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Abstract  

Cluster of differentiation (CD) 24 is a glycosyl-phosphatidylinositol (GPI) 

anchor protein. CD24 is a heavily glycosylated protein, containing 16 

putative O-glycosylation sites and two putative N-glycosylation sites. In 

colorectal cancer (CRC) and many other cancers, CD24 induces stemness, 

cell motility (both migration and invasion) and, through interaction with 

endothelium, possibly metastasis. The mechanisms by which it exerts these 

activities are not known. Therefore, this thesis aimed to (i) investigate the 

role of the putative N-glycosylation sites in mediating CD24 function, (ii) 

define the signalling pathways and ligands that mediate CRC cell adhesion 

to endothelium and metastasis, and (iii) delineate CD24 involvement in CRC 

angiogenesis.  

(i) N-glycosylation target sites on CD24 include asparagine residues at N36 

and N52. Using site directed mutagenesis, each site was mutated to 

glutamine both individually (CD24N36Q and CD24N52Q) and in combination 

(CD24N[36,52]Q). The mutant clones were expressed ectopically in the CRC 

cell lines HCT116 and SW480 cells (CRC cell lines with low endogenous 

CD24 expression). The activity of the mutant CD24 was compared to known 

activities of wild-type CD24 (CD24WT). The expression of CD24N36Q and 

CD24N52Q resulted in increased cell motility compared to empty vector 

control (EVC) but was significantly less than that induced by CD24WT. 

However, the expression of CD24N[36,52]Q resulted in a near-complete loss 

of cell motility induction. Complementing this, analysis of downstream 
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targets and F-actin staining demonstrated reduced induction of known 

CD24 targets and reduced cadherin-switch by the mutant vectors. 

(ii) CD24 is thought to act as a ligand for the endothelial molecule P-selectin 

to promote metastasis. To test the effect of the CD24 /P-selectin interaction 

on cell function, expression of CD24 was modulated by the CRC cell lines 

HCT116 and SW620 followed by either stimulation with recombinant P-

selectin or co-culture with endothelial cells. Firstly, the interaction of P-

selectin/CD24 was confirmed by co-immunoprecipitation. Adhesion assays 

showed that this interaction increased adhesion between epithelial and 

endothelial cells and that loss of either CD24 or P-selectin resulted in a 

reduction of adhesion. This interaction also promoted trans-endothelial 

migration by the epithelial cells. A positive feedback loop of P-selectin/CD24 

interaction was observed, whereby P-selectin stimulation increased CD24 

expression in CRCs. In addition, this interaction triggered known 

downstream signalling molecules associated with migration and invasion. 

Stimulation of the cells expressing CD24N[36,52]Q with P-selectin failed to 

induce cell motility and adhesion compared to CD24WT.    

(iii) Angiogenesis is an important part of establishing metastasis and, given 

CD24’s putative role in tumour metastasis, we investigated the role of CD24 

in promoting angiogenesis. In order to test this role, CD24 expression was 

modulated in CRC cell lines (ectopically expressed in the low-expressing 

HCT116/ SW480 and silenced in the high-expressing SW620) and the 

expression of vascular endothelial growth factor (VEGF)-A (a potent 
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angiogenesis inducer) and angiostatin (an inhibitor of angiogenesis) were 

assessed by Western blot and qPCR. CD24 was shown to be an inducer of 

VEGF-A expression and an inhibitor of angiostatin. Transfection of cells with 

CD24N[36,52]Q resulted in failure to induce VEGF-A or inhibit angiostatin. The 

conditioned medium was collected from the above-transfected cells to 

study the effect of CD24-induced secreted products on endothelial cells. 

The conditioned medium from CD24-expressing cells significantly induced 

the proliferation and migration, and tube formation of endothelial cells, 

whereas CD24 silencing had an opposite effect. Integrin-linked kinase (ILK) 

has been shown to be a target of CD24 and, in order to ascertain whether 

this may be a mediator of CD24 function, CD24 was forcibly expressed with 

a simultaneous ILK knockdown. The loss of ILK resulted in a failure of CD24 

to induce VEGF-A expression.  

In summary, this thesis demonstrated that each of the N-glycosylation sites 

contributes partially to the functional activities of CD24 and that these 

appear to be additive. Further studies are necessary to elucidate the exact 

mechanisms behind these activities. Moreover, CD24 may promote 

adhesion to the endothelium and stimulation of trans-endothelial migration 

through its interaction with P-selectin. Our data also indicated that CD24 

up-regulates VEGF-A expression and promotes CRC angiogenesis via its 

downstream target, ILK. Collectively, this work has highlighted novel 

observations about the function of CD24 in several cellular processes in 

CRC in vitro and laid a foundation for research on the role of this gene in 

CRC metastasis.  
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Chapter 1: General Introduction 

 

1.1 The Health Burden of Colorectal Cancer (CRC) 
 

CRC arises most typically in the epithelial lining of the large intestines in 

the form of adeno (or glandular) carcinoma. The process occurs when 

epithelial cells capture a range of either epigenetic changes or gene 

mutations that confer an advantage on them. Nearly all CRC originates from 

abnormal and uncontrolled growth of cells to form polyps. Such growths 

frequently acquire further mutations and become cancerous and then go 

on to spread into the lymph or blood vessels, allowing them to metastasise 

to lymph nodes and other sites in the body [1].  

CRC is the third most common cancer globally, yet it has the second-

highest cancer mortality rate [2]. About one million people each year are 

diagnosed with CRC worldwide, with a slightly higher prevalence in men 

than women [3]; 56% of CRC cases in the UK are seen in males, with 44% 

in females [4].  

As with most cancers, CRC incidence increases significantly with age in 

most developed countries. In the UK, about three-quarters of all CRC 

cancers are confirmed in patients aged 60 and above [4], with the average 

age of diagnosis being approximately 70 [5].  

Age-related increases in incidence rates may be attributed to the fact that 

cell DNA damage tends to accumulate over time as well as being linked to 

prior exposure to CRC risk factors and multiple biological processes.  
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Epidemiologists have also linked lifestyles in industrialised Western nations 

with increases in the prevalence of CRC. They believe that the observed 

increase in CRC cases is at least in part due to unhealthy diets that include 

excessive consumption of red meat and high-fat foods and a lack of food 

rich in fibres and vitamins. Other risk factors that have been associated 

with increased CRC incidence include alcohol consumption, reduced 

physical fitness, smoking, and obesity [6, 7].  

Thus, despite the improved patient surveillance, better diagnosis, and 

advanced treatment seen in most affluent countries, an urgent need to 

understand the malignant transformation stages of CRC to help identify 

ways to reduce the high death rates associated with this cancer remains 

[8].  

 

1.2 Diagnostic tools and the staging of CRC 

A majority of CRC patients experience obvious initial symptoms such as 

abdominal discomfort and pain, haematochezia (blood in the stool), or 

persistent changes in bowel habits [9]. Several diagnostic tools can be used 

to determine the occurrence of CRC. These include non-invasive diagnostic 

examinations, such as the faecal immunohistochemical test (FIT), which is 

a sensitive indicator of bleeding in the large intestine or rectum. Other tests 

also include blood levels of non-enzymatic tumour markers such as 

carcinoembryonic antigen (CEA) and cancer antigen (CA) 19-9 [10]. 

