circRNA 

 

Precursor mRNAs generated via RNA polymerase II are canonically spliced 

to generate linear mRNA transcripts (Tang et al., 2021). However, in the case of 

circRNAs, the precursor mRNAs undergo a backsplicing process, a novel RNA 

splicing that remains poorly understood. A few reports have suggested that RNA 

circularisation through backsplicing is facilitated by inverted complementary 

sequences flanking the introns. The intron-pairing recruits RNA-binding proteins 

and spliceosome to facilitate the joining of the 3’ and 5’ ends. However, further 

investigation is needed to fully understand the formation of circRNA (Harper, 

McDonnell and Whitehouse, 2019; Shao, Pan and Xiong, 2021; Tang et al., 2021).  

 

 CircRNAs can be categorized into three types based on the region of the 

mRNA transcripts retained in the circRNA; exonic circRNA, exonic-intronic 

circRNA and intronic circRNA (Shao, Pan and Xiong, 2021). Exonic circRNAs 

that are derived entirely from exonic regions of the precursor mRNA transcripts 

make up the most common type of circRNA. Exonic-intronic circRNAs refer to 

circRNAs composed of exons and introns of the precursor transcripts, while 

intronic circRNA is made up of introns only, also known as a lariat in conventional 

pre-mRNA splicing (Harper, McDonnell and Whitehouse, 2019). The functional 

difference between the different types remains to be elucidated.  
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CircRNAs have properties that are distinct from other types of RNAs. As 

circRNAs lack 5’ cap and 3’ poly(A) tail, circRNAs are more stable and resistant 

to RNase endonuclease degradation compared to linear mRNA transcripts (Harper, 

McDonnell and Whitehouse, 2019; Verduci et al., 2021; Shao, Pan and Xiong, 

2021). Some reports suggest that circRNAs could be tissue- and species-specific 

(Tang et al., 2021; Lu et al., 2022). Furthermore, circRNAs have been investigated 

as potential biomarkers for various diseased conditions due to the presence of 

circRNA in bodily fluids such as saliva, blood and urine (Jacky Lam and Dennis 

Lo, 2019; Verduci et al., 2021).  

 

 

2.4.3 Biological roles of circRNA 

 

Most of the known biological roles of circRNAs involve regulating gene 

expression at post-transcriptional. CircRNAs could interact with RNA-binding 

proteins (RBPs) to regulate gene transcription activities while post-transcriptionally, 

circRNAs act as miRNA sponges, annulling translation suppression mediated by 

miRNAs. More recently, despite being categorised as non-coding RNAs, a few 

circRNAs have been shown to be translated to generate novel proteins. However, 

studies on the functionality of the circRNA-translated proteins are just beginning.  
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2.4.3.1 CircRNA as a transcriptional regulator 

 

CircRNAs regulate the transcriptional activity by either suppressing or 

enhancing transcriptional levels of target mRNAs (Harper, McDonnell and 

Whitehouse, 2019; Shao, Pan and Xiong, 2021). CircRNAs could act as protein 

decoys by baiting selected proteins and inhibiting protein activities. Circ-Foxo3 

was reported to bind with cell cycle regulator proteins to block downstream 

regulation in relation to breast cancer cell proliferation (Du et al., 2016). Circ-Ago2 

binds with the HuR protein to increase the export of the HuR protein into the 

cytoplasm. HuR then competitively binds with the 3’ UTR region of target mRNAs 

to prevent degradation induced by miRNAs (Chen et al., 2019).  

 

CircRNAs are also known to regulate the alternative splicing mechanism by 

controlling the host gene expression levels. CircRNAs have been reported to form 

a complex with small nuclear ribonucleoprotein, which interacts with RNA 

polymerase II (Li et al., 2015). The interaction with RNA polymerase II enhances 

the transcriptional activities of host gene. Circ-UBR5 binds with RNA-binding 

proteins QKI and Nova-1, which modulate the backsplicing mechanism of circRNA 

(Qin, Wei and Sun, 2018).  
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2.4.3.2 CircRNA as a post-transcriptional regulator 

 

One of the most important biological roles of circRNA is to act as a miRNA 

sponge. By sponging miRNAs, and therefore removing miRNAs from the scene, 

circRNA plays a dominant role in post-transcriptional regulation, by controlling the 

miRNA availability and the downstream mRNA targets of the miRNA (Verduci et 

al., 2021). Individual circRNAs might have multiple binding sites for the same or 

different miRNAs. CiRS-7 is one of the most well-known circRNAs that has been 

investigated for the role as a miRNA sponge (Harper, McDonnell and Whitehouse, 

2019) of the tumour suppressor miRNA, miR-7. By containing up to 70 potential 

binding sites for miR-7, ciRS-7 effectively inhibits the tumour suppressive activity 

of miR-7 and induces increased cellular proliferation in various cancer types (Chen 

et al., 2021).  

 

 

2.4.4 Roles of circRNA in CRC 

 

A few circRNAs have been shown to a play role in different aspects of CRC 

tumorigenesis. Circ-VAPA was shown to be up-regulated in CRC and by sponging 

miR-125a, circ-VAPA increases proliferation and EMT properties (Li et al., 2019). 

CiRS-7 and circ-HIPK3 are also reported to be involved in CRC (Tang et al., 2017; 

Zeng et al., 2018). CiRS-7 promotes CRC progression by sponging miR-7 and the 

knockdown of CiRS-7 reduces the viability and colony-forming abilities of CRC 

cells. Similarly, by sponging miR-7, circ-HIPK3 are CiRS-7 have been proposed 

as potential targets for clinical intervention (Li et al., 2021a). 
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Besides acting as oncogenic factors in CRC, circRNAs could also act as 

tumour suppressors. Circ-ITGA7 was found to be down-regulated in CRC tissue 

samples; however, Circ-ITGA7 overexpression in CRC inhibits cancer growth and 

metastasis by affecting Ras signalling pathways (Li et al., 2018c). Overexpression 

of circ-FBXW7 suppresses proliferation, migration and tumour growth (Lu et al., 

2019). Despite the increasing list of circRNAs involved in CRC progression, no 

circRNA have been subjected to clinical trials. 

 

On the other hand, circRNAs have also been associated with the 

maintenance of stemness in stem cell population. Circ-BIRBC6 was shown to 

maintain pluripotent state in human embryonic stem cells and to suppress cellular 

differentiation by sponging miR-34a and miR-145 (Yu et al., 2017a). Circ-NOTCH 

was shown to facilitate the maintenance of stemness properties in gastric CSC 

population by sponging miR-449c-5p (Zhao et al., 2020a). 

 

However, circRNA involvement in CrCSC population remains unknown. 

Identification of a candidate circRNA involved in the maintenance of stemness in 

CrCSC population could be a first step in eradicating CRC. Being multipotent, stem 

cell differentiation therapy has been gaining attention as an approach to deplete 

CSC population in solid tumours (Arima, Nobusue and Saya, 2020). Understanding 

the role of circRNAs in CrCSC population could be advantageous in designing a 

potent differentiation therapy protocol for CRC. 



CHAPTER 3 

 

MATERIALS AND METHODS 

 

3.1 Cell culture  

 

Cell culture was performed in Class II Biosafety Cabinet (ESCO, 

Singapore). Aseptic techniques were observed during cell culture to prevent 

contaminations. All cells were maintained in a humidified incubator (ESCO, 

Singapore) with 5% CO2 at 37 ºC. 

 

 

3.1.1 Colorectal cell lines 

 

Human colorectal cancer (CRC) cell lines used in the study includes HCT-

15, WiDr, HT-29, HCT-116, SW-480 and SW-620. HCT-15 was maintained in 

DMEM (Dulbecco's Modified Eagle Medium) high glucose (Gibco, Thermo Fisher 

Scientific, Massachusetts, USA), while WiDr was cultured in MEM (Minimum 

Essential Medium, Gibco, Thermo Fisher Scientific, USA). HT-29, HCT-116, SW-

480 and SW-620 were all maintained in DMEM-F12 (Gibco, Thermo Fisher 

Scientific, USA). WiDr, HT-29 and HCT-116 are derivates of colon 

adenocarcinoma of unspecified pathological grade based on the information from 

ATCC. HCT-15 was derived from  a high-grade CRC tumour. SW-480 and SW-

620 CRC cell lines were derived from the same patient, where SW-480 was derived 

from tissues of early colon adenocarcinoma and SW-620 developed from metastatic 
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colon cancer tissue of the same patient. HCT-15 and WiDr were used for the RNA 

sequencing and downstream analysis as the cell lines represent early and late-stage 

CRC disease, respectively.  

 

The basal mediums were prepared based on the manufacturer’s instructions 

and sterilized with 0.22 µm polyether sulfone (PES) filter (Biofill, China). All 

mediums were supplemented with 10% foetal bovine serum (FBS, Gibco, Thermo 

Fisher Scientific, USA) and 1% penicillin-streptomycin (Gibco, Thermo Fisher 

Scientific, USA). The mediums were stored at 4 ºC until further use.  

 

The cells were expanded from the cryopreserved cells. Frozen cryovials 

were thawed in 37 ºC water bath and added into a prewarmed serum-supplemented 

medium. The medium containing the cells was centrifuged at 1,000 rpm for 3 min 

and the supernatant was discarded. The cell pellet was resuspended with the serum-

supplemented medium and transferred into a culture dish (SPL, Korea). The cells 

were left in the humified incubator overnight. The medium was replenished with 

fresh serum-containing medium, every two to three days. Upon reaching > 70% cell 

confluency, the cells were rinsed with phosphate-buffered saline (PBS, Amresco, 

Pennsylvania, USA) to remove residual FBS. The cells were incubated with 0.25% 

trypsin-EDTA (Gibco, Thermo Fisher Scientific, USA) to allow enzymatic 

dissociation until complete single-cell suspension was generated. Serum-containing 

medium was added to stop the enzymatic digestion and the cell suspension was 

centrifuged at 1,000 rpm for 3 min. The supernatant was discarded and the cell 

pellet was resuspended with fresh medium and seeded into a new culture dish, based 

on the seeding ratio between 1:5 to 1:10.  
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For cryopreservation, the dissociated single cell suspension was 

resuspended with PBS and centrifuged at 1,000 rpm for 3 min. The cell pellet was 

suspended with a mixture of 9 parts of FBS and 1-part dimethyl sulfoxide (DMSO, 

Sigma-Aldrich, Merck, Germany). The cell suspension was aliquoted into 

individual sterile cryovials (SPL, Korea) and placed in -80 ºC in CoolCell freezing 

containers (Corning, New York, USA). For long-term storage, the vials were stored 

in liquid nitrogen.  

 

 

3.1.2 Spheroidal culture 

 

The spheroidal culture was performed based on the method used in our 

previous study (Rengganaten, 2016). Briefly, CRC cells were dissociated from the 

aforementioned method. The cells were stained and counted using 0.4% (v/v) 

trypan blue solution (Gibco, Thermo Fisher Scientific, USA) and seeded at 5 × 104 

cells/ml for the spheroidal culture. The cells were resuspended in serum-free 

medium (SFM). SFM was prepared using DMEM-F12 (Gibco, Thermo Fisher 

Scientific, USA) supplemented with 0.24% (v/v) methylcellulose (Sigma-Aldrich, 

Merck, Germany), 20 ng/µL epidermal growth factor (Miltenyi Biotech, Germany), 

10 ng/µL basic fibroblast growth factor (Miltenyi Biotech, Germany), 1× B27 

supplement (Invitrogen, Thermo Fisher Scientific, USA), 0.4% bovine serum 

albumin (Sigma-Aldrich, Merck, Germany) and 1 mg/mL of insulin (Gibco, 

Thermo Fisher Scientific, USA). The cells were cultured in polyHEMA-coated 

culture flasks, (polyhydroxyethylmethacrylate, Sigma-Aldrich, Merck, Germany). 
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The cells were supplemented with additional fresh SFM on day 7 and continued to 

be grown to form spheroids for up to 14 days. On day 14, the spheroids were 

collected by centrifugation at 1,000 rpm for 3 mi. The spheroids were either 

harvested for subsequent analysis or dissociated using StemPro™ Accutase™ Cell 

Dissociation Reagent (Gibco, Thermo Fisher Scientific, USA) for further passaging. 

The spheroid pellets were incubated with Accutase for up to 5 min before subjecting 

the spheroids to mechanical dissociation using pipettors. The cells were centrifuged 

and resuspended in PBS before seeding in the same condition for further cultivation.  

 

 

3.2 CRC clinical patient tissues  

 

Primary CRC and adjacent normal patient tissues were obtained from 

patients who undergo colectomy in Taipei Veterans General Hospital, Taiwan. The 

collection of CRC patient tissues was in accordance with the International Ethical 

Guidelines for Biomedical Research Involving Human Subjects and was approved 

by the Medical Ethical Committee of Taipei Veterans General Hospital, Taiwan 

(V110C-129). Written consents from the patients were obtained before tissue 

collection.  

 

Paired adjacent normal and CRC tissues from 20 CRC patients were 

collected from different stages, ages and gender groups. The tissue samples were 

chopped into smaller pieces and stored in -80 ºC in RNAlater (Invitrogen, Thermo 

Fisher Scientific, USA) for RNA extraction. Paraffin-embedding tissue slides, the 

tissues were fixed in 4% paraformaldehyde (Sigma-Aldrich, Merck, Germany) 
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overnight at 4 ºC. The paraformaldehyde was rinsed off with PBS and subjected to 

tissue sectioning (Bio-Check Laboratories, Taiwan). 

 

 

3.3 Genome-wide circular RNA profiling 

 

The expression profile of circular RNA (circRNA) was established using 

RNA sequencing approach. HCT-15 and WiDr cells and the corresponding 

spheroidal cells were subjected to circRNA profiling as described below.  

 

 

3.3.1 RNA extraction 

 

CRC cells were collected through cell scrapping or centrifugation. The cell 

pellets were washed twice with PBS and collected with centrifugation at 4 ºC. The 

supernatants were discarded and the pellets were homogenised with TRIzol reagent 

(Invitrogen, Thermo Fisher Scientific, USA). The cells were incubated for 10 min 

at room temperature. One part of 1-bromo-3-chloropropane (Molecular Research 

Center, Ohio, USA) was added to the homogenate and pulse-vortexed for a minute 

before incubating for 15 min at room temperature. The homogenates were 

centrifuged at 15,000 rpm for 15 min at 4 ºC. The transparent clear phase of the 

mixture which contains RNA was transferred into a new tube. Equal parts of 

isopropanol (Sigma-Aldrich, Merck, Germany) were mixed and incubated at room 

temperature for 10 min. The solution was centrifuged at 10,000 rpm for 10 min at 

4 ºC. The supernatant was discarded and the RNA pellet was washed with 75% 
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ethanol (Sigma-Aldrich, Merck, Germany) twice by centrifugation at 10,000 rpm 

for 10 min at 4 ºC. The supernatant was discarded and the RNA pellet was allowed 

to be air-dried. The RNA pellet was resuspended with RNase-free water and 

quantified using a UV spectrophotometer (Thermo Fisher Scientific, USA). RNAs 

with an A260:A280 ratio between 1.8 to 2.0 were used for subsequent experiments 

and stored at -80 ºC for storage.  

 

 

3.3.2 Library preparation 

 

The extracted RNA was accessed for integrity and quality using Agilent 

Bioanalyzer 2100 (Santa Clara, California, USA). RNA samples with integrity 

numbers higher than 9 were used for circRNA profiling. Ribosomal RNA was 

depleted using Illumina Stranded Total RNA Prep with Ribo-Zero Plus (Illumina, 

California, USA), according to the manufacturer’s instructions. The remaining 

RNAs were subjected to RNase R (Epicenter, Wisconsin, USA) treatment to 

remove linear RNA and enrich circRNA following the manufacturer’s instructions 

(described further in Section 3.6.2). The RNA was fragmented using divalent 

cations under elevated temperatures. The library preparation was carried out using 

TruSeq Stranded Total RNA Library Prep Gold (Illumina, California, USA). 

Sequencing of the library was performed on the Illumina HiseqTM 2500 system 

based on the manufacturer’s protocol. 
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3.4 Bioinformatics analysis 

 

Based on the RNA sequencing data, the circRNAs were identified using the 

find_circ database (Memczak et al., 2013). The identified circRNAs were then 

analysed for the differential expression between the CRC parental and spheroidal 

cells. Using the DEGseq algorithm the differentially expressed circRNA profile 

was established. The p-values of differentially expressed circRNAs were adjusted 

using the Benjamini–Hochberg approach. The differentially expressed circRNAs 

were visualized using data mining tool Orange Data Visualising software (Demšar 

et al., 2013).  

 

MicroRNA (miRNA) interactions were predicted based on the putative 

binding sites in circRNAs. The predictions were performed using CircInteractome 

(Dudekula et al., 2016). The prediction of mRNA targets of selected miRNAs was 

performed using the miRWalk database. For visualising, Cytoscape software was 

used to construct the circRNA-miRNA-mRNA network (Smoot et al., 2011). 

Functional annotations of the mRNA transcripts identified in the circRNA-miRNA-

mRNA network were performed using publicly available bioinformatics resources. 

Host genes of selected circRNAs and the predicted mRNAs were analysed using 

gene ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) 

pathway using DAVID (version 6.8). 
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3.4.1 Selection of top differentially expressed circRNA 

 

The top differentially expressed circRNAs were identified based on the 

unique circRNA junction reads from the RNA sequencing data. A combined of over 

15,000 unique circRNAs were identified from the sequencing data of HCT-15 and 

WiDr cells. Orange Data Visualising software was used in identifying the 

consistently top up- and down-regulated circRNAs in CRC spheroidal cells based 

on both HCT-15 and WiDr circRNA profiles. The identification was done by 

gradually increasing the fold change difference between the CRC parental and 

spheroidal cells of HCT-15 and WiDr. The log2 fold change was uniformly 

increased starting from value 1 until the list was shortened to only contain four 

circRNA candidates that were up-regulated in both HCT-15 and WiDr spheroidal 

cells. For the down-regulated circRNAs, the values were gradually reduced until 

four candidates remained.  

 

 

3.4.2 Construction of circRNA-miRNA-mRNA axis 

 

Using the top four differentially expressed circRNAs, the interacting 

miRNAs were predicted using CircInteractome database. CircRNA-miRNA 

binding prediction with a context score percentile higher than 90 was selected. The 

identified circRNA-miRNA interactions were visualised using Cytoscape platform. 