However, such examinations are insufficient by themselves to diagnose 
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CRC; further confirmation based on more invasive screening tests is 

required, and this generally involves either colonoscopy or sigmoidoscopy. 

These are both effective tools for determining tumour location as well as 

facilitating tissue biopsy for histopathological examination [10, 11]. 

Computed tomography (CT) scans, or positron emission tomography (PET) 

scans, are also used for cancer staging, i.e. to determine how the cancer is 

metastasising to nearby tissues such as lung, liver, or other major organs, 

allowing a clearer picture of cancer staging [12].  

Tumour Node Metastasis (TNM) system is the most common pathological 

classification tool used to determine prognostic outcomes in CRC. TNM 

staging is based on multiple criteria, including the extent of bowel wall 

invasion, lymph node involvement, and distant tissue metastasis (Figure 

1.1).  

Tumour cell wall extension and invasion (T) is graded from T1 to T4.  

T1: the tumour invades the submucosa.  

T2: the tumour penetrates the muscularis propria.  

T3: the tumour invades the subserosa or pericolic/perirectal tissue.  

T4: the tumour invades the neighbouring organs and perforates the visceral 

peritoneum. 

There are also three categories of lymph node involvement.  

N0: no lymph node metastasis.  
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N1: involvement of 1 to 3 lymph nodes.  

N2: tumour metastasis in 4 or more lymph nodes.  

Finally, an M1 rating indicates tumour metastasis to distant tissues, while 

M0 means no distant metastasis has been detected.   

Histopathological examination and TNM staging are thus both crucial factors 

in determining prognosis and treatment strategies for CRC [11, 13].  

 

 
 

 

Figure 1.1 Overview of TNM staging for colorectal adenocarcinoma. 

TNM staging in colorectal adenocarcinoma. (T) Tumour invasion, categorised from T1 to 

T4; (N) Regional lymph node involvement, assessed as N0 to N2; and (M) Metastasis to 

distant organs, given as either M0, no metastasis detected or M1, presence of metastasis . 

Adopted from Harrison’s, 19th Ed. 
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1.3 Pathogenesis of CRC 
 

CRC is generally sporadic, developing from normal colonic epithelium to 

form benign precursor lesions known as adenomas which then evolve into 

carcinomas.  This is known as the “adenoma-carcinoma sequence” and is 

driven by the accumulation of mutations or genetic alterations that 

correspond to histologic changes [14]. The most commonly mutated genes 

found in CRC include adenomatous polyposis coli (APC), tumour protein 53 

(TP53), and Kirsten rat sarcoma (KRAS).  

The steps involved in the process by which normal epithelium transforms 

into carcinoma in CRC; these were first identified by Fearon and Vogelstein 

[15]. They noted that early adenoma and dysplastic crypt foci are formed 

in a process associated with mutations in the APC gene. After this, an 

intermediate adenoma is formed, driven by a mutation in KRAS, which is 

followed by late adenoma development as a consequence of the loss of 

chromosome 18q and Smad 4 mutation (Figure 1.2). Throughout this 

progression from colorectal adenoma to adenocarcinoma, microsatellite 

instability and chromosomal instability tend to increase, particularly as 

malignant transformation occurs [16, 17].  
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Figure 1.2  CRC progression from adenoma to carcinoma.  

A multi-step model of CRC tumorigenesis from normal epithelium through adenoma to 

carcinoma as a consequence of chromosomal abnormalities and mutations [16]. 

 

CRCs are heterogeneous tumours in their specific genetic and molecular 

configuration [18]. There are several classifications of CRC that depend on 

both the genetic and molecular basis; the most recently described is the 

consensus molecular subtype (CMS) classification, which is a new 

classification framework based on the use of pooled gene expression data 

from all cohorts [19], (Figure 1.3). An alternative classification involves 

dividing CRCs into three major pathways: chromosomal instability (CIN), 

microsatellite instability (MSI), and the CpG island methylator phenotype 

(CIMP) [20]. 
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Figure 1.3 CMS classification of CRC. 

The biological and clinical features of each CMS subtype. CMS1 (microsatellite instability 

immune) is hypermutated with MSI, immunity upgraded and rich in CIMP and BRAF 

mutations, and contributes up to 14% of all cases. CMS2 (canonical) constitutes 37% of 

all cases; they show profound WNT and MYC signalling activation. CMS3 contributes to 

13% of cases with metabolic dysregulation with KRAS, low somatic copy number alteration 

(SCNA) level, and low CIMP. Finally, CMS4 has named the mesenchymal subtype with a 

23% share of all cases; they have activation of transforming growth factor–β (TGF-β) and 

tend to be invasive and angiogenetic [21, 22].  

 

1.3.1 Chromosomal Instability (CIN) Pathway 

 

CIN is present in between 70 to 85% of CRC cases [23]. The two crucial 

components of this pathway are loss of heterozygosity-when one allele is 

lost-, and a simultaneous imbalance in the number of chromosomes 

(aneuploidy). CIN creates conditions that are favourable to increases in 

mutational burden, beginning with APC mutation and potentially followed 
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by mutational inactivation of the tumour suppressor gene, TP53, and/or 

mutational activation of a key oncogene, KRAS.  

APC mutation is found in between 34 to 70 % of sporadic adenomas and 

sporadic CRC, and the majority of these APC mutations are frameshift or 

nonsense mutations, leading to a production of truncated proteins with 

functional abnormalities [24]. Normally, the overexpression of APC inhibits 

cell cycle transition from the G1 phase to the S phase and play a role in 

regulating the degradation of β-catenin [14]. Mutation in the APC gene, 

therefore, results in Wnt signalling activation due to a failure in the 

degradation of β-catenin, leading to stabilising β-catenin in the cytoplasm 

and translocating it to the nucleus where it can bind to transcription factors 

such as T cell factor/lymphoid enhancer-binding factor (TCF/LEF) and may 

lead to enhanced transcription of many target genes [25]. This may result 

in the induction of cancer cell proliferation, migration and epithelial-

mesenchymal transition [26].  

TP53 is frequently seen to be mutated in CRC; normally, it enhances cell 

cycle arrest in G1 and promotes DNA repair before cells engage in the DNA 

replication process. The mutation of TP53 occurs in the later stages of 

tumorigenesis, playing a vital role in apoptosis and tumour evasion of cell 

cycle arrest [14, 27]. The occurrence of a molecular alteration in the 18q 

chromosome is often associated with a loss of TP53 [28], and the 18q 

chromosome allelic loss has thus been connected with distant metastasis 

and reduced overall survival in CRC patients [29, 30].  
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KRAS mutations are found in 30 to 60% of CRC cases during their transition 

from adenoma to carcinoma [31]. Activation of KRAS results in the 

induction of several cellular pathways, including cell proliferation, cell 

motility, apoptosis, survival, cytoskeleton organisation, and inflammatory 

response [32].  Specific to CIN, subsequent mutations in other genes such 

as phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha 

(PIK3CA), and the SMAD 4 and SMAD 2 of transforming growth factor 

pathway have also been observed [15, 32, 33]. 

1.3.2 Microsatellite Instability (MSI) Pathway 

 

The MSI pathway is an outcome of the mutation or inactivation of the DNA 

mismatch repair (MMR) system, which has the function during DNA 

replication of correcting mismatched nucleotides. This pathway is seen in 

around 15% of sporadic CRC cases, and it appears in more than 94% of 

tumour in patients with Lynch syndrome (also known as hereditary non-

polyposis colorectal cancer (HNPCC) syndrome). This is an autosomal 

dominant genetic disorder due to a germline mutation of the MMR gene 

which causes colorectal and other cancers [30].  

Microsatellites are simple repetitive DNA sequences which are particularly 

prone to mismatched base pairs and insertion/deletion loops. They occur in 

both the coding and non-coding regions of the DNA, and they can result in 

the production of truncated proteins by means of frameshift mutations in 

the coding regions or multiple alleles of different sizes in the non-coding 

region [34, 35]. 
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The family members of DNA-MMR system include MutL homolog 1 (MLH1), 

located on chromosome 3p21; MutS homolog 2 (MSH2), located on 

chromosome 2p16; MutS homolog 6 (MSH6), located on chromosome 

2p16; and postmeiotic segregation increased 2 (PMS2), located on 

chromosome 7p22 [36].   

Inactivation of these genes generally results in defective repairs of any 

inserted or deleted mutations occurring in microsatellite sequences, which 

consequently leads to the ongoing accumulation of mutations within these 

regions [37]. In most sporadic CRC (between 83 and 100%), MSI is caused 

by silencing of MLH1 by hypermethylation of the promoter; however, Lynch 

Syndrome (HNPCC) accounts for up to 4% of all CRC cases, being caused 

by a germline loss-of-function mutation of members of the MMR 

system[38]. MSI-CRC shows different patterns of high-frequency mutation 

rates to CIN pathways in BRAF V600E, BAX, and transforming growth 

factor-beta receptor II (TGFβR2), and a lower frequency of mutation in Kras 

and the P53 gene [30, 31].  

1.3.3 CpG Island Methylator Phenotype (CIMP) Pathway: 

 

The CIMP pathway occurs due to alterations in DNA methylation patterns 

that usually occur in CpG dinucleotide sequences (CpG islands) within 

promotor regions in genes [39]. This pathway accounts for up to 20% of 

all CRC cases.  

The CpG islands are located within gene-promoter regions with extensive 

runs of CpG dinucleotides, which regulate more than 50% of the human 
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genome. In normal cells, two epigenetic modification processes occur, DNA 

methylation and DNA demethylation, and these are maintained in a precise 

balance. However, this balance may be altered or disrupted in cancer cells, 

changing the DNA methylation pattern so that the gene promoter regions 

(CpG sites) that are typically unmethylated in healthy cells commonly 

become hypermethylated in cancerous cells. Unlike the focal regions of 

hypermethylation, cancer DNA is thus also subject to diffuse genomic 

hypomethylation [40, 41]. The process of DNA methylation is catalysed by 

DNA methyltransferases (DNMT) enzyme by adding a methyl group to the 

fifth position of the cytosine residues, resulting in a production of 5-

methylcytosine.  

The hypermethylation of these promoter regions results in transcriptional 

inactivation of tumour suppressor genes that are important in cell cycle 

regulation, tumour suppression, DNA repair, angiogenesis, and invasion.  

Shen et al. identified three distinct groups of CIMP pathways in CRC. These 

groups include CIMP1 tumours, which are characterised by MSI-H and BRAF 

mutations (80% and 53%, respectively); CIMP2 tumours, which are 

associated with 92% of KRAS mutations and lower frequency of MSI, BRAF 

mutations. The last group is CIMP-negative tumours, which are associated 

with higher rates of P53 mutations and lower rates of MSI, BRAF, and KRAS 

mutations [42]. 

Although the mechanisms leading to CIMP have not yet been fully 

elucidated, initial studies have indicated that BRAF mutation is an early 
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event in the CIMP pathway, highlighting a possible association between 

CIMP and MSI-H in sporadic CRC. These studies also argue that not only is 

the BRAF oncogene mutation commonly seen in CIMP-H CRC, but it is also 

related to accelerated cell growth and the progression of carcinogenesis, 

and thus to increased mortality rates in colon cancer cases [30, 43]. 

1.3.4 Other factors involved in CRC pathogenesis 

 

In addition to the pathways specifically noted, other factors may contribute 

to CRC development, including microRNAs (miRNAs) and other genes that 

may be upregulated but not necessarily mutated. MiRNAs are a class of 

short non-coding RNA nucleotides (20 to 22 nucleotides) that regulate 

protein expression by inhibiting the translation of messenger RNA (mRNA) 

in genes with functions such as cell development, differentiation, 

proliferation, and apoptosis. In CRC, a huge number of miRNAs play a role 

in pathogenesis, and such miRNAs may be downregulated or upregulated 

in CRC cases, thus working either as tumour suppressor genes or 

oncogenes [30].   

Many inflammatory markers are also associated with CRC progression 

through stimulation of cell proliferation, invasion, apoptosis, and 

metastasis. These markers include tumour necrosis factor-alpha (TNF-α), 

interleukin-6, C-reactive protein and signal transducer and activator of 

transcription 3 (STAT3) [30, 44].  

Multiple genes are upregulated or downregulated in CRC, and some of these 

genes may show altered regulation without having any obvious biological 



13 

 

relevance to CRC. An example of such a gene is CD24, which has, however, 

been shown to affect tumour biology [30] and may, therefore, be of 

significance to CRC progression.  

 

1.4 Cancer Metastasis  

1.4.1 General Overview  

 

Cancer metastasis is the spread of cancer cells from a primary lesion to 

distal organs, which is ultimately responsible for most cancer fatality [45]. 

It is vital to note that such dissemination entails a plethora of cellular 

mechanisms being adopted by the cancerous cells, including migration, 

evading immune scrutiny by hindering anti-tumorigenic activities, 

escaping, and having significant control of tissue micro-environments.  

Metastasis is a sophisticated process that entails cancer cells breaking away 

from the primary tumour, thus undertaking migration, followed by the 

invasion of both lymphatic and blood vessels. To metastasise, such cells 

must detach from their primary sites, endure the pressures within the blood 

vessels, circulate in the bloodstream, and colonise new cellular 

surroundings in a secondary site (Figure 1.4). Once cancer cells spread past 

their original primary sites in this way, however, they increase the risk of 

death. As a result, metastasis and activating invasion have become the 

hallmarks of cancer, based on their contribution to the ever-increasing 

number of cancer-related fatalities worldwide. Spread to nearby organs and 

tissues and seeding at distant sites, forming metastases are the 
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characteristics of cancer malignancy, and some researches have reported 

that almost 90% of the cancer deaths are attributed to metastases [46, 

47]. Generally, therefore, cancer deaths are not connected to the primary 

lesion but are instead the result of cancer metastasis. 

 

 
 

 

Figure 1.4 Simplified representation of the metastatic process.  

The cancer cells break away from the primary tumour to conduct migration and invasion 

of the extracellular matrix (ECM). Various factors, such as exosomes and cytokines, are 

secreted from the primary site to facilitate tumour cell motility into the blood vessels. The 

cells thus intravasate and enter the circulation. The circulating tumour cells are coated 

with platelets and bind to the endothelium. After this, the tumour cells exit the vasculature 

in a process known as extravasation. The f inal step of metastasis is colonisation, which 

begins with the establishment of one or more secondary tumours. Following the spread of 
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micrometastases to distant organs, they may become dormant for years before eventually 

multiplying and becoming macrometastases to complete such colonisation [48].   