To narrow the list of miRNAs, a stringent criterion was applied; each miRNA 

should have at least four or more interactions with the top four differentially 

expressed circRNAs. The narrowed list of miRNAs was used to identify the 
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downstream mRNA target transcripts using miRWalk and the interaction was 

visualized using Cytoscape. Similar to the miRNA’s stringent criterion, the mRNAs 

list was narrowed by identifying mRNAs that had five or more interactions to 

miRNAs. The interaction between circRNAs, miRNAs and mRNAs that were 

identified based on the stringent criteria were constructed using Cytoscape. The 

narrowed list of mRNAs identified was then subjected to GO and KEGG analysis.  

 

 

3.5 Quantitative analysis of RNA 

 

The expression levels of circRNAs, miRNAs and mRNAs were evaluated 

using quantitative real-time PCR (qRT-PCR). The methods used in each 

quantification are described in this subsection.  

 

 

3.5.1 cDNA conversion 

 

Total RNA extracted as described in Section 3.3.1 was subjected to cDNA 

conversion for circRNA and mRNA qRT-PCR analysis. Reverse transcription of 

the RNA to cDNA was performed using SuperScript III Reverse Transcriptase 

(Invitrogen, Thermo Fisher Scientific, USA). Firstly, the RNA (5 µg) was mixed 

with 50 ng of random hexamers and 0.5 mM dNTP Mix. The mixture was incubated 

at 65 ºC for 5 min and placed on ice for 1 minute. Next, 1× RT buffer, 0.05 M DTT 

and 200 U of SuperScript® III RT enzyme were added to the RNA mixture to a 

final volume of 20 µL. The RNA mixture was then incubated at 25 ºC for 10 min, 
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50 ºC for 50 min and 85 ºC for 5 min and hold at 4 ºC. The cDNA was either 

immediately used or stored at -20 ºC for future use.  

 

 

3.5.2 Circular RNA quantitative real-time PCR 

 

CircRNA expression levels were analysed using quantitative real-time PCR 

(qRT-PCR) based on specific primers spanning the unique backsplice junction of 

circRNAs. The primers were designed using NCBI primer blast tool. Based on the 

backsplice junction obtained from CircInteractome, divergent primers were 

designed to ensure selective amplification of the circRNA. The list of primers used 

in circRNA identification is shown in Table 3.1. The cDNA was assessed using 

qRT-PCR assay using SYBR Select Master Mix (Applied Biosystems, Thermo 

Fisher Scientific, USA). The qRT-PCR assay was performed based on the 

manufacturer’s instructions. cDNA (50 ng) was mixed with forward and reverse 

primers (0.2 µM), and 5 µL of SYBR Select Master Mix (2×) to a final volume of 

20 µL per well. The mixture was incubated in QuantStudio™ 3 Real-Time PCR 

System (Applied Biosystems, Thermo Fisher Scientific, USA). The mixture was 

first incubated at 50 ºC for 2 min, 95 ºC for 2 min, followed by 40 cycles of 95 ºC 

for 3 sec and 60 ºC for 30 sec. The assay was performed in triplicates and the 

housekeeping gene, GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) was 

used as an internal control. Relative circRNA expression levels were calculated 

using the comparative Cт (ΔΔCт) method. 
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Table 3.1 List of circular RNA primers 

Circular RNA 
(hsa_) 

Forward primer 
(5’ – 3’) 

Reverse primer 
(5’ – 3’) 

circ_0066631 AACAAGGTGATGGATGTGGA TGCGAACTCTCTCTCCCATC 

circ_0082096 GGCTCTTGTCTGGAACTAAAC TCTGAAGAGACTGCGGCATA 

circ_0002970 GCCGGTGATGTAGACGAAAG CTATCTCCTCCCCGATGTGC 

circ_0008599 AATGACTGGTCTACGTGGGG GGACCAGAAACCTGCAGTGT 

circ_0000400 TTCGCCTCCTAATCCCTAGC CCGTGTTCCAGGCAGTAGA 

circ_0005174 GGACTTCCGGGGTAATGACA TCTTGATGGGACCGTTTTATC 

circ_0005507 AGAATTGAAGCTGCGGGGTA GGCACTCCTTTCCCTACTGT 

circ_0040238 ACTTGGGTACATCTGGGGAC GCAGACTTCCACGTTGTTCA 
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3.5.3 mRNA quantitative real-time PCR 

 

mRNA transcript expression levels were analysed qRT-PCR based on 

primers designed using NCBI primer blast tool. Exon-exon junction spanning 

primers were designed to amplify mature mRNA sequences. The list of primers 

used in mRNA expression analysis is shown in Table 3.2. The cDNA was assessed 

using qRT-PCR assay using SYBR Select Master Mix (Applied Biosystems, 

Thermo Fisher Scientific, USA). The qRT-PCR assay was performed based on the 

manufacturer’s instructions. cDNA (50 ng) was mixed with forward and reverse 

primers (0.2 µM), and 5 µL of SYBR Select Master Mix (2×) to a final volume of 

20 µL per well. The mixture was incubated in QuantStudio™ 3 Real-Time PCR 

System (Applied Biosystems, Thermo Fisher Scientific, USA). The mixture was 

first incubated at 50 ºC for 2 min, 95 ºC for 2 min, followed by 40 cycles of 95 ºC 

for 3 sec and 60 ºC for 30 sec. The assay was performed in triplicates and the 

housekeeping gene, GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) was 

used as an internal control. Relative circRNA expression levels were calculated 

using the comparative Cт (ΔΔCт) method. 
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Table 3.2 List of mRNA primers 

mRNA Forward primer (5’ – 3’) Reverse primer (5’ – 3’) 

FZD3 AAAGCTCGCTGTCGCTGG GAAATGCTATCCTCAGACCCC 

IL6ST ACAGAACAGCATCCAGTGTCA TCTGGAGGCAAGCCTGAAATTA 

SKIL TATGCAGGACAGTTGGCAGAA TTGCTTCCCGTTCCTGTCTG 

SMAD2 TGTTTTCAGTTCCGCCTCCA GCCTCTTGTATCGAACCTGC 

ACVR1C CCAACAGCATCACCAAATGCC CAGCATCGCAGCTATGGACA 

WNT5A ACTATGGCTACCGCTTTGCC GGTTGTACACCGTCCTGCG 

OCT4 AACCTGGAGTTTGTGCCAGGGTTT TGAACTTCACCTTCCCTCCAACCA 

SOX2 AGAAGAGGAGAGAGAAAGAAAGGGAGAGA GAGAGAGGCAAACTGGAATCAGGATCAAA 

KLF4 CATCTCAAGGCACACCTGCGAA TCGGTCGCATTTTTGGCACTGG 

CMYC CCTGGTGCTCCATGAGGAGAC CAGACTCTGACCTTTTGCCAGG 

NANOG TTTGTGGGCCTGAAGAAAACT AGGGCTGTCCTGAATAAGCAG 

GAPDH CTCAACTACATGGTTTACATGTTC TGGAAGATGGTGATGGGATT 

U6 GCTTCGGCAGCACATATACTAAAAT CGCTTCACGAATTTGCGTGTCAT 
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3.5.4 MicroRNA quantitative real-time PCR 

 

Stem-loop qRT-PCR was performed to evaluate the expression levels of 

miRNAs (Kramer, 2011). Stem-loop, forward and universal reverse primers are 

listed in Table 3.3. Following RNA extraction, 1 µg RNA was reverse transcribed 

with SuperScript III Reverse Transcriptase (Invitrogen, Thermo Fisher Scientific, 

USA) with stem-loop primers. The resulting cDNA was subjected to quantitative 

real-time RT-PCR using SYBR® Select Master Mix (Thermo Fisher Scientific, 

USA) in QuantStudio™ 3 Real-Time PCR System (Applied Biosystems, Thermo 

Fisher Scientific, USA). U6 was used as the housekeeping control. Relative 

circRNA expression levels were calculated using the comparative Cт (ΔΔCт) 

method. 

 

 

3.6 Characterisation of circular RNA properties 

 

 

3.6.1 Actinomycin D treatment 

 

 Actinomycin D was used to access the half-life of candidate circRNA and 

corresponding host gene (Vo et al., 2019). CRC cells were seeded at 5 × 105 

cells/well in 6-well plate and incubated overnight. After treatment with 2.5 µg/mL 

of actinomycin D (Sigma-Aldrich, Merck, Germany), the cells were harvested for 

RNA extraction at different time points: 0h (as control), 1h, 2h, 4h, 8h and 24h. 
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Table 3.3 List of microRNA primers 

MicroRNA Stem-loop RT primer (5’ – 3’) Forward primer (5’ – 3’) 

miR-140-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGCACCA AATACGCGTACCACAGGGTAG 

miR-224 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTAAACG AAGCCGCGTCAAGTCACTAGT 

miR-548c-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCAAAAG CGCGGCCCAAAAATCTCAAT 

miR-579 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAATCGCG ATGCGCGCTTCATTTGGTATAA 

miR-382 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGAATCC AAGCCGCAGAAGTTGTTCGTG 

miR-548m GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAAAAAC CCGCCGCA CAAAGGTATTTGT 

miR-616 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAGTCAC CTGCGCGAACTCAAAACCCTT 

miR-548m GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAAAAAC CCGCCGCA CAAAGGTATTTGT 

miR-616 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAGTCAC CTGCGCGAACTCAAAACCCTT 

U6 RT primer TGACACGCAAATTCGTGAAGC  

Universal 
reverse GTCGTATCCAGTGCAGGGTCC  
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3.6.2 RNase R treatment 

 

CircRNAs are known to exhibit resistance to RNase R treatment due to the 

closed loop structure and lack of polyA tail (Pandey et al., 2019). RNA extracted 

from CRC cells were subjected to RNase R (Lucigen, Thermo Fisher Scientific, 

USA) treatment based on the manufacturer’s instructions. Ten µg of RNA was 

treated with 2 µL of RNase R (20 U/µL), 1× RNase Buffer and brought to a final 

volume of 20 µL using RNase-free water. A control group of RNA was prepared 

without the addition of RNase R enzyme. The mixture was incubated for 30 min at 

37 ºC. The resulting RNAs were recovered using lithium chloride precipitation 

approach. Upon treatment, the final volume of the RNAs was adjusted to 50 µL 

using RNase-free water. Lithium chloride (8M, Sigma-Aldrich, Merck, Germany) 

was added at 1:2 parts and mixed well. The mixture was incubated at -20 ºC for 2 

h and centrifuged at 15, 000 rpm for 15 min at 4 ºC. The supernatant was discarded 

and the RNA pellet was washed with cold 75% ethanol twice. The pellet was 

collected through the same centrifugation steps and the pellet was airdried. The 

RNA pellet was resuspended with RNase-free water and subjected to cDNA 

conversion for qRT-PCR analysis.  
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3.6.3 RNA Fluorescence In Situ Hybridisation (FISH) assay 

 

RNA FISH assay was used to visualize and validate the expression levels 

of the candidate circRNA. An anti-sense RNA, conjugated with fluorescence probe, 

cyanine-5 was synthesised (MDBio Inc, Taiwan). The sequence used was based on 

the unique backsplice junction of the candidate RNA which allows discrimination 

between the host transcript and the circRNA. The probe sequence used in the RNA 

FISH assay is listed in Table 3.4. Paraffin-embedded CRC patient tissues sliced 5 

µm thick were used in the RNA FISH assay.  

 

The protocol was modified from previous works (Dunagin et al., 2015; 

Meng, Zhao and Lao, 2018). The slides were washed with PBS twice for 5 min 

each. For antigen retrieval, antigen unmasking buffer (saline-sodium citrate, SSC, 

20×) was prepared by mixing 3 M sodium chloride and 0.3M sodium citrate in 

nuclease-free water at pH 7. The slides were rinsed with 1× SSC buffer before 

placing the slides in a Coplin jar filled with 1× SSC buffer and autoclaved at 100 

ºC for 5 min before leaving the slides to cool down to room temperature. The tissue 

slides were then incubated with 100% xylene (Sigma-Aldrich, Merck, Germany) 

for 10 min and replaced with fresh 100% xylene for 5 min. The slides were then 

incubated with 95% ethanol (Supelco, Merck, Germany) for 10 min and 70% 

ethanol for 1 h. The slides were left to air-dry for 10 min.  
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Table 3.4 Probe sequences  

Probe Sequence (5 – 3’) 

RNA FISH probe (Cy5)CATCTTTTAATAAAATATGCTTAAGT
TGTTTAGTTCCAGACAAGAGCCTTAGATCT
TGT 

CRISPR Cas13d crRNA1 AGTTGTTTAGTTCCAGACAAGAGCC 

CRISPR Cas13d crRNA2 AGTTCCAGACAAGAGCCTTAGATCT 

RNA pulldown scramble  CTACCTTAAGTAAAGGAGAAGAACTTTTC
ACTGGAGTTGTCCCAATTCTTGTTGAATTA
GATGGTGATGTTAATGGGCACAAATTTTC
TGTCAGTGGAGAGGGTGAAGGTGATGCAA
CATACGGAAAACTTACCCTTAAATTTATTT
GCACTACTGGAAAACTACCTGTTCCATGG
CCAACACTTGTCACTACTTTCTCTTATGGT
GTTCAATGCTTTTCAAGATACCCAGATCAT
ATGAAGCGGCACGACTTCTTCAAGAGCGC
CATGCCTGAGGGATACGTGCAGGAGAGGA
CCATCTTCTTCAAGGACGACGGGAACTAC
AAGACACGTGCTGAAGTCAAGTTTGAGGG
AGACACCCTCGTCAACAGGATCGAGCTGA
AAGGAATCGATTTCAAGGAGGACGGAAA
CATCCTCGGCCACAAGTTGGAATACAACT
ACAACTCCCACAACGTATACATCATGGCC
GACAAGCAAAAGAACGGCATCAAAGCCA
ACTTCAAGACCCGCCACAACATCGAAGAC
GGCGGCGTGCAACTCGCTGATCATTATCA
ACAAAATACTCCAATTGGCGATGGCCCTG
TCCTTTTACCAGACAACCATTACCTGTCCA
CACAATCTGCCCTTTCGAAAGATCCCTTTC
GAAAGATCCCAACGAAAAGAGAGACCAC
ATGGTCCTTCTTGAGTTTGTAACAGCTGCT
GGGATTACACATGGCATGGATGAACTATA
CAAATAAGAGCTCGAGGTCTGCACAAGGA
GAAACAAGATGGCTAGCTCTAACGTGACT
TACAAAGCAAAAAGCGATCTCAGGT 
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Pre-hybridisation buffer was prepared by dissolving 3% of bovine serum 

albumin (Sigma-Aldrich, Merck, Germany) with 4× SSC buffer and warmed to 45 

ºC. Hybridisation buffer was prepared by mixing 10% dextran sulphate (Sigma-

Aldrich, Merck, Germany) and 10% deionised formamide (Sigma-Aldrich, Merck, 

Germany) in a 4× SSC buffer. The slides were incubated with the prewarmed pre-

hybridisation buffer for 20 min at 45 ºC in a humid chamber. The anti-sense 

circRNA sequence conjugated with Cyanine-5 fluorescent probe was mixed with 

the hybridisation buffer at a final concentration of 200 nM. The probe was 

denatured at 65 ºC for 10 min and left on the ice to cool down. The pre-hybridisation 

buffer was removed from the tissue slides and the hybridisation buffer containing 

the circRNA probe was added to the tissue slides. A clean coverslip was placed 

above the tissue slide. The slides were incubated in a humid chamber at 45 ºC 

overnight, protected from light.  

 

On the next day, the tissue slides were washed with 4×, 2× and 1× SSC 

buffer, at 37 ºC, 5 min each. The slides were stained with 4’,6-diamidino-2-

phenylindole (DAPI, Invitrogen, Thermo Fisher Scientific, USA) at 1: 10,000 

dilutions in PBS for 10 min. The slides were washed thrice with PBS, 5 min each. 

The slides were airdried before mounting (DAKO, Agilent, California, USA) with 

coverslip and sealed. The RNA was visualised using at 650 nm excitation and 670 

nm emission and were captured using FV3000 Confocal Laser Scanning 

Microscope (Olympus, Japan).  

 

 

 



 47 

3.6.4 Dual immunofluorescent assay of RNA FISH and protein 

immunofluorescent 

 

Dual RNA FISH and protein immunofluorescence assay was used to 

visualise the co-localisation of candidate circRNA with intestinal stem cell markers, 

Lgr5, Sox9, and proliferation markers, Ki-67. The procedure for this assay is similar 

to RNA FISH as described in Section 3.6.3 with slight modification. Upon 

overnight incubation with the circRNA probe, rinsing with different concentrations 

of SCC buffer, the tissue slides were incubated with primary antibodies of protein 

markers; Lgr5 (ab219107, Abcam, United Kingdom), Sox9 (14-9765-82, 

eBioscience, Thermo Fisher Scientific, USA) and Ki-67 (#9129, Cell Signalling 

Technology, Massachusetts, USA). Primary antibodies were diluted at 1:100 in 

10% foetal bovine serum, 0.5% Triton X-100 (Supelco, Merck, Germany) and 5% 

BSA. The slides were incubated for 1 h at room temperature at dark. The slides 

were rinsed thrice with PBS, 5 min each at room temperature. Goat anti-mouse IgG 

secondary antibody conjugated with Alexa Fluor 546 (Invitrogen, Thermo Fisher 

Scientific, USA) and goat anti-rabbit IgG secondary antibody conjugated with 

Alexa Fluor 488 (Invitrogen, Thermo Fisher Scientific, USA) were used. Secondary 

antibodies were diluted in the same buffer as the primary antibody. The slides were 

incubated with the secondary antibodies for 1 h at room temperature at dark. The 

slides were rinsed thrice with PBS, 5 min each at room temperature. The slides were 

stained with DAPI at 1: 10,000 dilutions in PBS for 10 min. The slides were washed 

thrice with PBS, 5 min each. The slides were airdried before mounting (DAKO, 

Agilent, California, USA) with coverslip and sealed. The RNA was visualised at 

650 nm excitation and 670 nm emission. The protein markers were visualised based 
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on specific secondary antibodies used according to the manufacturer’s protocol. 