 

1.4.2 Colorectal Cancer Metastasis 

 

Approximately 20% of CRC cases present with metastasis and a further 35 

to 45% develop metastatic recurrence [49], leading to a 5-year OS of 

<10% [50].  

Recent developments in metastasis research have contributed to an 

expanded comprehension of CRC at both the molecular and cellular levels 

and identify stem cell-associated biomarkers such as CD24 [51]. 

Metastasis, as noted, requires several processes involving the activation of 

various biomarkers produced by cancer cells or adjacent cells. This thesis 

thus aims to examine the effect and contribution of the CD24 gene to 

various steps leading to metastasis more closely. 

 

1.4.3 Sequential Steps of Metastasis 

 

1.4.3.1 Cell Motility and Invasion 

 

Cell motility in tumour cells can lead to tumour metastasis. The motility of 

tumour cells into the tissues contiguous to the principal tumour is generally 

the first step of such spread.  

Cancer cells thus use various mechanisms to invade tissues. They may 

move as single cells, epithelial sheets, or detached clusters via either 

amoeboid or mesenchymal cell types of motility [52].  There is plasticity in 
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the methods of cell migration and cancer cells may go through 

morphological or phenotypical conversions, as joint amoeboid, 

mesenchymal to amoeboid, and epithelial-mesenchymal transitions (EMT) 

(Figure 1.5). 

 

 
 

 

Figure 1.5 Different methods of cell migration.  

During migration, cancer cells undergo a variety of morphological and phenotypic 

transitions, such as epithelial-mesenchymal transition and mesenchymal–amoeboid 

transition [53, 54].  

1.4.3.1.1 Epithelial-mesenchymal transition (EMT) 

 

Over the past decade, EMT has been confirmed as an essential process in 

cancer and metastasis development. EMT leads to a change in the 

phenotype of the epithelial cells and also is seen in processes such as 

wound healing and embryogenesis. EMT is molecularly characterised by the 

cell losing its epithelial characteristics [52]. Epithelial cells are normally 

defined as stationary, polarised cells that are interconnected by adherens, 
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tight or gap junctions, desmosomes and integrins. Apical-basal polarity 

may be derived from interactions with the basement membrane [55].  

The loss of epithelial cadherin (E-cadherin) disrupts the cell-cell interactions 

and apical-basal polarity as E-cadherin uses extracellular domains to bind 

with E-cadherin of the neighbouring cells. To connect adherens junctions 

with the actin cytoskeleton and facilitate intracellular signalling, β- catenin, 

α- catenin, and p120-catenin bind with the E-cadherin in the intracellular 

region [56]. The transcriptional repressors ZEB2, SNAI1, SNAI2 and Twist 

down-regulate E-cadherin in a process that subsequently strips adherens 

junctions and translocates β-catenin to the centre of the cell, leading to a 

change of expression in cadherin from the E- to N-Cadherin. This change, 

known as the cadherin-switch, enhances cell motility after EMT 

transformation. Thus, EMT-transformed cells release themselves from their 

epithelial cells clusters and can move as single cells [56] (Figure 1.6). 

Multiple factors have been highlighted as having a biological role in the 

induction of EMT, but the most dominant factor is TGF-β, which activates 

Smad and leads to transcriptional repression of E-cadherin [57].  

Examining EMT in CRC shows evidence of up-regulation and down-

regulation of several EMT biomarkers associated with CRC progression such 

as E- and N-cadherins, Vimentin, and snail. The overexpression of N-

cadherin, Vimentin, and the snail transcription factor all allow for cancer 

progression, reducing survival times and facilitating lymph node metastasis 
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[58-60]. Similarly, loss or down-regulation of E-cadherin in CRC tissue has 

been correlated with poor prognosis and distant metastasis [61].  

 

 

 
 

 

Figure 1.6 The role of EMT in cancer metastasis 

To metastasise, tumour cells must detach from the primary site, undergo EMT, invade the 

extracellular matrix, migrate through blood circulation and f inally colonise at a secondary 

site. 

1.4.3.2 Intravasation and Survival in Circulation 

 

After tumour cells undergo changes to their epithelial properties to become 

mesenchymal, they are able to enter the blood and lymphatic vessels. 

Various proteases are secreted to facilitate tumour cell invasion into the 

blood vessels, and these are the same ones used in the invasion process, 

which are the metalloproteinase (MMP)-1, -2, and -9 matrices. The 

urokinase-type plasminogen activator (uPA/uPAR) system is also activated 
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during this process [62]. These proteases breakdown the extracellular 

matrix (ECM), paving the way for the exodus of tumour cells into the blood 

and lymph vessels.  

Blood is not, however, a conducive milieu for circulating tumour cells (CTC), 

and thus very few CTCs survive to trigger distant metastasis. The inevitable 

presence of immune cells and other killer factors leads to the death of over 

99% of CTCs in the bloodstream [62], despite tumour cells secreting MMP-

2/ -14, cathepsin B, cancer procoagulant, and thrombin to protect 

themselves from surveillant immunity cells. Tumour cell-induced platelet 

aggregation, in which platelets gather around the tumour cells, eventually 

forms a coat that helps cancer cells survive in the hostile environment of 

the bloodstream and facilitates extravasation. In CRC, these processes are 

further mediated by molecules expressed on the cancer cell surface, such 

as CD24, which can bind to the adhesion molecules and growth factors 

expressed on platelets and endothelial cells such as selectins and VEGF 

[63]. 

1.4.3.3 Extravasation 

 

Extravasation is the process whereby CTCs leave the circulatory system. To 

achieve this, the CTCs secrete factors such as MMP-1/-2 and angiopoietin-

like-4 (Angptl4) that are responsible for inducing vascular hyper-

permeability. Extravasation is thus a dynamic process mediated by the 

expression of pro-metastatic genes such as integrin-beta 1 (ITGB1), VEGF-

A, and Twist. These cause the vasculature of various organs to become 
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primed with molecules and receptors such as selectins or even to release 

chemokines or exosomes, which induce specific tumour cells to favour 

certain tissue environments [64, 65].  

1.4.3.4 Colonisation and Establishment of a Secondary Tumour 

 

The final step of metastasis is colonisation, marked by the establishment 

of a secondary tumour in one or more secondary organ sites. In such cases, 

the primary neoplasm sheds cancer cells that commence an enzymatic 

invasion of the target host’s extracellular matrices. While during this 

invasion process, multiple cancer cells undergo apoptosis, which can be 

attributed to the physical forces applied to them as they pass through the 

host defence mechanisms and microvasculature of the secondary organs; 

the few that survive are sufficient in many cases to colonise selective 

organs [66]. These sites are recognised by organ-specific adhesion 

molecules found on the surface of the microvascular endothelial cells, such 

as selectins, while the attachment of the tumour cells to these 

microvascular endothelial cells facilitates the establishment of secondary 

tumour colonies. In technical terms, the tumour cells have specific 

receptors that bind to ligands present on endothelial cells, such as selectins. 

This binding may recognise components of the vascular basement 

membrane, which further trigger extravasation and the establishment of 

secondary tumours [65]. 
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1.4.4 The Role of Cancer Stem Cells (CSCs) in colorectal cancer 

pathogenesis 

 

1.4.4.1 Origin and characteristics of CSCs 

CSCs are clusters of self-replicating cancer cells capable of self-renewal 

based on their multipotent characteristics [67]. These cells may be the 

basis of metastasis due to their ability to adapt to tumour 

microenvironments. CSCs are however also characterised by their inability 

to survive in the absence of a specific set of environmental requirements, 

which includes cytokines.  

CSCs originate from tissue-specific stem cells [68]. They are imbued with 

the capacity to regenerate and differentiate, thus supporting the 

progression of cancer via cloning, self-regeneration, growth, homing, and 

proliferation, being capable of replicating in both homeostatic and abnormal 

conditions. In addition, CSCs can morph into differentiated cells as required 

[68]. CSC functions include maintaining specialised microenvironments in 

the cells that promote cancer progression.  

1.4.4.2 Role of Colorectal CSCs in Metastasis  

 

Ongoing research into metastasised cancer occurrence has suggested a 

relationship between cancer stem cells and metastasised cancer growth 

[69].  

CSCs, require specific microenvironment conditions to survive [70], though 

these environments also then provide appropriate conditions in which 
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cancerous cells can spread and metastasise into tissues. CSCs can also 

encode instructions to unaffected cells, altering several transmitters usually 

found in healthy stem cells to morph these into cancer inducing 

transmitters such as Smad, APK/ERK, JAK/STAT, PTEN, Pi3K/AKT, Notch, 

and Hedgehog [69].  

Steinbichler et al. found that CSCs possess a self-generating nature due to 

the presence of characteristics including tumour cell plasticity, 

differentiation, and dormancy, capabilities that increase the cells 

adaptability and allow them to form metastasised tissues [69]. The 

recurrence of metastasised tissues thus almost entirely relies on the 

functionality of CSCs. 

Intestinal crypts are the main storage facility for stem cells; mutated cancer 

cells thus generally originate in these crypts, then spread to the epithelial 

lining and replace normal crypts [71] and CD24 is found among several 

genes that are highly expressed in these stem cell sites [72]. Technically, 

the mutated stem cells within the colonic crypt and epithelium can expand 

within niche via a process known as niche succession; then, all the progeny 

of stem cell lineage occupy the whole crypt and this process is known as a 

clonal expansion [71] (Figure 1.7).  In CRC, CSCs also play a vital role in 

metastasis and recurrence [73]. Colorectal CSCs share several biological 

features with stem cells, such as activation of various signalling pathways, 

such as Wnt/β-catenin, Notch, TGF-β and Hedgehog [74]. CSCs can be 

identified by the expression of several cell surface markers, including CD24, 
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CD44, CD133, Lgr-5, EpCAM and ALDH. CD24 is thus considered an 

auxiliary stem cell marker and, as such, plays a crucial role in the 

observation of CRC development and differentiation.  

 

 
 

 

Figure 1.7 Clonal conversion of the crypt.   

As mutation occurs, the stem cells located at the base of the crypt are transformed; then, 

the transformed cells proliferate and spread to the transit-amplifying population. 

Eventually, these cells occupy the normal crypt [71]. 
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1.5 The CD24 gene 
 

1.5.1 Genomic Structure 

 

The cluster of differentiation 24 (CD24), also known as signal transducer 

CD24, has been of significant interest to investigators in cancer studies 

since 1987 when Springer et al. were the first to report the discovery of 

CD24 in mice. In their study, CD24 was labelled as a heat-stable antigen 

(HSA) due to its resistance to intense heat [75]. The murine CD24 gene 

was initially cloned in 1990, at which point it was found to encode a small 

protein that, in its mature form, was composed of 30 amino acids [76]. 

Three mouse CD24 genes were identified: one located on chromosome 10 

was termed CD24a to distinguish it from the other two, which were found 

to be intronless and non-expressed genes located on chromosome 8 and 

chromosome 14 [77]. The human CD24 gene was discovered in 1991 [78], 

being found, based on in situ hybridisation analysis, on chromosome 6q21. 

Identical but non-functional sequences of the human CD24 gene were also 

identified on chromosomes 1p, 15q21-q22, 20q11.21, and Yq11, though 

these otherwise identical CD24 genes lack expression and are thus known 

as pseudogenes [79, 80].  

The messenger RNA (mRNA) for CD24 contains 2,179 base pairs, while the 

open reading frame (ORF) consists of only 243 base pairs, where the 

initiation point begins at 368 and terminates at 610 (see Appendix I). CD24 

mRNA is characterized by the presence of two regulatory regions within the 

CD24 1.2 kb promoter at sites -446 and -840, relative to the initiation 
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codon ATG, which were identified as putative binding sites for TCF / LEF 

transcription factors. The deletion of these sites, particularly -446, was 

found to increase CD24 transcription as the binding of TCF-4 to these sites 

has a main role in suppressing CD24 transcription; thus, it was suggested 

that CD24 is a true target for the Wnt signalling pathway [81].  

 

1.5.2 Proteomic Structure 

 

In terms of protein structure, the complementary DNA (cDNA) of CD24 can 

be translated into 80 amino acids in humans and 78 amino acids in mice. 

Both human and mouse CD24 protein structures share similarities, 

particularly in terms of their extensive N- and O-glycosylation forms. 

However, two extra amino acids (serine and threonine) are present in the 

mature form of the human protein that differentiates it from the mouse 

protein (Figure 1.8).  
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Figure 1.8 Primary amino acid sequences for mouse and human CD24.  

Potential N-glycosylation sites are indicated with asterisk marks, while O-glycosylation 

sites are indicated with a ring on each amino acid. P-selectin and CD57 antibody binding 

sites and the specif ic monoclonal antibodies for CD24 (SWA11 and ML-5) are also indicated 

[82]. Abbreviations: HAS, heat-stable antigen; GPI, glycosylphosphatidylinositol. 

 

The human CD24 whole protein with its 80 amino acids has an N-terminal 

signal peptide (26 amino acids) and a C-terminal region with a GPI-

displaced tail consisting of 27 to 29 amino acids. The role of the N-terminal 

signalling peptide is to localise CD24 on the cell surface, and the C-terminal 

region, also known as a GPI-displaced tail, is thought to be a pro-peptide, 

with the GPI anchor connecting to the C-terminal region of mature CD24. 

Both regions are cleaved after this as a result of the posttranslational 

modification process in the endoplasmic reticulum, at which point the N-

terminal signalling peptide is removed, and the C-terminal (GPI attachment 

signal peptide) is also cleaved at the ω site, which is carried out by GPI 
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transamidase. Removal of both regions leaves the mature form attached to 

the surface membrane by means of a GPI anchor [78, 83, 84] (Figure 1.9).  

The mature form of CD24 has two potential N- and 16 potential O- 

glycosylation sites, which render it a mucin-like protein. This massive 

glycosylation causes its molecular weight to range from 30 kDa to 70 kDa, 

and it has been suggested that the biological activity of CD24 depends on 

these glycosylation patterns.  

 

 
 

 

Figure 1.9 A simplified schema of the protein structure of CD24.  