The fluorescent images were captured using FV3000 Confocal Laser Scanning 

Microscope (Olympus, Japan). 

 

 

3.7 Circular RNA overexpression system 

 

 

3.7.1 Plasmid cloning 

 

Overexpression of candidate circRNA was done using permutated group I 

self-catalytic of td gene intron plasmid, driven by T7 RNA polymerase. The 

plasmid was a gift from Professor Dr. Manuel Ares (University of California, Santa 

Cruz, refer Appendix A). Full-length sequence of circRNA was obtained from 

CircInteractome and cloned in between the 3’ and 5’ splice site of the plasmid. 

Restriction enzymes, AflII and MfeI (New England Biolabs, NEB, United 

Kingdom) were used to cleave the plasmid and T4 DNA ligase (NEB, UK) was 

used to ligate the mature candidate circRNA sequence into the plasmid, based on 

the manufacturer’s instructions. The ligated plasmids were transformed using 

DH5α competent cells (YB Biotech, Taiwan). The competent cells were plated on 

Lysogeny broth agar (Sigma-Aldrich, Merck, Germany) supplemented with 

ampicillin (Sigma-Aldrich, Merck, Germany). Single bacterial colonies were 

selected and Sanger sequencing was performed to verify the cloning.  
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3.7.2 In vitro transcription of circRNA 

 

The in vitro transcription was performed using (HiScribe™ T7 Quick High 

Yield RNA Synthesis Kit, NEB, UK) to generate linear transcripts of circRNA 

based on the manufacturer’s instructions. Briefly, in a 20 µL volume reaction, 1 µg 

of linearised DNA plasmid was mixed with NTP buffer mix, T7 RNA polymerase 

mix and topped up with nuclease-free water. The reaction was incubated at 37 ºC 

for 2 h. The template DNA was removed by the addition of DNase I (Invitrogen, 

Thermo Fisher Scientific, USA) and incubated at 37 ºC for 30 min. The resulting 

RNA was purified using the abovementioned lithium chloride precipitation. For 

modified RNA, Cy3-UTP was added at a 1:4 ratio.  

 

Circularisation of the RNA was induced by first heating the RNA to 65 ºC 

for 3 min and placed on the ice for 10 min. The RNA was mixed with GTP (NEB, 

UK) and MgCl2 (Thermo Fisher Scientific, USA) at a final concentration of 10 mM 

in 1× PNK buffer (NEB, UK). The mixture was heated at 55 ºC for 35 min. The 

RNA was purified using lithium chloride precipitation and resuspended in nuclease-

free water. The RNA was stored at -80 ºC for further use.  
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3.7.3 Agarose-formaldehyde gel electrophoresis 

 

The in vitro transcribed circRNA was assessed and visualised in agarose-

formaldehyde gel electrophoresis. Agarose-formaldehyde gel was prepared by 

dissolving by heating 2 g of molecular biology grade agarose (Thermo Fisher 

Scientific, USA) in 72 mL of nuclease-free water. The agarose was left to cool 

down to 55 ºC before adding 10 mL of 10× MOPS (Thermo Fisher Scientific, USA) 

and 18 mL of deionised formaldehyde (Sigma-Aldrich, Merck, Germany). The 

agarose was mixed well before adding 1× SYBR™ Gold Nucleic Acid Gel Stain 

(Invitrogen, Thermo Fisher Scientific, USA). The agarose was poured into a gel 

tray and left to solidify.  

 

The solidified agarose gel was submerged into a 1× MOPS buffer. The 

agarose gel was loaded with 500 ng of RNA mixed with 1× RNA loading dye 

(Thermo Fisher Scientific, USA). Single-strand 1-kb RNA ladder (Thermo Fisher 

Scientific, USA) was used as a reference. The agarose gel was run at 60 V for 2 h. 

The agarose gel was visualised under the exposure of UV light using UVP 

BioSpectrum Imaging System (Thermo Fisher Scientific, USA).  

 

 

 

 

 

 

 



 51 

3.7.4 RNA transfection 

 

CRC cells were seeded at 5 × 105 cells per well in 6-well plate for overnight 

incubation. The medium was replenished before the RNA transfection. The RNA 

transfection was performed using Lipofectamine 2000 (Invitrogen, Thermo Fisher 

Scientific, USA) based on the manufacturer’s instructions. For each well, 2.5 µg of 

RNA was diluted in 125 µL of OptiMEM medium (Gibco, Thermo Fisher Scientific, 

USA). In a separate tube, 7.5 µL of Lipofectamine 200 was diluted in 125 µL of 

OptiMEM medium. The diluted RNA and diluted Lipofectamine 2000 was mixed 

and incubated at room temperature for 5 min. The mixture was added dropwise into 

each well. The 6-well plate was briefly centrifuged at 2,300 rpm for 10 min. The 

plate was left to be incubated for 48 h for subsequent analysis.  

 

 

3.7.5 Subcutaneous transplantation of CRC cells  

 

The animal work was performed based on the Guidelines for Laboratory 

Animal Welfare in the Taipei Veterans General Hospital, Taiwan. Ethical approval 

for the work has been obtained from the Department of Medical Research of Taipei 

Veterans General Hospital. BALB/c nude mice were bought from National 

Laboratory Animal Center, Taipei, Taiwan. WiDr cells were prepared at a cell 

density of 2.5 × 106 cells per flank. The cells were injected subcutaneously into each 

dorsal flank of the nude mice. The tumours were left to grow ~500 mm3. The pre-

treatment dimensions of the tumours were recorded.  
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In vivo RNA transfection was performed using TransIT®-QR Delivery 

Solution (Mirus Bio, Wisconsin, USA). For each flank, 10 µg of RNA or 10 µL of 

saline was diluted in 90 µL of TransIT®-QR Delivery Solution to a final volume 

of 100 µL. The mixture was injected intratumorally within 15 min of preparation. 

The treatment was performed 4 times, every two to three days. The tumours were 

left to grow for 20 days and tumour sizes were measured using a calliper. The mice 

were sacrificed based on the Guidelines for Laboratory Animal Welfare and the 

tumours were harvested for imaging.  

 

 

3.8 CRISPR Cas13d knockdown 

 

 

3.8.1 Plasmid cloning 

 

CRISPR Cas13d plasmid was purchased from Addgene (#138148, 

Massachusetts, USA, refer Appendix B for full map). Two crispr RNA (crRNA) 

sequences were designed and synthesised based on the backsplice junction of 

candidate circRNA to induce knockdown, as listed in Table 3.4. A scramble 

sequence was generated as a negative control. The plasmid was digested with 

BsmBI (NEB, UK), based on the manufacturer’s instructions. The digested plasmid 

was ligated with the crRNA or scramble sequence and single transformed bacterial 

colonies were selected as described in Section 3.7.1. Sanger sequencing was 

performed to verify the sequence of the recombinant plasmids.  

 



 53 

3.8.2 Transient transfection of CRISPR Cas13d 

 

Transient knockdown of candidate circRNA using CRISPR Cas13d was 

achieved using Lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific, USA), 

based on the manufacturer’s instructions. Briefly, CRC cells were seeded at 5 × 105 

cells per well in 6-well plate for overnight incubation. The medium was replenished 

before transfection. For each well, 125 µL of OptiMEM medium was diluted with 

7.5 µL of Lipofectamine 3000. In a separate tube, 125 µL of OptiMEM medium 

was diluted with 2.5 µg of CRISPR Cas13d plasmid DNA and 5 µL of P3000 

reagent. The solutions from both tubes were mixed by gentle vortex and left to 

incubate for 15 min at room temperature. The mixture was then added dropwise 

into the well and left to incubate for 48 h for further analysis.  

 

 

3.8.3 Stable expression of CRISPR Cas13d CRC cells  

 

 

3.8.3.1 Lentivirus generation of CRISPR Cas13d 

 

Lentivirus vector carrying CRISPR Cas13d to knockdown candidate 

circRNA was generated. To generate the lentivirus, 293T cells were seeded to reach 

90% cell confluence in 24 h in a 10 cm dish using DMEM F-12 medium 

supplemented with 10% FBS. The medium was replenished fresh medium 24 h 

post-seeding. The 293T cells were transfected with 10 µg of CRISPR Cas13d DNA 

plasmid and lentivirus packing plasmids, 5 µg pMD2.G and 5 µg psPAX2. 
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Lipofectamine 3000 was used as transfection reagent as described in Section 3.8.2, 

based on the manufacturer’s instructions. Lipofectamine 3000 (41 µL) was diluted 

in OptiMEM medium (1.5 mL). In a separate tube, 1.5 mL of OptiMEM medium 

was mixed with the CRISPR Cas13d plasmid DNA, lentivirus packaging plasmids 

and P3000 reagent (35 µL). The mixtures in each tube were mixed well. The 

OptiMEM medium containing Lipofectamine 3000 was added into the tube 

containing the plasmid DNAs and mixed well, before incubating for 15 min at room 

temperature. The mixture was added dropwise onto the 293T cells and incubated 

overnight. On the next day, the medium was replenished and the cells were 

incubated for 48 h to produce lentiviruses. The medium containing the lentivirus 

was collected into a tube and centrifuged at 1,000 rpm for 3 min to sediment cells 

and debris. The medium was filtered using a 0.45 µm pore-size filter (Biofill, China) 

and stored at -80 ºC for future use.  

 

 

3.8.3.2 Lentivirus transduction 

 

CRC cells were seeded at 5 × 105 cells per well in 6-well plate for overnight 

incubation. On the day of transduction, the cells were rinsed with PBS. Into each 

well, 2 mL of the lentivirus supernatant was added. The supernatant was 

supplemented with 8 µg/mL of polybrene (Sigma-Aldrich, Merck, Germany). The 

6-well plate was centrifuged at 2,300 rpm for 1 h at room temperature. The cells 

were incubated for 48 h. The cells were replenished with fresh medium and left to 

incubate for 24 h.  
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3.8.3.3 Selection and expansion of stably transduced CRISPR Cas13d 

cells 

 

The CRISPR Cas13d transduced CRC cells were selected using puromycin 

(InvivoGen, California, USA). Upon transduction, the cells were supplemented 

with 10 µg/mL of puromycin. The medium was replenished with fresh medium 

supplemented with 5 µg/mL of puromycin, every day for three days. On day four, 

the puromycin concentration was reduced to 2 µg/mL and the medium was 

replenished every two to three days. The cells were passaged upon reaching 70% 

confluency while maintaining the cells under puromycin selection. The cells were 

cultured in a puromycin-free medium before performing any functional assays, for 

at least two passages.  

 

 

3.8.4 Subcutaneous transplantation of stably expressing CRISPR Cas13d 

cells  

 

Stably transduced CRISPR Cas13d WiDr cells, either carrying CrSC as 

control or CrRNA targeting circRNA were prepared at a cell density of 2.5 × 106 

cells per flank in PBS. The cells were injected subcutaneously in each dorsal flank 

of the nude mice. The tumours were allowed to form for a week. The tumour 

volume was measured every two to three days using callipers. The tumours were 

grown up to 30 days before the mice were sacrificed. The tumours were harvested 

for imaging.  
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3.9 Functional assays 

 

 

3.9.1 Flowcytometry analysis 

 

CRC cells were harvested using Accutase (Gibco, Thermo Fisher Scientific, 

USA). CRC cells were washed twice with PBS and an adequate amount of Accutase 

reagent was added, as per the manufacturer’s instructions. The cells were incubated 

for 5 min. The cells were mechanically detached using vigorous pipetting. PBS was 

added to the cells and the cell suspension was centrifuged at 1,000 rpm for 3 min at 

room temperature. The cells were resuspended in 1 mL of PBS and 5 × 105 cells 

were transferred aliquoted for each flowcytometry marker. For phenotypic surface 

markers such as CD44 (#3570, Cell Signalling Technology, USA), CD133 (#5860, 

Cell Signalling Technology, USA) and Lgr5, the cells were blocked with 5% bovine 

serum albumin in PBS, 15 min at room temperature. For intracellular staining for 

SOX9, before blocking, the cells were fixed with 4% paraformaldehyde for 10 min 

at room temperature. The cells were collected through centrifugation and blocked 

with 5% bovine serum albumin in PBS with 1% Triton X-100 for 15 min at room 

temperature. The cells were washed twice with PBS and collected through 

centrifugation at 1,000 rpm for 5 min at 4 ºC.  

 

The cells were resuspended in 5% bovine serum albumin in PBS with 1:100 

dilution of the primary antibody. The cells were incubated for 30 min at room 

temperature. The cells are washed twice with PBS and collected through 

centrifugation. Secondary antibodies, anti-mouse Alexa Fluor 594 (#A11005, 
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Invitrogen, Thermo Fisher Scientific, USA) and anti-rabbit Alexa Fluor 488 (A-

11008) were added at 1:100 dilution in 5% bovine serum albumin in PBS, incubated 

for 30 min at room temperature, protected from light. The cells were washed twice 

with PBS and collected by centrifugation. The cells were resuspended in 300 µL of 

PBS and left on ice at dark for acquisition. FACS Canto-II analyser (BD 

Biosciences, USA) was used to acquire the flow cytometry data.  

  

 

3.9.2 EdU assay 

 

The proliferation rate was accessed using EdU Staining Proliferation Kit 

(iFluor 488) (Abcam, UK) based on the manufacturer’s instructions. Upon 48h of 

either DNA or RNA transfection, CRC cells were harvested at a cell density of 5 × 

105 cells/mL in foetal bovine serum-supplemented medium. Into the 1 mL cell 

suspension, 20 µM of EdU stock solution was added and the cells were incubated 

for 4h at 37 ºC in a 5% CO2 humidified incubator. The cells were collected through 

centrifugation at 300 ×g for 5 min at 4 ºC. The cell pellet was washed twice with 

Wash Buffer and collected through centrifugation. The supernatant was removed 

and the cells were resuspended in 100 µL of Fixation Solution. The cells were 

incubated for 20 min at room temperature at dark. The cells were centrifuged and 

the fixation solution was removed. The cells were washed twice in Wash Buffer 

and collected through centrifugation. The cell pellet was resuspended in 100 µL of 

1× Permeabilisation Buffer and incubated for 15 min at room temperature. The 

reaction mix was prepared by mixing 1× Tris-buffered saline, 100 µM copper 

sulphate, 500 µM iFlour 488 azide and 1× Additive solution to a final volume of 
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500 µL. The mixture was added to the cells and incubated for 30 min at room 

temperature, at dark. The cells were collected through centrifugation and washed 

twice with 1× Permeabilisation Buffer. The cell pellet was resuspended in 300 µL 

PBS and data acquisition was performed using FACS Canto-II analyser (BD 

Biosciences, USA).  

 

 

3.9.3 Colony-forming assay 

 

The colony-forming assay was used to access the self-renewal abilities of 

the cells. Upon 48h of DNA transfection, CRC cells were harvested and seeded at 

2,500 cells per well in a 6-well plate. The cells were incubated for 10 to 14 days. 

The medium was replenished every three to four days. Crystal violet staining was 

used to visualise the colonies formed. Crystal violet staining solution was prepared 

by dissolving 0.5 g of crystal violet powder (Sigma-Aldrich, Merck, Germany) in 

80 mL distilled water. After completely dissolving the crystal violet powder, 20 mL 

of methanol (Sigma-Aldrich, Merck, Germany) was added to the solution. Upon 

colony formation, the medium was discarded and 2 mL of crystal violet solution 

was added to each well. The colonies were stained for 20 min at room temperature. 

Using running water, the excess staining was removed the stained colonies were 

left to dry for imaging.  
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3.9.4 RNA pulldown assay 

 

Interacting miRNAs with candidate circRNA was identified using RNA 

pulldown assay. CRC cells were grown to reach 80% confluency and the cells were 

scrapped for harvesting. The cell pellet was collected through centrifugation at 

1,000 rpm for 5 min at 4 ºC. The cell pellet was resuspended in 1× RIPA buffer 

(Abcam, UK) supplemented with RNase inhibitor (Invitrogen, Thermo Fisher 

Scientific, USA) and vortexed gently. The cell suspension was left to incubate on 

ice for 30 min. The mixture was centrifuged at 15,000 rpm for 15 min at 4 ºC. The 

supernatant containing the cell lysate was transferred into a new tube. Bradford 

assay (Bio-Rad, California, USA) was used in determining the protein 

concentration of the cell lysate based on the instructions of the manufacturer.  

 

An amount of 200 µg cell lysate was subjected to RNA extraction using 

TRIzol as described in Section 3.3.1. For the RNA pulldown assay, 2000 µg of cell 

lysate for each group of RNA was aliquoted. Using in vitro transcription, modified 

UTP with biotin (Jena Bioscience, Germany) was used in generating full-length 

circRNA as described in Section 3.7.2. A scramble RNA was generated in a similar 

approach as control. The cell lysate was incubated with 500 ng of RNA of either 

scramble RNA or candidate circRNA. The mixture was gently agitated at 4 ºC for 

4h. Meanwhile, 100 µL of Streptavidin Mag Sepharose beads (Cytiva, 

Massachusetts, USA) for each RNA group was aliquoted into a new tube. Using a 

magnetic rack, the streptavidin magnetic beads are collected at the side of the tube 

and the supernatant was discarded.  
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The magnetic beads were washed three times using bead wash buffer 

containing 500 mM sodium chloride, 20 mM Tris (pH 8.0), 2 mM EDTA and 1% 

Triton X-100. All chemicals used were purchased from Sigma-Aldrich (Merck, 

Germany). The washed beads were transferred into the RNA-cell lysate mixture 

and left to agitated overnight at 4 ºC. The next morning, the mixture was placed on 

the magnetic stand and the supernatant was discarded. The beads were washed three 

times using the bead washing buffer supplemented with RNase inhibitor. The beads 

were resuspended in TRIzol and RNA extraction was performed. Stem-loop qRT-

PCR was performed to quantitate the levels of miRNA enrichment.  

 

 

3.10 Statistical analysis 

 

All experiments were performed in triplicates. The triplicated data were 

evaluated for statistical significance using the standard paired Student’s t-test. 

Comparisons were made between the control group and the treated group, unless 

specified otherwise. The Prism GraphPad software was used to evaluate the 

significance levels and graph construction. 

 

 



CHAPTER 4  

 

RESULTS 

 

Part 1: CircRNA expression profiling of CRC spheroidal cells 

 

4.1 Genome-wide sequencing of circRNA established a differentially 

expressed profile in CRC spheroidal cells 

 

Based on our previous work, we have established an in vitro 3D spheroidal 

culture model as an effective method of enriching stemness properties in CRC cells 

to mimic CrCSC-like population (as described in Chapter 1). CRC cell lines, HCT-

15 and WiDr were used to generate spheroidal cells (Rengganaten, 2016). The 

spheroidal cells exhibited common characteristics of CSC. Using the established 

model, the circular RNA expression profiles of the CRC spheroidal cells were first 

established. Using RNA-sequencing pipeline, RNAs from the parental CRC cells, 

HCT-15 and WiDr, and the counterpart spheroid cells were subjected to RNA 

sequencing.  

 

The sequencing data identified over 15,000 circRNAs, with differential 

expression in the parental and spheroid cells (Figure 4.1A). Differential expression 

analysis illustrated 1,503 circRNAs that were uniquely expressed in the HCT-15- 

and WiDr-derived spheroid cells. Collectively in HCT-15 and WiDr, 636 circRNAs 

were identified to be only expressed in the parental cells. Host transcript analysis 
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Figure 4.1 Genome-wide circRNA profiling of CRC spheroidal cells. (A) 

CircRNA distribution in CRC parental and spheroidal cells. (B) Host transcript 

analysis of the differentially expressed circRNAs.
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indicated that the differentially expressed circRNAs in CRC spheroidal cells were 

primarily derived from protein-coding RNAs (Figure 4.1B). However, the results 

showed a general shift of circRNA derived from protein-coding RNA to antisense 

and long intervening non-coding RNA (lincRNA) during the spheroid formation. 

The biological implication of these observations remains to be investigated. 

 

 

4.2 Identification of top differentially expressed circRNAs unveiled a core 

circRNA–microRNA–mRNA network that regulates stemness 

 

A total of 8,281 circRNAs were differentially expressed in the spheroid 

cells. A heatmap of the circRNA distribution was generated to illustrate the 

expression patterns of the differentially expressed circRNAs in the parental and 

spheroidal cells (Figure 4.2A). Bioinformatics analysis was performed using the 

differentially expressed circRNA profile to identify the top four up- and down-

regulated circRNAs. Hsa_circ_0002970, circ_0008599, circ_0066631 and 

circ_0082096 were identified to be up-regulated in CRC spheroidal cells (Figure 

4.2B) The down-regulated circRNAs in CRC spheroidal cells include while 

hsa_circ_0000400, circ_0005174, circ_0005507 and circ_0040238 (Figure 4.2C). 

Table 4.1 lists the dataset of the differentially expressed circRNAs. 
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Figure 4.2 Identification of the top four differentially expressed circRNAs in CRC spheroidal cells. (A) Hierarchical clustering 

of differentially expressed circRNAs in CRC spheroidal cells. Numbers in brackets plus one indicate the total circRNA in the heatmap. 

Hierarchical clustering of top four up- (B) and down-regulated (C) circRNAs in the CRC spheroidal cells.  
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Table 4.1 Top eight differential expressed circRNAs in the spheroidal CRC 

CircRNA ID 
(hsa_) 

HCT-15 Fold 
change 
(log2) 

P-value 
WiDr Fold 

change 
(log2) 

P-value 

Parental Spheroid Parental Spheroid 

Upregulated circRNA 

circ_0002970 (circKIAA1199) 0 70.041 6.96 7.34E-06 31.892 84.479 1.39 0.0440 

circ_0008599 (circMIR31HG) 43.960 139.655 1.63 0.0017 15.380 67.332 2.10 0.0030 

circ_0066631 (circ DCBLD2) 37.906 117.341 1.62 0.000066 21.074 83.910 2.00 0.0011 

circ_0082096 (circZNF800) 5.878 38.815 2.60 0.0030 9.682 47.797 2.26 0.0130 

Downregulated circRNA 

circ_0000400 (circTUBA1B) 445.113 121.834 -1.83 0.0085 488.659 149.084 -1.70 
2.21E-

08 

circ_0005174 (circSNHG12) 19.487 8.0366 -1.20 0.6087 11.391 1.455 -2.54 0.6759 

circ_0005507 (circCRIM1) 107.582 29.003 -1.87 7.57E-06 17.089 3.568 -2.08 0.5388 

circ_0040238 (circCOG4) 138.420 65.182 -1.08 0.0051 37.588 11.649 -1.59 0.7378 
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4.2.1 Validation of expression of the top differentially expressed circRNAs in 

CRC spheroidal cells 

 

The expression of the top differentially expressed circRNAs were validated 

using qRT-PCR assay. Divergent primers were designed based on the backsplice 

junction of each circRNAs. The qRT-PCR analysis concurred with the expression 

patterns observed in the bioinformatics analysis (Figure 4.3). The expression levels 

of all the top four up-regulated circRNAs were significantly higher in the CRC 

spheroidal cells compared to the parental cells (Figure 4.3A). Similarly, the down-

regulated circRNAs were generally lower in expression levels in the spheroidal 

cells (Figure 4.3B). The only exception is circ_0005174, which was found to be up-

regulated in the WiDr spheroids, as opposed to down-regulation observed in the 

bioinformatics analysis; however, the change in the expression level was not 

significant. The discrepancies between the RNA sequencing data and qRT-PCR 

analysis is within the acceptable false-positive rate of Next-Generations sequencing 

(Kim et al., 2019). 

 

 

4.2.2 Construction and mapping of core pluripotency-associated network  

 

MicroRNAs (miRNAs) are sponged by circRNAs to indirectly regulate the 

expression of downstream transcripts (Panda, 2018; Zhang et al., 2019). A 

circRNA-miRNA regulatory network was mapped by identifying the predictive 

miRNAs targeted by the top eight differentially expressed circRNAs. Using the 

CircInteractome online database, the predictive interacting miRNAs were first 
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identified (as described in Section 3.4). By imposing a stringent criterion of each 

predicted miRNAs should have at least four interacting circRNAs, 15 miRNAs 

were further identified (Figure 4.4A). The target-transcripts were predicted using 

miRWalk algorithm by using a stringent selection criterion of at least five 

interactions of the target-transcripts with the predicted miRNAs. A resulting 121 

mRNA transcripts were predicted to be collectively targeted by the 15 miRNAs 

(Figure 4.4B), thus establishing a circRNA-miRNA-mRNA regulatory network. To 

further understand the biological implications of the identified network, Gene 

Ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) analyses 

were performed. The GO analysis of the mRNA transcripts predicted the 

involvement of these transcripts in primarily DNA binding activities, regulation of 

transcription, protein phosphorylation and Wnt signalling pathways (Figure 4.5A). 

The KEGG analysis indicated that signalling pathways involved in regulating 

pluripotency of stem cells were most enriched (Figure 4.5B). Furthermore, other 

implicated pathways include Wnt and ErbB signalling pathways, which are also 

closely associated with CSC properties (Clark et al., 2012; de Sousa and 

Vermeulen, 2016). The predicted KEGG pathways are indicative of a regulatory 

network driven by the circRNA-miRNA-mRNA axis reported here in enriching 

CSC-like properties in CRC spheroidal cells.  

 

To further establish the possible regulation of stemness properties in 

colorectal cancer stem cells, subsequent analysis focused on the pluripotency 

signalling pathways identified from the KEGG analysis. Core mRNAs, 

ACVR1C/ALK7, FZD3, IL6ST/GP130, SKIL/SNON, SMAD2 and WNT5A were 

identified to be involved in the predicted pluripotency signalling pathways 
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mediated by circRNA-miRNA-mRNA axis based on the KEGG analysis. The six 

mRNA transcripts were collectively targeted by five miRNAs, hsa-miR-140-3p, -

miR-224, -miR-382, -miR-548c-3p and -miR-579m, which in turn were under the 

control of two of the top up-regulated circRNAs, hsa_circ_0066631 and 

hsa_circ_0082096 (Figure 4.6). 

 

 

4.3 Validation of the predicted core network in CRC spheroidal cells  

 

To obtain experimental evidence to support the predicted circRNA-

miRNA-mRNA regulatory axis, the expression levels of the five miRNAs and six 

mRNAs were validated using stem loop qRT-PCR and qRT-PCR, respectively. The 

expression levels of circRNAs identified in this network were already validated to 

be up-regulated in CRC spheroidal cells (Figure 4.2A).  

 

All five miRNAs were significantly down-regulated in CRC spheroidal 

cells (Figure 4.7A), correlating with the up-regulated expression of 

hsa_circ_0066631 and hsa_circ_0082096 via miRNA sponging. Upon serum-

induced differentiation of the CRC spheroidal cells, the expression levels of the 

miRNAs reverted to the parental levels (Figure 4.7A), supporting the possible 

involvement of the miRNAs in regulating stemness in CRC cells. 
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Figure 4.3 Validation of the predicted top differentially expressed circRNAs. 

qRT-PCR analysis of the top four up- (A) and down-regulated (B) circRNAs 

relative to the CRC parental cells. *p< 0.05, **p< 0.01 and ***p< 0.001 were 

values relative to the parental cells.   

hsa
_c

irc
_0

00
04

00
 

hsa
_c

irc
_0

00
51

74
 

hsa
_c

irc
_0

00
55

07
 

hsa
_c

irc
_0

04
02

38
 

0.0

0.5

1.0

1.5

2.0

2.5

R
el

at
iv

e 
ci

rc
R

N
A

 e
xp

re
ss

io
n 

le
ve

l

HCT-15 Parental

HCT-15 Spheroid

WiDr Parental

WiDr Spheroid

✱✱ ✱✱ ✱✱ ✱✱

✱

hsa
_c

irc
_0

00
29

70
 

hsa
_c

irc
_0

00
85

99
 

hsa
_c

irc
_0

06
66

31
 

hsa
_c

irc
_0

08
20

96
 

0

2

4

6

8
20

30

R
el

at
iv

e 
ci

rc
R

N
A

 e
xp

re
ss

io
n 

le
ve

l

HCT-15 Parental

HCT-15 Spheroid

WiDr Parental

WiDr Spheroid
✱

✱✱✱

✱ ✱

✱✱

✱

✱✱

✱✱



 70 

A  

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

Figure 4.4 Identification of interacting miRNAs and mRNAs with the top four 

differentially expressed circRNAs. (A) The predicted miRNA-circRNA 

interaction map. Blue and red hexagons indicate up- or down-regulated circRNAs, 

respectively; green diamonds represent predicted miRNAs. The miRNAs were 

selected by a criterion of at least four interactions with the top differentially 

circRNAs. (B) Predicted mRNA transcripts in a miRNA-circRNA-mRNA 

interaction map; the mRNAs (light blue boxes on the outside rim) were selected 

based on at five interactions with the predicted miRNAs. Hexagons and diamonds 

are as in (A).
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Figure 4.5 Bioinformatics analysis of mRNA transcripts of the circRNA-

miRNA-mRNA axis of CRC spheroidal cells. (A) Gene ontology (GO) and (B) 

Kyoto Encyclopaedia of Genes and Genomes (KEGG) analysis of the identified 

mRNA transcripts from Figure 4.4B.
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Figure 4.6 Predicted circRNA-miRNA-mRNA network of pluripotency 

signalling pathways targeted by hsa_circ_0066631 and hsa_circ_0082096. The 

up-regulated circRNAs (in blue hexagon), miRNA (in green diamond) and mRNA 

(in yellow box) are predicted to regulate stemness in CRC spheroidal cells. 

   

Predicted regulatory network 
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Figure 4.7 Validation of the expression levels of the predicted miRNA in CRC 

spheroid cells. Relative expression levels of the predicted miRNAs in the (A) 

spheroid cells and (B) serum-induced differentiated cells. MiRNA analysis was 

performed by stem loop qRT-PCR using small nucleolar RNA U6 as the 

normalisation control. *p<0.05 and **p<0.01 were relative to the parental CRC 

cells.   
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Likewise, the expression levels of the mRNA transcripts in the predicted 

regulatory network tallies with our prediction, where all six predicted mRNAs were 

up-regulated in CRC spheroidal cells (Figure 4.8A), and expression was down-

regulated on serum-induced differentiation (Figure 4.8B). The results are in line 

with miRNA suppression prevents degradation of the downstream mRNA 

transcripts. In short, RNA sequencing established the differential expression profile 

of circular RNA, and, coupled with bioinformatics analysis, revealed an epigenetic 

regulatory network driven by a circRNA-miRNA-mRNA axis in regulating 

stemness properties in CRC spheroidal cells.  

 

 

4.4 Construction of circRNA-miRNA-mRNA stemness regulatory network 

 

To put the predicted circRNA-miRNA-mRNA regulatory network in the 

context of other known biochemical pathways in the cell, an extensive literature 

review was performed. The five miRNAs which were down-regulated in the CRC 

spheroidal cells were reported to be tumour suppressive (Yu et al., 2016; Kalhori 

et al., 2019; Yao et al., 2019; Wang et al., 2020). By targeting various downstream 

transcripts, these miRNAs have been associated to inhibit CSC-related properties, 

including cell proliferation, chemoresistance, migration and invasion. The full list 

of references for the CSC-related properties is shown in Table 4.2.  
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Figure 4.8 Validation of the expression levels of the predicted mRNA 

transcripts. Relative expression levels of the predicted mRNA transcripts in the 

(A) spheroid cells and (B) serum-induced differentiated cells using qRT-PCR. 

GAPDH was used as the normalisation control. *p<0.05 and **p<0.01 were relative 

to the parental CRC cells.  
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The KEGG analysis of the transcripts targeted by the circRNA-miRNA axis 

identified six mRNAs that were involved in the regulation of pluripotency pathways. 

Literature analysis concurred that the six KEGG-predicted mRNAs were involved 

in regulating various CSC-like properties, including the associations with 

pluripotency properties (see Table 4.3 for full references).  

 

Furthermore, the six mRNAs are linked with four major signalling pathways. 

IL6ST/GP130 is an integral part of the GP130/STAT signalling pathway, 

interacting with STAT3 to induce naïve pluripotency and self-renewal (Yu et al., 

2017b; Bourillot et al., 2020). SKIL/SNON and ACVR1C/ALK7, acting via the 

Activin/Nodal and TGF-β signalling pathways, are involved in the phosphorylation 

and association of SMAD2/3 with SMAD4 to enter the nucleus to exert 

transcriptional activation functions on the target genes (Tsuneyoshi et al., 2012; 

Bertero et al., 2018). FZD3 and WNT5a regulate β-catenin in Wnt/β-catenin 

signalling to contribute to self-renewal, EMT-associated biological processes and 

differentiation (Keller et al., 2016; Xia et al., 2018). A scheme based on the 

bioinformatics data and the literature review is compiled in Figure 4.9.  
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Table 4.2 Predicted miRNAs and affected CSC-associated functions based on literature review 

 aCSC-associated functions are shown in thick letters.  

miRNA Affected functionsa Cancer References 

miR-548c-3p Tumour suppressor 
Enhances the migration and invasion 
Inhibits proliferation and promote apoptosis 

     Lung 
Oesophageal 
Breast 

(Wang et al., 2020) 
(Ni et al., 2018) 
(Shi et al., 2015) 

 
miR-579-3p 

 
Tumour suppressor 
STAT3-mediated chemoresistance 
Controls cancer progression and drug resistance 

 
Glioblastoma 
Melanoma 
Melanoma 

 
(Kalhori et al., 2019) 
(Wang et al., 2018) 
(Fattore et al., 2016) 

 
miR-382 

 
Inhibits cell growth and invasion 
Inhibits cell proliferation and invasion 
Inhibits cell growth and migration 
Inhibited cell proliferation, migration, invasion 

 
Colorectal 
Retinoblastoma 
Colorectal 
Colorectal 

 
(Zhou et al., 2016) 
(Song et al., 2017) 
(Ren, Zhang and Jiang, 2018) 
(Yao et al., 2019) 

 
miR-140-3p 

 
Tumour suppressor 
Inhibits cell growth and invasion 
Inhibits cancer stem cell survival and invasive potential 
Suppresses cell growth; induces apoptosis 

 
Lung 
Lung 

Colorectal 
Colorectal 

 
(Huang et al., 2019) 
(Dong et al., 2016) 
(Yu et al., 2016) 
(Jiang et al., 2019) 

 
miR-224 

 
Associated with metastasis 
Tumour progression 
Cancer progression and chemoresistance 

 
Colorectal 
Colorectal 
Colorectal 

 
(Wang et al., 2017) 
(Li et al., 2016) 
(Amankwatia et al., 2015) 
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Table 4.3 Involvement of the target mRNAs in CSC-associated properties and the implicated signalling pathways 

mRNA 
(Alias) Signalling pathway CSC-related properties References 

    

ACVR1C 
(ALK7) 

TGF-β/Activin/ Nodal/Smad2 Proliferation and invasion (Principe et al., 2018a) 

FZD3 
(Fz-3) 

Wnt/β-catenin Proliferation (Xia et al., 2018) 

IL6ST 
(Gp-130) 

Stat3 signalling Tumorigenesis initiation 

Tumorigenesis initiation 

(Ahmad et al., 2017) 

Stat3/Wnt/β-catenin (Hill et al., 2018) 

Jak/Stat3 Chemoresistance (Li et al., 2018b) 

Stat3 Naïve pluripotency (Bourillot et al., 2020) 

Jak/Stat3 

 

Self-renewal (Burdon et al., 1999) 
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Table 4.3 (Cont’d) 

mRNA 
(Alias) 

Signalling pathway CSC-related properties References 

    

SKIL 
(SnoN) 

TGF-β Chemoresistance (Sengupta et al., 2013) 

TGF-β Tumorigenesis (Massagué and Xi, 2012) 

PI3K/AKT Cancer cell proliferation (Zhong et al., 2019) 

Activin/Nodal Pluripotency maintenance (Tsuneyoshi et al., 2012) 

TGF-β 

 

Epithelial-mesenchymal transition 

 

(Cai et al., 2019) 

SMAD2 TGF-β Pluripotency maintenance (Dahle and Kuehn, 2016) 

TGF-β/Akt Stemness maintenance (Scheel et al., 2011) 

TGF-β/Smad/Snail Epithelial-mesenchymal transition (Bojkova et al., 2020) 

Nodal/Activin 

 

Pluripotency maintenance (Kaufman-Francis et al., 2014) 

Wnt5A TGF-β Migration and invasion (Suwannakul et al., 2020) 

TGF-β Migration and self-renewal (Longati et al., 2013) 



 80 

 

 

 

Figure 4.9 Mapping of predicted circRNA-miRNA-mRNA axis in regulation 

of stemness in CRC cells. The regulatory network was constructed based on 

bioinformatics and literature analyses as described in the text (Section 3.3). In the 

top part of the scheme, the two circRNAs are shown to sponge the five predicted 

miRNAs, which, in turn, modulate the respective signalling pathways (shown in 

pink boxes) via the gene products of the predicted miRNA-targeted transcripts 

(shown in red letters), subsequently in the modulation of known CSC properties 

(orange boxes).  
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Part 2: Selection and characterisation of a candidate circular RNA 

hsa_circ_0082096/circZNF800 

 

4.5 Up-regulation of hsa_circ_0082096 expression was observed in a 

passage-dependent manner in spheroidal culture of CRC cell lines 

 

The bioinformatics analysis revealed that two up-regulated circRNAs, viz 

hsa_circ_0066631 and hsa_circ_0082096, in CRC spheroidal cells could govern 

pluripotency signalling pathways (Figure 4.9). Further analysis showed that relative 

to the parental cells, hsa_circ_0066631 showed inconsistent expression levels on 

increasing passages of the CRC spheroidal cells from P0, P3 to P5, and the circRNA 

was up-regulation upon the serum-induced differentiation in both HCT-15 and 

WiDr cells (Figure 4.10A).  