The human CD24 protein (80 amino acids) contains an N-terminal signal peptide (26 amino 

acids) and a C-terminal region with a GPI-displaced tail (27 to 29 amino acids). These two 

regions are detached during the posttranslational modif ication process, leaving the mature 

form of CD24 (31 amino acids) bound to the cell membrane via the GPI anchor. 

Abbreviations: GPI, glycosylphosphatidylinositol.  
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1.5.3 CD24 Expression and Function 

 

1.5.3.1 Expression in normal tissues  

 

The CD24 gene typically has a diverse range of expression in normal tissue, 

with high expression levels having been identified in multiple lineages of 

haematopoietic cells, including most B cells, immature T cells, neutrophils, 

monocytes, macrophages and dendritic cells. However, CD24 expression in 

B cells tends to gradually reduce or disappear completely during 

differentiation to the mature stage (plasma cell). CD24 is additionally 

expressed in neuronal cells, muscle cells, pancreatic cells, numerous 

epithelial cells (intestinal epithelium, renal tubular epithelium, and 

keratinocytes), and gastric tissue [80, 85, 86].  

Functionally, CD24 has been used as a marker for haematopoietic and 

neuronal cell differentiation since its discovery. It has also been seen to act 

as a co-stimulatory molecule for T cell clonal expansion, which in turn is 

considered a significant genetic checkpoint for the regulation of T-cell 

homeostatic proliferation and autoimmunity. It also plays a role in 

regulating B-cell differentiation, activation, proliferation, and apoptosis 

[85-88], as well as playing a major role in neural development, neurite 

growth and neural migration [89]. Finally, CD24 overexpression in the 

normal colon cells has been used to isolate Lgr5+ colonic epithelial stem 

cells in mice [90].  
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1.5.3.2 Expression in Cancer 

 

Along with its diverse expression in normal tissues, overexpression of CD24 

has been found in multiple autoimmune and inflammatory diseases and a 

variety of tumours. CD24 is expressed in many solid tumours, such as 

breast cancer, pancreatic cancer, oesophageal squamous cell carcinoma, 

non-small cell lung cancer, ovarian cancer, hepatocellular carcinoma, 

gliomas, renal cell cancer, bladder cancer, and CRC, as well as in some 

haematopoietic tumours such as B-cell lymphoma and erythroleukaemia 

[91-100]. CD24 overexpression has also been linked with poor prognosis 

and reduced overall survival rates in multiple tumour types [97, 101, 102], 

and many researchers have addressed its role in inducing tumour cell 

proliferation, motility, and invasion [103-106]. It has been demonstrated 

that CD24 enhances breast cancer metastasis and rolls out of cancer cells 

into lung tissue by binding with P-selectin, an adhesion molecule expressed 

in endothelial cells and activated thrombocytes [107, 108]. Likewise, CD24 

has been demonstrated to play a role in inducing cancer cell invasion based 

on its action in decreasing tissue factor pathway inhibitor-2 [109]. Other 

studies have revealed that silencing CD24 can inhibit cancer cell 

proliferation and invasion, inducing apoptosis and raising the sensitivity to 

chemotherapeutic agents in both breast and gastric cancers [110, 111]. 

Recent investigations have used CD24 as a marker of CSCs [112-114], yet 

as little is known about the precise mechanisms regulating CD24 function 

in CRC, further investigation is required to identify the functional activity of 

this molecule in context. 
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1.5.4 CD24 Proposed Signalling Mechanism  

 

CD24 is localised on the cell surface and lacks a cytoplasmic domain 

through which to transmit intracellular signals. Any signalling process is 

thus likely to be activated directly on the cells where the gene is expressed 

or through direct physical interaction with cell surface receptors on adjacent 

cells (such as P-selectin, the L1 cell adhesion molecule (L1CAM), Siglec-G, 

TAG-1, or Contactin), mediated by the CD24 glycosylation pattern (Figure 

1.10). However, CD24 can initiate signalling by interacting with signalling 

proteins and other receptors such as Src-family protein tyrosine kinases, a 

potential binding pathway known for its role in transducing signals in cells 

[115]. Another signalling mechanism used by CD24 is its ability to change 

B cell receptor (BCR) location, moving through the membrane using lipid 

rafts to activate intracellular signalling. This association between CD24 and 

BCR may contribute to its activation of the binding of intracellular signalling 

proteins such as protein tyrosine kinase (PTK) and mitogen-activated 

protein kinase (MAPK) [116, 117]. Lipid rafts also act as platforms for signal 

transmission, and it is thought that CD24 performs a gatekeeping role 

within these lipid rafts by regulating their binding with integrins and other 

proteins [118]. CD24 has been shown to translocate CXCR4 and β1 

integrins into lipid rafts and mediate cell adhesion and migration [103, 

119]. It has also been suggested that CD24 triggers signalling through 

binding of lectin-like ligands to its projected carbohydrates; alternatively, 

CD24 may act independently by releasing secondary messengers derived 

from the CD24-GPI anchor membrane [78]. Although some of the 



31 

 

intracellular signalling pathways influenced by CD24 are well established in 

the literature, little is known about its signal-transducing capabilities 

overall, however. 

 

 
 

 

Figure 1.10 Schematic showing the possible associations of CD24 with partner 

receptors and ligands.  

The binding of each specif ic CD24 glycosylation with specif ic ligands and the biological 

result of each binding is displayed. The blue squares indicate glycosylation, represented 

as a chain of carbohydrate monomers rather than a specif ic structure. The ligand 

interaction and the terminal carbohydrate moiety are also indicated [116].  
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1.5.5 CD24-Associated Signalling Molecules 

 

CD24 has several potential binding molecules that have been significantly 

associated with controlling cell motility and enhancing stemness features  

[120]. Several downstream targets of this have been determined within the 

literature (Figure 1.11); however, for this project, the scope is constrained 

to the following downstream signalling pathways: Notch1 pathway, C 

terminal tensin like (Cten), Focal Adhesion Kinase (FAK), and Integrin-

Linked Kinase (ILK). 

 

 
 

 

Figure 1.11 Network showing CD24 signalling pathways in CRC. 

The signalling molecules and ligands that bind to CD24 and activates several targeted 

genes, leading to stimulation of cell migration, invasion and EMT. In addition, the 

importance of CD24 glycosylation in binding to ligands on adjacent cells are indicated. This 

network was created based on the f inding from our group and others [116]. 
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1.5.5.1 Notch-1 

 

The notch pathway is a highly conserved pathway that was first discovered 

in 1917 in Drosophila melanogaster. The name of the Notch signalling 

pathway is derived from its receptors, with four of these being present in 

mammals, namely: Notch-1, Notch-2, Notch-3, and Notch-4. The notch 

pathway has multiple functions during embryogenesis as well as 

contributing to the haemostasis of organisms. Some of its functions include 

stem cell maintenance, cellular proliferation, differentiation, cell fate, and 

apoptosis [121].  