 

In contrast, hsa_circ_0082096 expression levels were consistently up-

regulated on increasing passages of both HCT-15- and WiDr-derived spheroidal 

cells (Figure 4.10B). Furthermore, upon serum-induced differentiation of the CRC 

spheroidal cells, hsa_circ_0082096 expression was down-regulated, reverting to 

the levels of the parental cells. The up-regulation of hsa_circ_0082096 in the CRC 

spheroidal cells and down-regulation upon serum-induced differentiation suggest 

that hsa_circ_0082096 plays a functional role in the maintenance of stemness in 

CRC cells.   
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Figure 4.10 Expression of candidate circular RNAs on different passages of 

CRC spheroidal cells. The expression levels of circular RNA (A) 

hsa_circ_0066631 and (B) hsa_circ_0082096 were analysed using qRT-PCR on 

different passages of the spheroidal culture (P0, P3 and P5) and on the serum 

induced differentiation (Diff P5). “P” is abbreviated for passage. *p < 0.05 and **p 

< 0.01 were values relative to the parental cells.  
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Further analysis was performed to investigate the expression of 

hsa_circ_0082096 in other CRC spheroidal cells. CRC cell lines, HCT-116, HT-29, 

SW-480 and SW-620, were used to generate spheroidal cells. The morphological 

images of the generated CRC spheroidal cells are displayed in Figure 4.11A. 

Compared to the parental cells, all CRC spheroidal cells exhibited higher 

expression levels of hsa_circ_0082096 (Figure 4.11B), corroborating the potential 

involvement of the circRNA in CRC stemness maintenance. Therefore, 

hsa_circ_0082096 was selected as a potential candidate for downstream analysis.  

 

 

4.6 Nomenclature and molecular characteristics of hsa_circ_0082096/ 

circZNF800 

 

Based on information in the CircBase and CircInteractome databases, 

hsa_circ_0082609 is a circular RNA derived from the transcript of the human 

circZNF800 gene. The ZNF800 gene (NM_176814) is composed of six exons and 

has been predicted to generate a total of eight circRNAs, including 

hsa_circ_0082096 (Table 4.4). The hsa_circ_0082096 isoform is derived from 

backsplicing of exons four and five of the transcript and is 1,837 nucleotides in 

length. Details on hsa_circ_0066631 and host gene, DCBLD2 are available in Table 

4.4.  
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Figure 4.11 Expression of hsa_circ_0082096 in spheroidal cells derived from 

various CRC lines. Morphology (A) and qRT-PCR analysis (B) of 

hsa_circ_0082096 expression in spheroidal cells generated from various CRC cell 

lines. *p< 0.05, **p< 0.01 and ***p< 0.001 were values relative to the parental 

cells.
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Table 4.4 Molecular characteristics of circZNF800 and circDCBLD2 
 

Molecular characteristic CircZNF800/ZNF800 Hsa_circ_0066631/DCBLD2 

Circular RNA 

Organism Human Human 

CircBase ID hsa_circ_0082096  hsa_circ_0066631 

Gene name nomenclature  circZNF800 circDCBLD2 

Size  1,837 nucleotides 366 nucleotides 

Host-gene sequence retained Exons 4 - 5 Exons 2 - 3 

CircRNA sequence See Figure 4.12 GTGATGGATGTGGACACACTGTACTAGGCC
CTGAGAGTGGAACCCTTACATCCATAAACT
ACCCACAGACCTATCCCAACAGCACTGTTT
GTGAATGGGAGATCCGTGTAAAGATGGGA
GAGAGAGTTCGCATCAAATTTGGTGACTTT
GACATTGAAGATTCTGATTCTTGTCACTTTA
ATTACTTGAGAATTTATAATGGAATTGGAG
TCAGCAGAACTGAAATAGGCAAATACTGTG
GTCTGGGGTTGCAAATGAACCATTCAATTG
AATCAAAAGGCAATGAAATCACATTGCTGT
TCATGAGTGGAATCCATGTTTCTGGACGCG
GATTTTTGGCCTCATACTCTGTTATAGATAA
ACAAG 
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Table 4.4 (Cont’d) 

Host gene 
Host gene Zinc finger protein 800 (ZNF800) Discoidin, CUB and LCCL domain containing 2  

(DCBLD2) 
 

Chromosomal location Chr7:127342859-127431924 Chr3:98795941-98901695 

Host transcript (Accession 
number) 

ZNF800  
(NM_176814) 

DCBLD2 
(NM_080927 
 

No. exons in host gene 6 16 
Predicted total no. circRNAs 8 24 

Predicted circRNA isoforms  hsa_circ_0133240; hsa_circ_0133241; 
hsa_circ_0133242; hsa_circ_0082095; 
hsa_circ_0082096; hsa_circ_0082097; 
hsa_circ_0082098; hsa_circ_0082099 
 

hsa_circ_0004968; hsa_circ_0066610; 
hsa_circ_0066611; hsa_circ_0066612; 
hsa_circ_0066613; hsa_circ_0066614; 
hsa_circ_0066615; hsa_circ_0066616; 
hsa_circ_0066617; hsa_circ_0066618; 
hsa_circ_0066619; hsa_circ_0066620; 
hsa_circ_0066621; hsa_circ_0066622; 
hsa_circ_0066623; hsa_circ_0066624; 
hsa_circ_0066625; hsa_circ_0066626; 
hsa_circ_0066627; hsa_circ_0066628; 
hsa_circ_0066629; hsa_circ_0066630; 
hsa_circ_0066631; hsa_circ_0124847 

 
Information in the table is derived from CircBase and CircInteractome. 
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To date, none of the eight ZNF800 circRNAs has been reported in 

characterisation and functional studies. In line with the common nomenclature 

practice of naming a circular RNA using the name of the host gene (Costa and 

Enguita, 2020; Vromman, Vandesompele and Volders, 2021), hsa_circ_0082096 is 

also designated as circZNF800 in this first study on the circRNA. The use of 

uppercase letters, ZNF800, in the designation is also in line with the long-standing 

practice of capitalising human gene names. As such, the “hsa_” prefix is dropped 

from circZNF800. For a Znf800 circRNA derived from mouse, the gene-name 

nomenclature would be mmu_circZnf800, and the like for other animals. The basic 

molecular characteristics of circZNF800 are summarised in Table 4.4. The full-

length sequence of circZNF800 is shown in Figure 4.12. 
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Figure 4.12 Full-length sequence of circZNF800. The sequence was obtained from CircInteractome database and aligned based on 

the length.  
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4.7 CircZNF800 exhibited common features of circular RNA 

 

 

4.7.1 Sanger sequencing validated the circZNF800 backsplicing junction 

 

The backsplicing junction was verified to validate the circularisation of the 

circZNF800 RNA sequence. The transcript of the host gene, ZNF800, consists of 

six exons (Figure 4.13A). circZNF800 was predicted to be derived from exons four 

and five of ZNF800. To validate the backsplice junction, a divergent primer pair 

was designed based on the sequence of the joining of exons five and four (Figure 

4.13A). The resulting PCR product generated using the divergent primers was 

subjected to Sanger sequencing, confirming the predicted backsplicing junction 

sequence (Figure 4.13B).  

 

 

4.7.2 CircZNF800 was RNase R resistant with longer half-life 

 

CircRNAs are resistant to endonuclease RNase R due to the lack of 5’ or 3’ 

UTR region and a polyA tail (Sakshi et al., 2021). RNA extracted from HCT-15 

and WiDr cells were subjected to RNase R treatment, followed by qRT-PCR 

analysis. The host transcript ZNF800 was significantly degraded on RNase R 

treatment; however, circZNF800 levels remained stable upon RNase R treatment in 

the two CRC cell lines tested (Figure 4.14A), confirming that circZNF800 is RNase 

R resistant.  
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Figure 4.13 Experimental validation of circZNF800 backsplice junction. (A) 

Illustration of the generation of circZNF800 from host transcript, ZNF800 via 

backsplicing. Divergent primer design of circZNF800 spanning the backsplice 

junction is illustrated as arrows in the lower panel. F denotes the forward primer, 

and R denotes the reverse primer location. (B) Alignment of the Sanger sequencing 

data and predicted backsplice junction of circZNF800. The Sanger sequencing was 

performed on the PCR product generated using the divergent primer. 
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Figure 4.14 Characterisation of hsa_circ_0082096 for distinct circular RNA 

properties. qRT-PCR analysis of host transcript, ZNF800 and hsa_circ_0082096 

on (A) RNase R treatment and (B) actinomycin D treatments on WiDr cells. *p < 

0.05 and **p < 0.01 were values relative to the parental cells.  
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Another distinctive characteristic of circRNAs is a longer life-span of 

compared to host transcripts (Enuka et al., 2016). Hence, the half-life of the 

circZNF800 relative to the host transcript ZNF800 was determined. By treating the 

cells with Actinomycin D to inhibit the synthesis of new RNA in the cells (Vo et 

al., 2019), qRT-PCR analysis was performed on cells harvested at different time 

points of treatment. The analysis revealed that the levels of the host transcript, 

ZNF800, reduced by 50% within 24 hours of Actinomycin D treatment (Figure 

4.14B). In contrast, the circZNF800 expression levels were stable up to 24 hours 

post-treatment, thus demonstrating higher stability of circZNF800 compared to 

ZNF800. 

 

 

4.8 CircZNF800 expression levels were significantly higher in CRC clinical 

tissues compared to the host transcript 

 

To establish the clinical relevance of circZNF800 expression with CRC, 

qRT-PCR analysis was performed on tumour and adjacent tissues of CRC patients 

(Figure 4.15). ZNF800 transcript showed no significant differential expression in 

the adjacent normal and CRC tissues (n=20) (Figure 4.15A, left panel). On the other 

hand, circZNF800 expression levels were significantly higher in CRC tissues 

relative to the adjacent normal tissues (Figure 4.15A, right panel). The mean 

expression levels of circZNF800 in the tumour tissues were approximately 0.5 

times higher than those in the adjacent normal tissues, suggesting circZNF800 

could act as a possible oncogenic epigenetics regulator.  

  



 93 

A 

 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

 

 

Figure 4.15 Expression of ZNF800 and circZNF800 in CRC patient samples. 

(A) qRT-PCR analysis of the expression levels of ZNF800 and circZNF800 on 

normal adjacent and CRC patient tissue samples (N=20). (B) CRC stage-dependent 

analysis of circZNF800 based patient clinical reports. *p< 0.05 and **p< 0.01 were 

values relative to the parental cells.
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To further investigate the expression patterns of circZNF800 in relation to 

different tumour stages, the CRC patients were grouped based on the clinical 

staging. CircZNF800 did not show any significant difference between the adjacent 

normal and the tumour tissues in tissue samples of stages 1 and 2 (Figure 4.15B, 

left panel). However, tissue samples of stages 3 and 4 showed significant elevated 

expression of circZNF800 relative to normal adjacent tissues (Figure 4.15B, right 

panel). CircZNF800 could play a role in late-stage CRC progression compared to 

early stages in the tumourigenesis process.  

 

 

4.8.1 Expression of circZNF800 coincided with high proliferative tumour cell 

population in CRC tissues and in intestinal stem cell population in 

normal tissues 

 

To validate the qRT-PCR analysis of circZNF800 expression in the clinical 

samples (Figure 4.15), RNA FISH (fluorescent in situ hybridisation) assay was 

performed. The red fluorescence tag, Cyanine-7, was conjugated with an anti-sense 

DNA sequence that targeted circZNF800. Corroborating the qRT-PCR analysis, the 

RNA FISH showed lower circZNF800 expression in paired normal tissues 

compared to paired tumours tissues (Figure 4.16).  
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Figure 4.16 RNA FISH analysis of circZNF800 expression in CRC patient 

tissues. Fluorescence in situ hybridisation (FISH) assay was performed with a 

specific probe targeting circZNF800 (tagged with red fluorescence, Cyanine 7) on 

adjacent normal and CRC tissues of the same patient. DAPI was used to stain the 

nuclei of the tissues. Bar represents 100 µm. 
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To further understand the types of cells in the colon tissue that expresses 

high levels of circZNF800 in both the normal and tumour tissues, dual 

immunofluorescence assay was performed. As bioinformatics analysis had 

predicted circZNF800 involvement in the regulation of stemness, co-localisation of 

circZNF800 in intestinal stem cell population was investigated. Leucine-rich 

repeat-containing G-protein coupled receptor 5 (Lgr5) and SRY-Box Transcription 

Factor 9 (Sox9) have been reported to be the markers of intestinal stem cells that 

reside in crypt base columnar cells (Formeister et al., 2009; Roche et al., 2015).  

 

In the normal colon tissue, the dual immunofluorescence assay revealed that 

cells that expressed high levels of circZNF800 were co-localised with Lgr5- and 

Sox9-positive cells (Figure 4.17A). The results suggest that circZNF800 could be 

a biomarker for mapping the intestinal stem-cell population in normal colon tissues. 

In the CRC tumour, co-localisation of circZNF800 with proliferative marker Ki-67 

was investigated. CircZNF800-expressing cells in CRC tissues were also positive 

for the Ki-67 marker (Figure 4.17B), suggesting that circZNF800 could be involved 

in CRC cancer progression as an oncogenic epigenetic regulator.  
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Figure 4.17 Co-localisation analysis of circZNF800 with intestinal cells and proliferative markers. Dual immunofluorescent 

assays of RNA FISH and protein immunofluorescent on (A) adjacent normal and (B) corresponding CRC tissues. In the adjacent normal 

tissues in (A), circZNF800 (in red) was co-stained with antibodies specific for Lgr5 (orange) and Sox9 (green) proteins, which are 

specific for intestinal stem cell population (A). In CRC tissue, circZNF800 was co-stained with Ki-67 (green) to represent high 

proliferative population (Bar= 100 µm).
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Part 3A: Functional modulation of circZNF800 in relation to stemness 

regulation: circZNF800 overexpression analysis 

 

4.9 Establishment of an ectopic overexpression system of circZNF800  

 

Group one introns of T4 phage of thymidylate synthase gene are able to 

yield circularised introns during the exon splicing process (Ford and Ares, 1994). 

By permutating the introns to flank an exon, and through autocatalytic splicing 

process via chemical transesterification reactions, the flanked exon can be 

circularised (Chen et al., 2017). A similar strategy was employed in the present 

study. A matured sequence of circZNF800 was cloned into a permutated td gene 

plasmid carrying a T7 promoter that flanks introns (3’ and 5’ splice sites) of the T4 

phage (Figure 4.18).  

 

Using in vitro transcription reactions, linear RNA was generated with the 

intron splice sites intact. Subsequently, autocatalytic splicing process to induce 

transesterification was performed using excess guanosine-5'-triphosphate (GTP) 

and magnesium chloride (MgCl2) to generate circularised RNA molecules encoding 

the circZNF800 sequence.  

 

  



 99 

 

 

 

 

Figure 4.18 Illustration of circZNF800 overexpression generation system. 

Using permutated autocatalytic self-splicing group 1 introns, circZNF800 sequence 

was cloned into permutated td gene vector in between the 3’- and 5’ splice sites. On 

in vitro RNA transcription, the resulting linear RNA was chemically treated with 

excess guanosine-5'-triphosphate (GTP) and magnesium chloride (MgCl2) to 

induce circularisation.  
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4.9.1 Generation and validation of in vitro transcribed self-circularising 

circZNF800 

 

Using the aforementioned method, the vitro transcription-generated 

circZNF800 RNA was treated with RNase R enzyme for validation of 

circularisation. The resulting RNA was purified and separated in 2% MOPS gel 

electrophoresis (Figure 4.19A). In vitro transcription and the subsequent 

transesterification-induced circularisation yield of RNA products were within the 

expected lengths of ~1,800 nucleotides (Figure 4.19A, 2nd and 3rd lanes). Upon 

RNase R treatment, the resulting RNA showed similar band size compared to the 

untreated group (Figure 4.19A 3rd and 4th lanes), suggesting RNase R resistance, 

and the transcribed RNA was circularised.  

 

To further investigate if the in vitro transcribed circZNF800 was indeed 

circularised, Sanger sequencing on the PCR product was performed. As predicted, 

the 5’- and 3’-ends of the circZNF800 sequence encoding for exons four and five, 

respectively, were joined (Figure 4.19B). A “GCAG: tetra-nucleotides leftover 

from the 5’ splice site was also detected in the Sanger sequencing result. 

Collectively, the results indicated that using the autocatalytic splicing introns, a 

circularised full-length sequence of circZNF800 was generated via in vitro 

transcription.  
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Figure 4.19 Generation of in vitro transcribed circZNF800 RNA. (A) RNase R 

treatment on circZNF800 in vitro transcribed RNA before and after circularisation 

induction by guanosine-5'-triphosphate (GTP) and magnesium chloride (MgCl2). 

Electrophoresis was done in a 2% MOP gel. A 1-kb RNA ladder is shown (Lane 

M). (B) Sanger sequencing across the backsplicing site of circularised circZNF800 

RNA.   
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4.9.2 Successful cellular uptake of circZNF800 in chemical transfection 

 

The transfection of large RNA (> 1,500 nucleotides) has been a major 

limitation in circRNA studies (Obi and Chen, 2021; Chen and Lu, 2021). To 

evaluate the uptake efficiency of circZNF800 RNA by CRC cells, in vitro 

transcribed circZNF800 was tagged with the green fluorescent Cyanine-3 (Cy3). 

CircZNF800-Cy3 was chemically transfected into WiDr cells (as described in 

Section 3.7.4) and was visualised through fluorescence microscopy 12 h post-

transfection. The fluorescence images suggest that the transfected circZNF800 

overlapped with the CRC cells (Figure 4.20A) suggesting successful circZFP800 

uptake by the cells.  

 

To further measure the circZNF800 uptake efficiency, flowcytometry 

analysis was performed through fluorescence quenching. Trypan blue is known to 

quench the green fluorescence (Avelar-Freitas et al., 2014). Furthermore, trypan 

blue can be used as an exclusion assay to identify cells with intact cell membrane 

(Shilova, Shilov and Deyev, 2017). By combining these properties, trypan blue was 

used to determine if the transfected circZNF800 tagged with green fluorescence 

Cy3 was residing inside the cells, thus measuring the uptake efficiency.  
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Figure 4.20 Evaluation of the transfection efficiency of in vitro transcribed 

circZNF800. (A) Visualisation of in vitro transcribed circZNF800 in cells. 

circZNF800 was tagged with Cyanine-3 (Cy3; green fluorescent) and was 

transfected into WiDr cells for observation under a fluorescence microscope at 

different magnifications using fluorescent microscopy. Scale bars represent 100 µm. 

(B) Flowcytometry analysis of green fluorescence emission upon in vitro 

transcribed circZNF800-Cy3 RNA and DNA plasmid tagged with green fluorescent 

protein (GFP) before and after treatment with 0.4% trypan blue. 
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Upon transfecting WiDr cells with circZNF800-Cy3, flowcytometry 

analysis was performed to assess the green fluorescence emitted by the RNA. As a 

control, a green fluorescence protein (GFP)-expressing DNA plasmid was used. 

The green emitted fluorescence levels were measured with or without the treatment 

with 0.4% trypan blue. The expression levels of the RNA-Cy3 were around 11% 

and 27% in the GFP-transfected cells, for both the untreated and treated group 

(Figure 4.20B). While these results do not equate to the efficiency of RNA 

transfection, Cy3 green fluorescence levels remain stable regardless of the trypan 

blue treatment, suggesting a successful uptake of the circZNF800 RNA by the cells.  

 

 

4.10 Ectopic overexpression of circZNF800 enhanced CSC-like properties 

in WiDr cells 

 

Using the in vitro transcribed circZNF800, CSC-related properties in CRC 

cells were investigated. Proliferation assay and expression of cancer stem cells 

(CSC) and intestinal stem cells (ISC) markers were evaluated upon circZNF800 

RNA transfection (Figs. 4.22 & 4.23, see below). Proliferation assays were 

performed using EdU assays. CD44 and CD133 were evaluated to analyse the 

changes in CSC markers (Tsunekuni et al., 2019). Lrg5 and Sox9 were used to 

evaluate the expression levels of ISC population (Formeister et al., 2009). Due to 

the transient effects of circZNF800 transfection, other cellular phenotypic assays 

involving CSC properties such as colony-forming and sphere-forming assays were 

not performed.  
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4.10.1 CircZNF800 increased cell proliferation 

 

The cell proliferative effects of circZNF800 on the CRC cells were 

evaluated using EdU assay, which measures the DNA synthesis levels by labelling 

the newly incorporated thymidine analogue, 5-ethynyl-2´-deoxyuridine, EdU 

(Mead and Lefebvre, 2014). The EdU levels are measured by a click reaction where 

fluorescently tagged molecules interact with the incorporated EdU analogue and 

the results were evaluated using flowcytometry.  

 

Upon transfection of in vitro transcribed circZNF800 in WiDr cells, there 

was a marked increase in EdU+ cells compared to the vehicle and the circGFP RNA 

control groups (Figure 4.21). Transfection with circZNF800 significantly increased 

the levels of EdU+ cells close to 17% compared to the vehicle group at 

approximately 11%. High RNA-induced toxicity was observed in the circGFP RNA 

transfected group (Liu et al., 2018) compared to the vehicle group where the 

number of EdU+ cells was reduced by almost half. Despite this, the higher EdU+ 

cell levels in the circZNF800-transfected samples were higher suggesting that 

circZNF800 promoted cellular proliferation in CRC WiDr cells in the experiments.  
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Figure 4.21 Effects of circZNF800 overexpression on CRC cell proliferation. 

Flowcytometry analysis of EdU-positive WiDr cell population on transfection 

with vehicle, circGFP and circZNF800 RNA. (A) Representative flowcytometry 

contour plots are shown in left 3 panels for each treatment group. (B) The bar 

graph represents the average data from triplicated independent experiments. 

**p<0.01 and ***p<0.001 were obtained by comparing to the vehicle-treated 

group. 
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4.10.2 CircZNF800 up-regulated cancer and intestinal stem cell markers  

 

To establish the effects of circZNF800 on cancer stem cell properties, CD44 

and CD133 expression levels were evaluated on circZNF800 transfection. 

Compared to the vehicle group, WiDr cells over-expressing circZNF800 showed 

significant up-regulation of CD44 and CD133 markers (Figure 4.22A). CD44 

expression levels increased from an average of 52% to about 81%. Similarly, 

CD133 expression levels doubled from 42% to 87% (Figure 4.22B). The up-

regulation of CD44 and CD133 are is consistent with that circZNF800 is involved 

in the regulation of CSC properties as predicted in the bioinformatics analysis 

(Figure 4.9).  

 

RNA FISH analysis on CRC patient tissue samples showed co-localisation 

of circZNF800 with intestinal stem cell population (Figure 4.17A). Furthermore, 

flowcytometry analysis revealed that both the intestinal stem cell markers Lgr5 and 

Sox9 were significantly up-regulated on circZNF800 ectopic overexpression 

(Figure 4.23A). Lgr5 expression levels increased from 32% to 93% in the treated 

group, while Sox9 expression from 48% to 82% (Figure 4.23B). The up-regulation 

of ISC population is indicative that circZNF800 regulates adult stem cell properties 

in CRC cells.  
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Figure 4.22 Effects of circZNF800 overexpression on CSC markers expression 

levels. (A) Representative contour plots of flowcytometry analysis of CD44 and 

CD133 on circZNF800 overexpression in WiDr cells. (B) Bar graph of the average 

data from triplicated independent experiments. **p<0.01 and ***p<0.001 were 

obtained by comparing to the vehicle-treated group.   
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Figure 4.23 Effects of circZNF800 overexpression on expression levels of 

intestinal stem cell markers. (A) Representative contour plots of flowcytometry 

analysis of Lgr5 and Sox9 upon circZNF800 overexpression in WiDr cells. (B) Bar 

graph of the average data from triplicated independent experiments. **p<0.01 and 

***p<0.001 were obtained by comparing to the vehicle-treated group.   

Vehicle CircZNF800 

Lg
r5

 
So

x9
 

Lgr5 Sox9
0

20

40

60

80

100

%
 o

f c
el

ls

Vehicle CircZNF800

✱✱✱

✱✱✱



 110 

4.10.3 CircZNF800 up-regulated expression of stemness markers in CRC cells 

 

The pluripotency regulation of embryonic and induced pluripotent stem 

cells involves the transcriptional factors Oct4, Sox2, Klf4, cMyc and Nanog (van 

Schaijik et al., 2018). Previous reports have associated these pluripotency 

transcriptional factors with the maintenance of stemness in CSC population, 

including colorectal cancer stem cell populations (Munro et al., 2019; Munro et al., 

2018; Zhang et al., 2020b).  

 

To investigate the effects of circZNF800 overexpression on these 

transcription factors, qRT-PCR analysis was performed. The results showed that on 

circZNF800 ectopic overexpression, OCT4, SOX2 and NANOG expression levels 

were significantly up-regulated (Figure 4.24). However, KLF4 and cMYC showed 

no significant difference between the overexpression and the vehicle groups. The 

results are in line with the increased CSC and intestinal stem cell markers (Figure 

4.22), suggesting that circZNF800 is able to reprogramme CRC cells into a high 

state of cellular potency.  
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Figure 4.24 Effects of circZNF800 overexpression on expression levels of 

pluripotency markers. qRT-PCR analysis of selected pluripotency genes was 

performed on circZNF800 overexpression cells. **p < 0.01 were values relative to 

the vehicle-treated cells. 
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4.11 CircZNF800 enhanced tumourigenicity in mice 

 

The most significant property of a CSC population is enhanced 

tumourigenicity (Vales et al., 2019). The tumourigenicity properties induced by 

circZNF800 were investigated in a mouse model. As illustrated in the schematic in 

Figure 4.25, WiDr cells were subcutaneously transplanted into each flank of the 

nude mice, at 2.5 × 106 cells/flank. The mice were divided into three groups; vehicle 

group treated with saline and two groups treated with either circGFP or circZNF800 

RNA. CircGFP RNA and circZNF800 RNA were administered four times over 8 

days, each at 10 µg RNA per treatment. The vehicle group was treated with saline. 

Tumour growth was monitored every fourth day up to 20 days.  

 

The tumour growth analysis revealed that mice treated with circGFP RNA 

showed slower tumour growth compared to the vehicle and circZNF800 RNA 

group (Figure 4.26A, Appendix C). In contrast, circZNF800-injected treated mice 

showed significantly enhanced tumour growth compared to the vehicle- and 

circGFP RNA-treated groups. Furthermore, tumour volume analysis showed that 

the circZNF800 treated group developed larger tumours compared to other groups 

(Figure 4.26B). The tumourigenicity in vivo data echoed the observation from the 

in vitro proliferation assays in which circZNF800 was shown to promote cellular 

proliferation. Taken together, the results indicate that circZNF800 promotes 

cellular proliferation, up-regulates expression of CSC and intestinal stem cell 

markers and up-regulates pluripotency-associated transcriptional factors, which are 

all linked to enhanced tumourigenicity.  
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Subcutaneous transplantation for in vivo RNA treatment  

 

 

Figure 4.25 Schematic illustration of the mouse model used to study the effects of circZNF800 overexpression on tumorigenicity. 

WiDr cells were first transplanted subcutaneously into nude mice. The mice were divided into three groups: the vehicle group and the 

two groups injected either with circZNF800 RNA or circGFP RNA (see right panel) (n=3 for each group). When the tumours reached 

~500 mm3, each group was injected four times with 10 µg of RNA in the treatment groups, or saline as in the vehicle group. Tumours 

were allowed to grow up to 0 days before the tumours were harvested for further analysis.
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Figure 4.26 Effects of circZNF800 overexpression on tumorigenicity in mice. 

(A) Average tumour growth in mice of different treatment groups of 

subcutaneously WiDr cells as shown in Fig. 4.26. *p < 0.05 and **p < 0.01 were 

values relative to the vehicle-treated group (n=3 for each group). (B) Images of the 

harvested subcutaneous CRC tumours on day 20 of different treatment groups.  
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Part 3B: Functional molecular modulations of circZNF800 overexpression 

 

4.12 CircZNF800 down-regulated the expression of targeted miRNAs to 

positively regulate downstream genes of the predicted pluripotency 

pathways 

 

The bioinformatics analysis predicted a regulatory network of circRNA-

miRNA-mRNA axis that controls pluripotency-associated pathways (Figure 4.9). 

Hsa_circ_0066631 and circZNF800 were predicted to sponge hsa-miR-140-3p, -

miR-224, -miR-382, -miR-548c-3p and -miR-579. Based on our prediction, 

circZNF800 only interacts with miR-140-3p, miR-382 and miR-579 (Table 4.5). 

Bioinformatics analysis of pairing using the RNAhybrid prediction tool supports 

that circZNF800 competitively binds the miRNAs (Table 4.6). 

 

 

4.12.1 CircZNF800 sponges the predicted tumour suppressive miRNAs hsa-

miR-140-3p, -miR-382 and -miR-579 

 

To validate the predicted sponging activities of circZNF800 on miR-140-

3p, miR-382 and miR-579, RNA pulldown assay was performed. Biotinylated-

circZNF800 RNA and a scramble RNA were generated using in vitro transcription 

assay (see Section 3.7.2). were incubated with cell lysates of HCT-15 and WiDr 

cells and the purified pulled-down miRNAs were identified using stem loop qRT-

PCR analysis.
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Table 4.5. Interactions of the circZNF800 with the predicted core miRNAs 

miRNA CircZNF800 Hsa_circ_0066631 

hsa-miR-140-3p + + 

hsa-miR-224 - + 

hsa-miR-382 + - 

hsa-miR-548c-3p - + 

hsa-miR-579 + + 

“+”, predicted binding; “-“, no predicted binding.
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Table 4.6. Predicted circZNF800 and miRNAs binding activity 

CircRNA  
miRNA  CircRNA – miRNA pairing 

 
Minimal free energy  

(kcal/mol) 
 

Binding pairing 

 
circZNF800 

 
miR-579 

 
 

 
5’- AGGGAACAAAUCAUUCAAAUGAA -3’                                                                                     

||||||||||.                 ||.            |  |  |  |  |  |  | 
3’- UUAGCGCCAAAUAUGGUUUACUU -5’ 

 
 

 
-18.9 

 
 

circZNF800 
 

miR-382 
 
 

                         5’- AACUAAACAACUUA -3’ 
||||||||||.                 ||.       |  |  |  |  |  |  |  |   

 3’- GCUUAGGUGGUGCUUGUUGAAG -5’ 
 
 

-22.6 

 
 

circZNF800 
 

miR-140-3p 
 

5’- UGAUACGACAUAUAACUGUGGUU -3’ 
||||||||||.                 ||.            |  |  |  |  |  |  |   

   3’- GGCACCAAGAUGGGACACCAU -5’ 
 

-21.6 
 

 

Minimal free energy analysis based on RNAhybrid prediction tool. The seed sequences of the miRNAs and circRNAs are 

highlighted in, green and red, respectively.
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The results indicated that circZNF800 RNA pulldown was enriched miR-

140-3p, miR-382 and miR-579 in both HCT-15 and WiDr cells compared to the 

scramble RNA, with hsa-miR-140-3p the most enriched (Figure 4.27). Stem loop 

qRT-PCR analysis further showed that on ectopic circZNF800 overexpression, 

miR-140-3p, miR-382 and miR-579 were significantly down-regulated (Figure 

4.28). Taken together, circZNF800 is able to sponge and down-regulate these 

miRNAs.  

 

 

4.12.2 CircZNF800 up-regulated pluripotency-associated target transcripts of 

the miRNAs  

 

The effects of circZNF800 on the expression of the downstream transcripts 

of the predicted pluripotency pathways (Figure 4.9) were next investigated. ALKF7, 

FZD3, IL6ST, SKIL, SMAD2 and WNT5A were predicted to be regulated by 

circZNF800 and hsa_circ_0066631 via the predicted miRNAs. Ectopic 

circZNF800 overexpression significant up-regulated the ALKF7, FZD3 and 

WNT5A transcript levels of the predicted pluripotency-associated pathways (Figure 

4.29). However, IL6ST and SMAD2 were slightly up-regulation, albeit not 

significantly. SKIL showed no differential expression between the vehicle and 

circZNF800 overexpression group.  
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Figure 4.27 CircZNF800 RNA pulldown analysis of predicted miRNAs. 

Biotinylated circZNF800 RNA was used in pulldown assay to identify the predicted 

interacting miRNAs in (A) HCT-15 and (B) WiDr cell lines. Stem loop qRT-PCR 

analysis was performed on the target miRNAs. The enrichment ratios of the 

miRNAs were identified based on the relative expression levels of the scramble 

RNA and circZNF800 RNA pulldown. *p<0.05 and **p<0.01 were obtained by 

comparing to the scramble group.   
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Figure 4.28 Effects of circZNF800 overexpression on the expression levels of 

the predicted miRNAs. Stem loop qRT-PCR analysis of hsa-miR-140-3p, miR-

382 and miR-579 on circZNF800 RNA transfection of WiDr cells for 48 hrs. 

*p<0.05 and **p<0.01 were obtained by comparing to the vehicle group.  
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Figure 4.29 Expression analysis of predicted pluripotency-associated 

pathways upon circZNF800 RNA overexpression. The expression levels of 

ALK7, FZD3, IL6ST, SKIL, SMAD2 and WNT5A were analysed using qRT-PCR. 

The expression levels are relative to the vehicle treated group. *p<0.05 and 

**p<0.01 were obtained by comparing to the vehicle group. 
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In summary, the results demonstrate that circZNF800 sponges tumour 

suppressive miRNAs hsa-miR-140-3p, miR-382 and miR-579, which in turn, up-

regulates the expression of downstream transcripts, ALKF7, FZD3 and WNT5A 

previously reported to be involved in various pluripotency-associated pathways 

(see Table 4.3). CircZNF800 acts as a potent stemness regulator in CRC cells.  

 

 

Part 3C: Phenotypic and genotypic modulations of circZNF800 knockdown in 

relation to stemness regulation 

 

 

4.13 CircZNF800 knockdown via CRISPR Cas13d suppressed CSC-like 

properties  

 

RNA interference (RNAi) tools, including siRNA and shRNA, are often 

used to induce knockdown of circRNAs (Mumtaz et al., 2020). The RNAi tools are 

designed based on the backsplice junction of a candidate circRNA to induce 

knockdown without affecting the expression levels of the host transcript. However, 

RNAi is known to have high off-target effects (He et al., 2021). The recent 

development of CRISPR (Clustered Regularly Interspaced Short Palindromic 

Repeats) systems as RNA editing tools has gained growing attention. Citing 

enhanced targeting specificity and low off-target effects, CRISPR Cas13d is a 

potent tool to induce circRNA knockdown, both in vitro and in vivo (Gupta et al., 

2022).  
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4.13.1 Construction and validation of CRISPR Cas13d-mediated knockdown 

of circZNF800 

 

In the present study, the CRISPR Cas13d system was established to induce 

knockdown in circZNF800. Based on the backsplice junction of circZNF800, two 

crispr RNAs (crRNAs) were generated. The sequences were designed to be in 

reverse complementary matches, each with 24 nucleotides in length (Figure 4.30A). 