The activation of Notch is triggered by ligands being present on the 

adjacent cell membrane; these can be categorised into two families, a 

jagged protein family, formed of JAG1 and JAG2, and a delta-like protein 

family that includes DLL1, DLL2, and DLL4 [122]. The Notch receptor itself 

is comprised of comprises three domains: the extracellular domain, a single 

transmembrane domain, and a notch intracellular domain (NICD). Upon 

binding the ligands of neighbouring cells to the Notch receptor, the receptor 

then undergoes two cleavage reactions mediated by ADAM-family 

metalloprotease and the γ-secretase complex. This cleavage process leads 

to the release of the Notch intercellular domain (NICD) into the cytosol, 

which then binds to a complex of proteins that include CBF1 (C protein 

factor 1) and Mastermind-like 1, which in turn binds to histone 

acetyltransferase P300. Eventually, the resulting complex of proteins 

translocates into the nucleus, where P300 acts as histone acetylase. 
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Accordingly, the whole complex can lead to activation of the transcription 

of Notch target genes such as Myc, P21, Cyclin D3, Slug, Nanog, and 

nuclear factor-kappa B (NF-κB) [122-124]. 

The upregulation of Activated Notch1 has been associated with cancer 

progression in multiple tumour types. For example, Notch1 has been found 

to induce CRC metastasis in models where TP53 is mutated, and RAS/MAPK 

signalling is activated [125]. Similarly, Notch1 has been correlated with 

gastric cancer differentiation and found to play a role as an anti-cancer in 

gastric cancer cells [126, 127]. Some studies of breast cancer have linked 

CD24 and Notch1, based on silencing CD24 resulting in lowered levels of 

Notch1 expression and the discovery that CD24 stemness properties are 

mediated by downstream target Notch1 [128]. Among the previous 

researchers in our group, evidence that CD24 signals are passed through 

the Notch1 pathway, which stimulates the downstream target, Cten and 

several types of CRC cellular activities, has also been identified 

(unpublished data). 

1.5.5.2 Cten 

 

Cten or tensin 4 is a member of the tensin-like family proteins that consists 

of four homologous proteins, namely TNS1, TNS2, TNS3, and TNS4. Cten 

is generally localised in focal adhesion sites and shares a homology 

sequence with other tensin family members, which holds Src homology 2 

(SH2) and phosphotyrosine-binding domains (PTB). However, Cten differs 

from other tensin family members in that it lacks an actin-binding domain 
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in its N-terminus site [129]. The SH2 and PTB domains thus play a 

significant role in binding the Cten to the cytoplasmic tails of β integrin and 

those proteins that possess phosphorylated tyrosine kinases, such as FAK 

and ILK [130]. The Cten gene maps to chromosomal region 17q21, with a 

total cDNA of 4,015 base pairs encoding 715 amino acid residues. It carries 

12 exons, but only exon 4-11 shares the significant homology with other 

family members [131].  In normal tissue, Cten tends to be expressed in 

the prostate and placenta, where it has been found to serve as a tumour 

suppressor gene. In contrast, it acts as an oncogene in many solid tumours, 

including those found in CRC, breast, gastric, lung, and pancreatic cancers 

[129, 131].  

The upregulation of Cten in CRC has been associated with increased cancer 

development. Albasri et al. found that the overexpression of Cten was 

linked to a greater than a 35-fold increase in five CRC cell lines out of 29 

as tested by quantitative real-time (qRT)-PCR[132]. In the same study, 

Cten appeared to regulate cell migration and invasion by repressing the 

downstream target E-cadherin at the post-transcriptional level. While in a 

different study, Cten was shown to signals by means of ILK, in a manner 

that induced cell motility, with Cten overexpression increasing ILK levels 

and knockdown of Cten reducing the expression level of ILK, leading to cell 

motility suppression [130]. TGF-β was found to induce cell motility and 

stimulate EMT in CRC via Cten signalling [133]. The association of CD24 

with Cten has also been investigated, and both molecules have been found 

to share similar stemness features such as induction of cell migration, 
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invasion, and adhesion; in some cases, they also act together with some 

focal adhesion molecules to modulate various cellular contexts [134, 135].  

1.5.5.3 FAK 

 

FAK is a non-receptor tyrosine kinase with 125 kDa molecular weight that 

is located at the focal adhesions. It thus plays an essential role in focal 

adhesion dynamics by mediating cell adhesion to the extracellular matrix 

via integrins, being activated through binding to multiple intercellular 

signalling pathways such as paxillin, vinculin, and phosphatidyl inositol-3 

kinase (PI3K) [136]. FAK contributes to regulating many key cellular 

events, including cell proliferation, migration, adhesion and survival, and 

the overexpression of FAK has been associated with invasive and metastatic 

tumours [137]. The expression of FAK has also been correlated with 

stimulation of angiogenesis in breast cancer [138], while another study 

indicated that TGF-β induces EMT through downregulation of E-cadherin, 

which is mediated by FAK signalling in an Src dependant manner[139, 140]. 

Another study has suggested that CD24 accelerates FAK and paxillin 

phosphorylation and promotes integrin-dependent adhesion in breast 

cancer [103]. CD24 also relies on Src activity to mediate FAK and STAT3 

dependent genes, which consequently may affect the control of cellular 

properties such as cell survival and proliferation that potentially contribute 

to tumour development [141]. The relationship between CD24, Cten, and 

phosphorylated FAK (p-FAK) has been explored by the previous researchers 
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in our lab, with results suggesting that CD24 knockdown results in 

abrogation of FAK activity in CRC [142, 143].  

1.5.5.4 ILK 

 

ILK is an intracellular protein that was discovered in 1996; it is connected 

directly to the cytoplasmic tails of integrin β1 and β3 subunits. ILK is a 59 

kDa protein that maps to chromosome 11p15 and extensively expresses 

serine and threonine protein kinases at its focal adhesion [144]. With FAK, 

ILK plays an essential role in the transduction of multiple biochemical 

signals, beginning with cell-extracellular matrix interactions and moving on 

to the regulation of basic biological processes, such as cell cycle, apoptosis, 

proliferation, migration, invasion and angiogenesis [145, 146]. ILK consists 

of three structural domains: The N-terminal domain with four ankyrin-like 

repeats; the central pleckstrin homology (PH)-like domain; and the C-

terminal protein kinase domain. The C-terminal domain of ILK is a catalytic 

domain that interacts with integrins, focal adhesion proteins such as paxillin 

and parvins, which in turn connect the integrins to the actin cytoskeleton 

and other intercellular signalling pathways [145-148].  

The overexpression of ILK has been found to be correlated with 

tumorigenesis and progression. ILK plays a significant role in regulating 

EMT in melanoma cells, where silencing ILK leads to inhibition of N-cadherin 

expression and also inhibits nuclear translocation of β-catenin [149]. 

Similarly, inhibition of ILK in CRC cells reduces nuclear β-catenin expression 

and snail transcription as well as inducing E-cadherin expression[150]. 
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Another study described ILK as playing a critical role in regulating cell 

proliferation and the growth of tumours based on ILK’s upregulation of 

cyclin D1, Snail, and matrix metallopeptidase 9 (MMP-9) transcription 

[151]. Another study further indicated that ILK activation in tumour cells 

may induce secretion of VEGFA [152]. Previous researchers in our group 

have demonstrated the association of ILK with Cten and its role in 

promoting metastasis [130], while CD24 was found to signal through Cten-

FAK/ILK to induce tumour features, such as invasion and migration, in CRC 

(unpublished data).  