By the binding activities of these crRNAs on circZNF800, the CRISPR Cas13d 

endonuclease would induce degradation of circZNF800.  

 

The efficiency of the circZNF800 knockdown using the CRISPR Cas13d 

was evaluated using qRT-PCR assay (Figure 4.30B). The CRISPR Cas13d plasmid 

cloned with either a scramble or a specific crRNA sequence was transfected into 

WiDr cells. qRT-PCR analysis was performed 48 hours post-transfection. Both 

crRNA 1 and 2 were able to induce significant knockdown of circZNF800, with 

little to no effect on the host transcript, ZNF800. A specific knockdown of 

circZNF800 was achieved, with up to 40% knockdown efficiency. The successful 

generation of a specific knockdown model for circZNF800 using CRISPR Cas13d 

was used for the downstream analysis.  
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Figure 4.30 Establishment and validation of circZNF800 knockdown system. 

(A) Schematic illustration of the CRISPR Cas13d RNA system to target 

circZNF800. The backsplice junction and complementary crRNA sequences that 

target circZNF800 are illustrated. (B) Knockdown efficiency of circZNF800 using 

CRISPR Cas13d system via qRT-PCR analysis. Relative expression analysis of 

circZNF800 and host transcript, ZNF800 to CrSC group. **p<0.01 was obtained 

by comparing to the scramble group.
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4.13.2 Knockdown of circZNF800 diminished stemness properties in CRC 

cells 

 

The reversal of the enrichment of stemness observed on circZNF800 

overexpression was investigated using the established CRISPR Cas13d system. 

Proliferation assay, CSC and intestinal stem cell markers analysis, sphere- and 

colony-forming assays, and in vivo tumourigenicity assay was performed using the 

circZNF800 knockdown cells.  

 

The EdU proliferation assay revealed circZNF800 knockdown cells showed a 

significant reduction in cellular proliferation (Figure 3.31). Compared to CrSC 

transfected cells, there was a reduction of up to 9% of EdU+ cells upon circZNF800 

knockdown. The lower proliferation rate is in line with the data obtained upon 

circZNF800 overexpression (Figure 4.21). Flowcytometry analysis of CSC markers, 

CD44 and CD133, and intestinal stem cell markers, Lgr5 and Sox9 were also 

significantly down-regulated upon circZNF800 knockdown. The expression levels 

of CD44 and CD133 were reduced by up to 50% on circZNF800 knockdown 

(Figures 4.32). Similarly, Lgr5 and Sox9 expression levels were also reduced in 

circZNF800 down-regulated cells (Figure 4.33). The results suggest that the 

circZNF800 knockdown induced a reduction in CSC-related properties. 

Pluripotency factors OCT4, SOX2 and NANOG were likewise significantly down-

regulated in circZNF800 crRNAs-transfected cells compared to CrSC cells (Figure 

4.34), confirming the involvement of circZNF800 in regulating stemness properties 

in CRC cells.  
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Figure 4.31 Effects on CRC cell proliferation upon circZNF800 knockdown. 

(A) Flowcytometry analysis of EdU-positive population on WiDr cells upon 

circZNF800 knockdown. Representative flowcytometry contour plots are shown in 

left panels for each treatment group. (B) Bar graph (right panel) represents the 

average data from triplicated independent experiments. *p<0.05 was obtained by 

comparing the CrSC with crRNA 1 or crRNA 2 transfected cells. 
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Figure 4.32 Effects on CSC markers expression levels upon circZNF800 knockdown. (A) Representative contour plots of 

flowcytometry analysis of CD44 and CD133 upon circZNF800 knockdown in WiDr cells. (B) Bar graph (right panel) represents the 

average data from triplicated independent experiments. **p<0.01 and ***p<0.001 were obtained by comparing to the CrSC transfected 

cells.   
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Figure 4.33 Effects on intestinal stem cells markers expression levels upon circZNF800 knockdown. (A) Representative contour 

plots of flowcytometry analysis of Lgr5 and Sox9 upon circZNF800 knockdown in WiDr cells. (B) Bar graph (right panel) represents 

the average data from triplicated independent experiments. *p<0.05, **p<0.01 and ***p<0.001 were obtained by comparing to the 

CrSC transfected cells.  
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Figure 4.34 Evaluation of core pluripotency markers upon circZNF800 

knockdown. qRT-PCR analysis of selected pluripotency genes upon circZNF800 

knockdown. *p<0.05, **p<0.01 and ***p<0.001 were values relative to the CrSC 

transfected cells.  
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To investigate the effects of the circZNF800 knockdown on sphere- and 

colony-forming abilities, stable circZNF800-knockdown cells were seeded for the 

sphere- and colony-forming culture conditions for10 days. The results indicated 

that, compared to the control group (CrSC), circZNF800-knockdown cells (crRNA 

1 and crRNA 2) showed a reduction in the ability to form spheroids (Figure 4.35), 

and the colony-forming abilities were also impaired in CRC cells (Figure 4.36). The 

data further illustrated that circZNF800 knockdown impairs the CSC features of 

spheroid and colony formation in CRC cells.  

 

 

4.13.3 Impaired tumour-forming abilities in a mice model transplanted with 

circZNF800 knockdown cells 

 

The effects of circZNF800 knockdown on in vivo tumourigenicity were 

further evaluated. CircZNF800 knockdown WiDr cells were subcutaneously 

transplanted into nude mice at 2.5 × 106 cells/flank (Figure 4.37, Appendix D). 

Three flanks were used for each of the CrSC, crRNA 1 and crRNA 2 groups. The 

transplanted cells were left to form xenograft tumours up to 30 days and the tumour 

size was measured at least twice per week before the animals were sacrificed for 

further analysis (Figure 4.37). Mice injected with the control CrSC cells showed 

the fastest tumour growth rate than the mice injected with the crRNA 1- and crRNA 

2-expressing cells (Figure 4.38A). CrSC cells yield the largest tumour size relative 

to crRNA 1 and crRNA 2 cells (Figure 4.38B). The impairment of tumour growth 

on circZNF800 knockdown is in line with the data that circZNF800 reduces CSC 

properties. 
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Figure 4.35 Evaluation of sphere-forming abilities on circZNF800 knockdown 

cells. Morphological images of the spheroids forming in the suspension culture 

upon circZNF800 knockdown. Images were taken after 10 days in the spheroid 

culture condition. Bar represents 100 µm.
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Figure 4.36 Effects of circZNF800 knockdown on colony-forming abilities. 

Stable circZNF800 knockdown cells were seeded in 6 well plate for colony-forming 

assay. Images show the colonies stained with crystal violet. 
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Subcutaneous transplantation of stable circZNF800 knockdown CRC cells 

 

Figure 4.37 Schematic illustration of mouse model used to study the effects of circZNF800 knockdown on tumorigenicity. Stably 

circZNF800-knockdown cells were transplanted subcutaneously into nude mice. The tumour growth was monitored for 30 days (n=3 

per group). In the left panel, CrSC represents the control group while crRNA may be crRNA 1 or crRNA 2 circZNF800 knockdown 

cells (see Fig. 4.30A for construction).  
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Figure 4.38 Effects on tumorigenicity on circZNF800 knockdown in mice. (A) 

Average tumour growth of different treatment groups of subcutaneously WiDr cells. 

* p < 0.05 and ** p < 0.01 were values relative to the control group (n=3 for each 

group). (B) Images of the harvested subcutaneous CRC tumours on day 30 of 

different treatment groups.   
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Part 3D: Functional molecular modulations of circZNF800 knockdown 

 

4.14 Knockdown of circZNF800 up-regulated expression levels of tumour 

suppressive miRNAs and down-regulated transcripts of pluripotency-

associated pathways 

 

In circRNA profiling analysis (Figure 4.9) miR-140-3p, miR-382 and miR-

579 were predicted to be sponged by circZNF800. To establish the molecular 

modulation of circZNF800, on the expression of the predicted miRNAs, stem loop 

qRT-PCR analysis was performed. The results indicated that circZNF800 

knockdown significant up-regulated the expression levels of miR-140-3p, miR-382 

and miR-579 compared to the control (Figure 4.39), collaborating with circZNF800 

sponging of the miRNAs.  

 

Expression of the downstream transcripts ALK7, FZD3 and WNT5A was 

also predicted to be modulated by circZNF800 via miR-140-3p, miR-382 and miR-

579 (Figure 4.9). Upon knockdown of circZNF800, the expression levels of ALK7, 

FZD3 and WNT5A were significantly lower compared to the control group qRT-

PCR analysis (Figure 4.40). Since these transcripts encode important factors in 

pluripotency-associated pathways (Figure 4.9), the data corroborate with the 

proposition that circZNF800 negatively modulates CSC phenotypes.  
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Figure 4.39 Validation of the expression levels of miRNAs upon circZNF800 

knockdown. Stem loop qRT-PCR analysis of hsa-miR-140-3p, miR-382 and miR-

579 on circZNF800 knockdown WiDr cells. **p<0.01 and **p<0.001 were 

obtained by comparing to the control group.  
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Figure 4.40 Expression analysis of predicted pluripotency-associated 

pathways upon circZNF800 knockdown. The expression levels of ALK7, FZD3, 

IL6ST, SKIL, SMAD2 and WNT5A were analysed using qRT-PCR. The expression 

levels are relative to the control group. *p<0.05, **p<0.01 and ***p<0.001 were 

obtained by comparing to the vehicle group. 

 
 



CHAPTER 5 

 

DISCUSSION 

 

 

5.1 Use of spheroidal culture in the study of cancer stem cells 

 

The rarity of colorectal cancer stem cell (CrCSC) population in the tumour 

mass warrants the development of novel approaches to enrich and cultivate the 

CrCSC population. The use of 3D spheroidal culture as a CSC enrichment model 

has been well accepted as a simple and potent in vitro tool (as reviewed by (Ishiguro 

et al., 2017). In our previous investigation, CrCSC-like population was enriched in 

CRC cell lines using spheroidal culture, and the CSC properties validated 

(Rengganaten, 2016).  

 

In the previous work (Rengganaten, 2016), enrichment of CrCSC 

population was achieved by subjecting the CRC cells to serial passaging in 

spheroidal culture. CSC properties including chemoresistance and pluripotency 

genes were enhanced on a passage-dependent manner in the CRC spheroidal cells. 

Other CSC properties were also shown, including enhanced self-renewal abilities 

and up-regulation of CSC markers, CD133, CD44 and ALDH1 in the CRC 

spheroidal cells compared to the parental cells (Rengganaten, 2016). Serum-

induced differentiation of the CRC spheroidal cells reversed the enrichment of CSC 

properties, suggesting that spheroidal culture could effectively enrich and maintain 

the CSC properties in CRC cells. The collective data confirmed that CRC cells with 
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CSC properties were enriched in the spheroidal culture, echoing other reports 

(Barisam et al., 2022; Ishiguro et al., 2017). The established CRC-derived 

spheroidal cultures were used in this work to characterise circRNA involvement in 

the regulation of stem cell properties.  

 

 

5.2 Integrative analysis of circRNA unveiled a complex post-

transcriptional gene regulation network in cancer stem cells 

 

Cancer recurrence mediated by cancer stem cell (CSC) population poses a 

major clinical drawback (Chen et al., 2020a). The up-regulation of stemness 

properties in CSC population that give rise to enhanced differentiation and 

proliferation abilities have been a major therapeutic target (Prasad et al., 2020). 

However, the underlying mechanisms mediating the potency maintenance in 

colorectal CSC (CrCSC) population remains poorly understood (Zhao et al., 2018).  

 

To date, there is a lack of circRNA profiling work on understanding the 

distribution of circRNAs in CrCSC population. However, circRNA profiling works 

have been performed on stem cell populations of other cancers, including breast 

(Yan et al., 2017) and hepatocellular cancer (Chen et al., 2020b). In both studies, 

CSC population enrichment was achieved using 3D spheroidal culture, as in the 

present study.  

 

 



 140 

In the present work, RNA sequencing and extensive bioinformatics analysis 

were performed, which led to the identification of over 8,000 differentially 

expressed circRNAs in CRC spheroidal cells (Figure 4.1), suggesting that 

circRNAs play an extensive role in a large number biological processes involving 

oncogenicity and stemness regulation in CrCSC cells. Furthermore, based on the 

top 4 up- and down-regulated circRNAs identified, a complex network of circRNA-

miRNA-mRNA interaction was elucidated (Figure 4.4).  

 

KEGG analysis of downstream transcripts suggested that various signalling 

pathways were regulated by the differentially expressed circRNAs. Among these, 

the Wnt and ErbB signalling pathways, which were implicated in the KEGG 

analysis, have previously been associated with regulating CSC properties (de Sousa 

and Vermeulen, 2016; Clark et al., 2012). Wnt signalling pathways have been 

reported to control epithelial-mesenchymal transition (EMT), cellular proliferation 

and to mediate various transcriptional factors involved in enhancing stemness 

properties in cancer cells (Chang et al., 2015; Malladi et al., 2016). Likewise, ErbB 

signalling pathways regulate cellular differentiation, proliferation and migratory 

properties in cancer cells, which are often enhanced in CSC population (Arteaga, 

2011; Appert-Collin et al., 2015). The bioinformatics prediction of the present work 

highlights the addition of another tier of post-transcriptional regulators to the 

existing understanding of the regulation of CSC properties in CRC cells. 
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Other studies have proposed circRNA-miRNA-mRNA networks in 

different cancer populations. Dong et al. illustrated six circRNAs that were 

predicted to sponge 15 miRNAs and were involved in regulating tumour-associated 

signalling pathways in gastric cancer (Dong et al., 2021). A similar network of 

circRNA-miRNA-mRNA was constructed involving macrophage infiltration in 

hepatocellular carcinoma (Zhou et al., 2020). However, both these studies focused 

only bioinformatics analysis to predict the network with little or no functional 

assays to validate the predicted network. The present study experimentally 

validated all interacting members of the selected network and performed extensive 

downstream functional assays to confirm the prediction.  

 

 

5.3 CircRNA-mediated regulation is involved in activities of the 

pluripotency pathways 

  

The KEGG analysis accentuated important signalling pathways mediating 

pluripotency. The bioinformatics analysis revealed two potential candidate 

circRNAs, hsa_circ_0066631 and circ_0082096 (later denoted as circZNF800) to 

be major regulators of signalling pathways of pluripotency (Figure 4.6). Very little 

is known about the two circRNAs, except for a few reports briefly mentioning 

possible involvements in viral infection and atrial fibrillation in a whole 

transcriptomics study (Zhang, Sun and Li, 2020).  
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Hsa_circ_0066631 is derived from exons 2 and 3 of the host transcript, 

DCBLD2 (CUB and LCCL domain containing 2; NM_080927), which harbours 16 

exons. There are no literature reports on the functional role of hsa_circ_0066631. 

Based on the host transcript literature analysis, the DCBLD2 protein acts as major 

regulator of tumorigenesis (Schmoker, Ebert and Ballif, 2019). In terms of CRC 

development, DCBLD2 is up-regulated in CRC patients, and is linked with poor 

prognosis (He et al., 2020b). The up-regulated expression of DCBLD2 in CRC 

patients is in agreement with up-regulated levels of the derived hsa_circ_0066631 

in the CrCSC population reported in the present work.  

 

On the other hand, circ_0082096 (circZNF800) is derived from exons 4 and 

5 of the host transcript zinc-finger protein 800 (ZFN800); NM_176814. The 

ZNF800 protein has only been reported as a candidate master regulator in adipose 

gene expression and cardio-metabolic traits (Civelek et al., 2017). ZNF800 

involvement in cancers and oncogenicity has yet to be demonstrated. In the present 

work, the addition of circ_0066631 and circZNF800 to the short list of circRNAs 

involved in regulating cancer stemness highlights the relevance of circRNAs in 

understanding the pathological features of cancer stem cells (Zhang et al., 2021a). 

 

In the identified signalling pathways of pluripotency, hsa_circ_0066631 and 

circZNF800 were predicted to sponge five miRNAs, hsa-miR-140-3p, miR-224, 

miR-382, miR-548c-3p and miR-579 (Figure 4.6). Literature analysis revealed that 

all the predicted miRNAs are tumour suppressors and inhibit various CSC-related 

properties, including cancer progression, chemoresistance and migration (Li et al., 

2018a; Wang et al., 2019; Kalhori et al., 2019; Yao et al., 2019). Correlating with 
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literature reports, expression of these miRNAs was down-regulated in CRC 

spheroidal cells and up-regulated upon serum-induced differentiation, indicating 

involvement in stemness. Up-regulation of hsa_circ_0066631 and circZNF800 in 

CRC spheroidal cells supports the predicted sponging of the five miRNAs.  

 

The KEGG analysis also identified six core mRNAs, ACVR1C, FZD3, 

IL6ST, SKIL, SMAD2 and WNT5A, that were collectively targeted by the circRNA–

miRNA axis in the regulation of pluripotency. The suppression of the five miRNAs 

by the sponging activities of two circRNAs was predicted to promote the translation 

of the downstream transcripts of the pluripotency signalling pathways (Figure 4.8), 

reinforcing the bioinformatics prediction of the circRNAs being the major class of 

regulators of CSC properties in CRC cells.  

  

 The six mRNA transcripts have been associated with the regulation of 

diverse CSC-related properties, ranging from cellular proliferation, migration, 

chemoresistance to tumour growth (Tsuneyoshi et al., 2012; Kaufman-Francis et 

al., 2014; Dahle and Kuehn, 2016; Bertero et al., 2018; Bourillot et al., 2020). As 

described in Table 4.3, these transcripts are involved in the modulation of major 

signalling pathways that regulate numerous CSC-associated properties observed in 

the enriched CSC population of CRC spheroidal cells. Interestingly, some of the 

mRNA transcripts have been reported to have dual promoter and regressor function 

s in cancer. ACVR1C/ALK7 has been reported as a tumour suppressor in breast 

cancer but promotes cancer growth in prolactinoma and retinoblastoma (Asnaghi et 

al., 2019; Hu et al., 2017; Principe et al., 2018b).  The GP130/Stat, Activin/Nodal, 
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TGF- β/Smad and Wnt/β-catenin signalling pathways have been shown to increase 

CSC-like features in cancer population (full reference available in Table 4.3).  

 

 

5.4 CircZNF800 mediates CSC-like properties in CRC cells 

 

Hsa_circ_0066631 and circZNF800 were identified as potential regulators 

of stemness in CRC. Hsa_circ_0066631 showed higher expression levels in CRC 

spheroidal cells; however, the expression levels were inconsistent across increasing 

passages of CRC spheroidal culture (Figure 4.10B). Due to the lack any literature 

on hsa_circ_0066631, the current result indicates that hsa_circ_0066631 could be 

a non-specific regulator of stemness in CRC. CircZNF800 was selected as the 

candidate circRNA for downstream analysis based on the consistent up-regulated 

expression in CRC spheroidal cells and CRC patient tissues (Figures 4.10 – 4.15).    

The collective results indicate that circZNF800 is involved in the maintenance of 

CSC properties of CRC spheroidal cells and oncogenicity observed by enhanced 

expression of circZNF800 in tumour tissues of CRC patients.  

 

While there is a general lack of studies involving circRNA in CRC 

population, various circRNAs have been reported to be associated with CSC 

population of other cancers. Circ_CCDC666 (hsa_circ_0001313) was reported to 

be up-regulated in renal carcinoma spheroidal cells (Yang et al., 2020), parallel to 

the findings of the present work. CircPRMT5 (hsa_circ_0031250) showed higher 

expression levels in the tumour parts of urothelial carcinoma of the bladder 

compared to the noncancerous tissues (Chen et al., 2018). Interestingly, as 
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circPRMT5 was linked with EMT regulation, the expression levels of circPRMT5 

were significantly enriched in the metastatic bladder cancer cells compared to the 

nonmetastatic group of patients (Chen et al., 2018).  

 

Co-localisation analysis of circZNF800 with proliferation and stem cell 

markers (Figure 4.17) also highlights the potential use of circRNAs in identifying 

specific stem cell populations of interest. CircZNF800 co-localised with intestinal 

stem cell (ISC) population in normal colonic tissues while in high proliferative 

population in cancerous tissues. Due to the enhanced plasticity of ISC population 

and higher expression of ISC markers in CRC cancerous region, CSC population 

in CRC is believed to arise from mutated ISC (van der Heijden and Vermeulen, 

2019). Reports on mouse model suggested that the common mutation of APC 

(adenomatous polyposis coli) gene in CRC could only form adenoma when 

introduced to ISC population (Sangiorgi and Capecchi, 2008; Barker et al., 2009). 

The reports resonate well with the present data that circZNF800 marks the ISC 

population and the CSC population in normal and CRC cancer regions, respectively, 

indicating the prospect as a dual biomarker.  

 

In this work, the hallmarks of CSC properties, including cellular 

proliferation, CSC and ISC markers, were enhanced upon circZNF800 

overexpression (Figures 4.21 – 4.24), and suppressed on circZNF800 knockdown 

(Figures 4.31 – 4.33). Due to the transient nature of ectopic overexpression of 

circZNF800 RNA, colony- and sphere-forming properties of CSC were not 

investigated. Overexpression of circZNF800 accelerated while knockdown of 

circZNF800 retarded the tumour growth in mice. The in vivo tumorigenicity assay 
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in the mouse model provided a solid understanding of circZNF800 in enriching 

tumorigenicity abilities in CRC cells (Figure 4.26). Taken together, data suggest 

that circZNF800 augments CSC properties in CRC cells. 

 

Involvement of circRNA in mediating CSC properties, including stemness, 

has been reported in other cell types, including induced pluripotent, and cancer stem 

cells (reviewed by (Lu et al., 2022). Overexpression of circBIRC6 promotes and 

maintains the pluripotency state of human embryonic stem cells (Yu et al., 2017a). 

Likewise, in gastric CSC population, overexpression of circNOTCH1 

(hsa_circ_0089547) maintains CSC stemness properties (Zhao et al., 2020b). These 

reports resonate with the current finding that circRNAs act as gene expression 

modulators to exert potent cellular effects in various biological processes.  

 

Besides the enhanced phenotypic properties of CSC, core pluripotent 

transcriptional factors, OCT4, SOX2 and NANOG were significantly up-regulated 

upon ectopic circZNF800 overexpression (Figure 4.24), consistent with genotypic 

profile of a CSC population. Some, if not all, of the Yamanaka transcriptional 

factors, Oct4, Sox2, Klf4, cMyc and Nanog are generally up-regulated in CSC-

enriched population (Muller et al., 2016). In other studies, circVRK1 

(hsa_circ_0141206) was shown to regulate the expression levels of OCT4, SOX2 

and NANOG in breast CSC (Yan et al., 2017).  
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Functional analysis using RNA pulldown assay supports the bioinformatics 

prediction that circZNF800 sponges miR-140-3p, miR-382 and miR-579 (Figure 

4.27). The circRNA sponging activities of miRNAs have been well described; 

however, the exact mechanisms of degradation of the sponged miRNAs remain 

unclear (Kim and Pak, 2020). Biologically, the sponging activities of circZNF800 

of miR-140-3p, miR-382 and miR-579, which are known tumour suppressors, 

confers further evidence that circZNF800 plays an oncogenic role in CRC (Zhou et 

al., 2016; Yu et al., 2016; Kalhori et al., 2019) (Table 4.2). 

 

 The circZNF800-induced sponging of the miRNAs increased the 

expression levels of selected downstream target transcripts in the CrCSC cells 

(Figure 4.29). ALK7, FZD3 and WNT5A were significantly up-regulated upon 

circZNF800 overexpression, in agreement with the literature on the involvement of 

these transcripts in various CSC-related properties, as summarised in Table 4.3. 

These transcripts are involved in the regulation of the Activin/Nodal and Wnt/β-

catenin signalling pathways essential in the modulation of CSC properties 

(Tsuneyoshi et al., 2012; Suwannakul et al., 2020), and promotion of CSC 

properties by circZNF800. In summary, circZNF800 overexpression increased 

sponging activities of tumour suppressive miRNAs to increase ALK7, FZD3 and 

WNT5A transcript levels, and resulting in enhanced CSC properties.  
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5.5 Targeted knockdown of circZNF800 may be a potential therapeutic 

approach in CRC treatment 

 

 CircRNA knockdown approaches that are commonly used in RNA 

interference (RNAi) are siRNA or shRNA (Li et al., 2018). Using a similar 

mechanism in mRNA transcript knockdown, the RNAi approach has been applied 

in circRNA targeting by the use of specific anti-sense RNAs based on the circRNA 

backsplicing junctional sequences. There have also been reports highlighting the 

use of RNAi technology delivered using lipid-based polymer and nanoparticle as 

tools for circRNA knockdown (He et al., 2021). However, the major drawback of 

using the RNAi undesired knockdown on the host transcript (Pamudurti et al., 

2020). Hence, the use of RNAi technology for therapeutic targeting of oncogenic 

circRNA in clinics remains a challenge. An alternative solution to overcome this 

problem is by utilizing the recently discovered RNA-editing CRISPR Cas13d 

system (Zhang et al., 2021b), as has been used in this work.  

 

 The present work optimised the CRISPR Cas13d system to mediate specific 

circZNF800 knockdown with little to no effects on the host transcript, ZNF800 

(Figure 4.30). To date, there are only two other reports on the use of CRISPR 

Cas13d to knockdown circRNAs (Zhang et al., 2021b; Li et al., 2021b). Zhang et 

al. reported that even a single mismatch in the crispr RNA targeting sequence of a 

circRNA could significantly reduce knockdown efficiency, thus highlighting the 

high specificity of the CRISPR Cas13d system (Zhang et al., 2021b). The highly 

selective knockdown of circZNF800 by CRISPR Cas13d used in the present study 
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enabled investigations on the loss-of-function phenotypes of various CSC 

properties.  

 

 The knockdown of circZNF800 diminished all the explored CSC hallmarks 

(Figures 4.31– 4.38). CircZNF800-knockdown cells were suppressed in cellular 

proliferation and expression levels of CSC and ISC markers. Furthermore, the 

sphere- and colony-forming abilities, were also affected, suggesting reduced self-

renewal abilities. CircZNF800 knockdown also resulted in reduced expression of 

the pluripotent transcriptional factors, OCT4, SOX2 and NANOG reduced in vivo 

tumorigenicity abilities, all of which were reversed on circZNF800 overexpression. 

The reduced CSC properties upon circZNF800 knockdown could be explained by 

the down-regulation of ALK7, FZD3 and WNT5A based on the involvement of these 

transcripts in maintaining proliferative and self-renewal abilities in CSC population 

(Longati et al., 2013; Principe et al., 2018a; Xia et al., 2018).  

 

The suppression of circZNF800 functions mediated by CRISPR Cas13d 

may shed light on clinical application potential of the current work. The significant 

reduction of tumour growth upon circZNF800 knockdown in mice may postulate 

potential clinical intervention in CRC progression by targeting circZNF800. As the 

CRISPR Cas13d system used in the present study is highly specific for circZNF800 

with no known off-target effect, integrating the current system into a clinically 

compatible vector, such as adeno-associated virus (AAV), could be beneficial 

(Wells, 2017). An AAV vector elicits only mild or no immunogenic response in 

vivo compared to other vectors (Wang, Zhang and Gao, 2020). Recent work on 

integrating CRISPR Cas13d into AAV vector to target Pcsk9 in mouse hepatocytes 
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successfully lowered serum cholesterol levels in mice, hinting clinical application 

potentials (He et al., 2020a). Coupling the CRISPR Cas13d and an AAV vector to 

target circZNF800 for clinical treatment of CRC is being explored in our laboratory.  

 

 

 



CHAPTER 6 

 

CONCLUSIONS 

 

6.1 Conclusions  

 

In our previous work, colorectal cancer (CRC) CRC spheroidal culture was 

used to enrich CRC cells with enhanced stemness properties, mimicking colorectal 

cancer stem cell (CrCSC) population. Circular RNA (circRNA) profiling was 

performed to understand the molecular regulations of the stemness in CrCSC 

population. A vast majority of 15,000 circRNAs identified was differentially 

expressed in the CRC spheroidal cells compared to the parental cells, suggesting 

the potential involvement of circRNAs in mediating biological process of CrCSC 

population.  

 

Further bioinformatics analysis identified a complex network of post-

transcriptional control of circRNAs via microRNA (miRNA) sponging activities in 

governing pluripotency-associated pathways. CircRNAs, hsa_circ_0066631 

(circDCBLD2) and circZNF800 (hsa_circ_0082096), sponged five tumour 

suppressive miRNAs, hsa-miR-140-3p, miR-224, miR-382, miR-548c-3p and miR-

579m. The miRNA sponging was predicted to inhibit post-transcriptional 

suppression of six downstream mRNA transcripts, ACVR1C/ALK7, FZD3, 

IL6ST/GP130, SKIL/SNON, SMAD2 and WNT5A, which are involved in 

pluripotency-associated pathways. The predicted network was experimentally 

validated and was consistent with the bioinformatics predictions, suggesting the 
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potential involvement of the identified network in the enrichment in CSC properties 

in CRC spheroidal cells.  

 

CircZNF800 was shown to be consistently overexpressed in various CRC 

spheroidal cells and significantly up-regulated in CRC region compared to adjacent 

normal in CRC tissue samples. Modulation of circZNF800 expression levels 

affected CSC-related properties. Overexpression of circZNF800 increased cell 

proliferation and self-renewal abilities in CRC cells. In vivo investigation in mouse 

model showed overexpression of circZNF800 significantly increased the 

tumourigenicity of CRC cells. However, these phenotypes were reversed in 

circZNF800-knockdown cells, suggesting that circZNF800 plays an important role 

in maintaining CSC properties in CRC cells. Functionally, circZNF800 was shown 

to sponge, hsa-miR-140-3p, miR-382 and miR-579m and reduced the 

bioavailability of these miRNAs in CRC cells. Consequently, suppression of the 

three tumour suppressive miRNAs increased expression levels of the downstream 

targets ALK7, FZD3 and WNT5A, which were shown to up-regulate CSC properties. 

The overview of the regulation of circZNF800 is presented in Figure 6.1 

 

In summary, the present study has shown that circZNF800 which sponges 

various tumour suppressive miRNA, resulting in increased expression levels of 

downstream pluripotency-associated transcripts, could be further explored as a 

therapeutic target.  



 153 

 

 

 

Figure 6.1 Overview of the biological findings of the present work. CircZNF800 

was identified to be differentially expressed in tumour tissues of CRC patients. By 

sponging the tumour suppressor miRNAs, hsa-miR-140-3p, miR-382 and miR-579, 

circZNF800 up-regulated expression of the downstream targets involved in the 

CSC regulation in CRC cells. The red and deep blue wedges shown at the top and 

bottom show increasing enhancement of stemness and tumourigenicity properties 

on increasing circZNF800 expression.   
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6.2 Limitations of the study 

 

In this study, CRC cells were enriched for CSC properties using spheroidal 

cells. The resulting CRC spheroidal cells exhibited classical CSC properties 

including enhanced stemness markers, self-renewal abilities and chemoresistance 

(Rengganaten, 2016). While spheroidal culture is a simple robust approach to 

enrich CSC population, there are limitations in using cell-line derived CRC 

spheroidal cells in this work. Cell lines often represent specific phenotypes of the 

original cancer due to adaptation to the 2D culture environment (Białkowska et al., 

2020). Hence, the cultured cells do not truly reflect tumour heterogeneity of the 

cancer patient. The use of patient-derived organoids model would have improved 

the representation of the tumour population (Zhu et al., 2022).  

 

The downstream miRNA and mRNA targets presented in this work were 

predicted based on bioinformatics and profiling tools. The prediction has unveiled 

a new regulatory pathway of stemness properties in CRC. The use of bioinformatics 

tools to identify downstream targets allows for a comprehensive approach for 

identifying a large number of candidates in expression profiling works. However, 

such an approach limits  the prediction to only previously annotated interactions, 

missing other potentially important mediators. Additional screening approaches, 

such as single-cell sequencing, could be utilised in expanding the current work 

(Hwang, Lee and Bang, 2018).  
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Furthermore, technical improvements on the generation of in vitro 

transcribed circRNA are warranted to improve the quality of data presented in this 

work. In the present study, the naïve form of circZNF800 was used in the cellular 

transfection. RNA modifications have been implicated with various biological 

process involving RNA stability (Ye et al., 2021). The scope of the present study 

did not include modification of circRNA generation. Therefore, by further 

understanding the potential endogenous modifications of circZNF800, a deeper 

understanding on the biological functions and actions of circZNF800 may be 

achieved.  

 

 

6.3 Future investigations 

 

The current work explored the circRNA differentially expression profile of 

CRC spheroidal cells and identified circZNF800 as a potential regulator of 

stemness in the CRC population. As CrCSC population hinders the efficacy of the 

current therapeutic treatment, the data of the present work could be further explored 

for development of alternative therapeutic protocols for CRC treatment. Since 

modulation of circZNF800 levels significantly affected tumour growth in animal 

models, additional clinical explorations may validate the potential use of 

circZNF800 as a CRC therapeutic intervention target.  
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The use of CRISPR Cas13d system to induce knockdown of circZNF800 

has demonstrated a significant reduction of tumour-forming abilities in CRC cells. 

Current clinical applications of other CRISPR systems, such as CRISPR Cas9 in 

various diseases such as β-thalassemia and sickle-cell anaemia, is at various stages 

of clinical trial (Liu et al., 2021). Coupled with effective delivery vectors, such as 

adeno-associated virus (AAV), more studies are warranted to further explore the 

clinical advantages of in vivo knockdown of circZNF800 using CRISPR Cas13d-

AAV approach in intervention treatment of CRC, and open the way in targeting 

other oncogenic circRNAs in other cancers and human diseases.  
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APPENDICES 

 

APPENDIX A 
 

Full plasmid map of permutated group I self-catalytic of td gene intron plasmid 

with circZNF800 sequence used in vitro transcription for circZNF800 

overexpression.  
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APPENDIX B 
 

Full plasmid map of CRISPR Cas13d used for knockdown experiments.  
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Appendix C 

Average tumour volume on circZNF800 overexpression.  

 

Treatment 
Days 

Average tumour volume (mm3) 

Vehicle CircGFP CircZNF800 

0 597.1764937 ± 42.68734919 513.272608 ± 33.26167843 576.913368 ± 22.02193319 

4 684.8212943 ± 26.89882564 600.2347633 ± 79.35676767 740.4737113 ± 40.64443146 

8 931.111936 ± 182.2010573 779.025341 ± 53.87309166 1288.30316 ± 75.83514384 

12 1319.208723 ± 115.3108357 916.8209877 ± 230.6335148 1536.784973 ± 56.91084653 

16 1499.276637 ± 121.8329477 1105.533927 ± 237.6280303 1744.86964 ± 78.46191212 

20 1805.33445 ± 83.71706433 1464.91877 ± 211.8727413 2268.13097 ± 149.0391605 

 
Data obtained are average tumour volumes with standard error mean of three mice per group.  
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Appendix D 

Average tumour volume on circZNF800 knockdown.  

 

Days 
Average tumour volume (mm3) 

CrSC CrRNA 1 CrRNA 2 

0 0 0 0 

8 211.284929 ± 30.56139533 211.284929 ± 30.56139533 335.6908373 ± 26.50234336 

11 306.143431 ± 33.92322536 306.143431 ± 33.92322536 621.214774 ± 49.84290424 

14 472.8563637 ± 65.99397974 472.8563637 ± 65.99397974 643.762738 ± 148.1389931 

17 514.9117317 ± 112.7851758 514.9117317 ± 112.7851758 768.4631463 ± 154.4074938 

20 720.1857623 ± 71.13148754 720.1857623 ± 71.13148754 1030.773427 ± 279.0841258 

23 909.4626617 ± 103.6872077 909.4626617 ± 103.6872077 1277.048676 ± 176.3665247 

27 1280.765989 ± 183.9950736 1280.765989 ± 183.9950736 1584.548803 ± 203.788424 

30 1330.179192 ± 201.0893661 1330.179192 ± 201.0893661 1841.221233 ± 183.7837087 
 
Data obtained are average tumour volumes with standard error mean of three mice per group.  