1.5.6 CD24 Ligands 

 

1.5.6.1 P-selectin  

 

Selectins are vascular cell-cell adhesion receptors that interact with 

sialylated carbohydrate determinants, such as sialyl Lewis A and X and 

mucin-like glycoproteins such as CD24[153]. Three types of selectin 

families have been identified: E-selectin, which is expressed on endothelial 

cells; L-selectin, which is expressed only on leukocytes; and P-selectin, 

which is expressed in thrombin-activated platelets and endothelial 

cells[65]. Selectins act as major mediators of white blood cells rolling on 

the surface of the endothelial tissue leading to activation of leukocytes 

integrins, which in turn facilitate firm adhesion to the cell surface of the 

endothelium and transmigration to the inflamed tissue [108, 154].  

CD24 is a well-established ligand for P-selectin [82]. Physiologically, CD24 

has been shown to mediate the adhesion of monocyte or neutrophil to the 
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activated platelets and endothelium-expressing P-selectin, and this binding 

could be inhibited by either CD24 or P-selectin antibodies. Interestingly, 

the B-lymphocyte is another cell that is express CD24 shows no adhesion 

to P-selectin, suggesting that this was probably due to the glycosylation 

patterns of CD24 having a crucial role in controlling CD24/P-selectin binding 

[97, 99] (Figure 1.12). The interaction between P-selectin and CD24 has 

also been shown to mediate the migration of tumour cells throughout the 

vasculature, promoting metastasis [108].   

 

 
 

 

Figure 1.12 The interaction of P-selectin with its ligands on activated platelets 

and endothelium.  

(A) P-selectin is expressed on activated vascular endothelium binding to PSGL-1 (P-

selectin glycoprotein ligand) with high aff inity. It also binds to CD24 [155]. (B) Interaction 

of platelet P-selectin with its selectin-ligands as expressed on tumour cells: PSGL-1, CD44, 

and CD24 [156]. 
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1.5.6.2 Other Ligands  

 

Multiple ligands have been associated with CD24, such as Sialic acid‐binding 

Ig‐like lectins (Siglecs), which are a group of immunoglobulin proteins 

expressed on numerous cell types in the innate and adaptive immune 

systems that aid in the discrimination between self and non-self, thus 

influencing host-pathogen interactions [157]. CD24 binds to the Siglec-10 

expressed by tumour-associated macrophages, enhancing immune evasion 

(anti-phagocytosis) in many tumours [158].  

Another ligand for CD24 is adhesion molecule L1, or LCAM-1, which is a 

member of the immunoglobulin superfamily. L1 is expressed in both neuron 

and lymphoid cells [159] as well as in many tumour cell types, including 

CRC, where it is associated with tumour progression and poor overall 

survival outcomes[160]. The cooperation of CD24 and L1 depends on the 

presence of α2,3-linked sialic acid, which promotes signal transduction and 

neurite outgrowth [161].  

TAG-1 and Contactin are other identified ligands for CD24 that have been 

found to interact with the Lewis-x glycan present on the surface of CD24. 

Both molecules are required for CD24 to modulate neurite outgrowth of 

cerebellar and dorsal root ganglion (DRG) neurons [162]. 
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1.5.7 Protein Glycosylation  

 

During synthesis, many proteins undergo posttranslational modifications in 

their endoplasmic reticulum and Golgi apparatus, which affect their 

ultimate function. One example of such modification is glycosylation, which 

approximately half of the proteins expressed by cells undergo. 

Glycosylation is a posttranslational modification that involves an enzymatic 

glycosidic linkage reaction between the anomeric hydroxyl group of sugar 

and a protein [163]. During glycosylation, sugar groups are added 

covalently to amino acids, though only certain amino acids are suitable for 

this addition. The glycosylation family is thus categorised according to the 

nature of binding linking the amino acid to the sugar, creating five different 

groups. The most common glycosylation groups are N- linked glycosylation, 

O-linked glycosylation, and glypiation (GPI-anchor) [164, 165].  

1.5.7.1 Common Types of Protein Glycosylation 

 

1.5.7.1.1 N-linked glycosylation 

 

N-Glycosylation of proteins is a posttranslational modification process that 

exists in all eukaryotic cells. It primarily takes place in the endoplasmic 

reticulum, continuing in the Golgi apparatus. This process uses the amino 

acid asparagine for carbohydrate attachment, where the asparagine must 

appear in sequences of tri-peptides known as sequons. The N-linked 

glycosylation target sequence is thus asparagine-(X)-serine/threonine, 

where X can be any amino acid with the exception of proline [166]. During 

normal growth and development, N-glycosylated residues play several 
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functional roles in protein folding, secretion, stabilisation, conformation, 

and trafficking to cellular and subcellular sites [167, 168]. In cancers, 

however, N-glycosylated proteins play a role in tumour growth and 

development based on their enhancement of the cancer cells’ ability to 

evade immune detection and the promotion of uncontrolled proliferation, 

migration, cell-cell adhesion, and regulating glycoproteins binding to 

ligands [169-171]. However, many of these N-glycan features and their 

biological effects on various proteins, including CD24, remain under-

investigated. 

1.5.7.1.2 O-linked glycosylation 

 

O-glycosylation is a process that occurs exclusively in the Golgi complex, 

where monosaccharides are bound to oxygen atoms present in the hydroxyl 

group of amino acids residues such as serine and threonine [163]. The 

standard form of O-linked glycosylation is β-O-N-acetylglucosamine 

(GlcNAc), which is referred to as mucin-type glycosylation and is usually 

found in extracellular and intracellular proteins in nuclear and cytoplasmic 

compartments [172, 173]. During normal growth and development, O-

glycosylated residues generally play structural roles, though O-

glycosylation in cell surface receptors plays a vital role in immunological 

processes such as inflammation response and ABO blood antigen formation 

[174]. In cancers, the mucin-type glycosylation seen in many glycoproteins 

is involved in tumour progression and metastasis [175, 176].  
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1.5.7.1.3 Glypiation 

 

Glypiation is another common form of posttranslational modification, most 

frequently observed on the surface of the glycoproteins in eukaryotes and 

archaebacterium [177]. This process connects GPI via 

phosphoethanolamine to the target protein’s C-terminal region during 

posttranslational modification. As with N-linked glycosylation, GPI synthesis 

occurs in the cytoplasmic leaflet of the endoplasmic reticulum and is 

eventually translocated to the lumen where protein ligation occurs [164]. 

1.5.7.2 N-glycans Association with Cancers 

 

Several proteins with glycosylation moieties are present on the cell surfaces 

of cancer cells, though their expression is affected by several factors, 

including neoplastic and dysplastic changes. Their expression pattern is 

thus considered a useful indication of such changes. Different types of 

gastrointestinal malignancy are marked by overexpression of glycosylation-

dependant proteins such as CEA, Ca19-9, MUC1, MUC5AC, and Ca125, for 

example, and these glycoproteins can thus be used to aid diagnosis (e.g., 

identifying Ca19-9 for pancreatic malignancy) and prognostic surveillance 

(e.g., identifying CEA for colorectal adenocarcinoma)[178-180]. 

Several previous studies have highlighted the role of N-glycosylation in 

promoting various cancer types. For example, two studies have indicated 

that most glycoproteins with increased N-glycosylation residues are 

associated with signalling pathways mediating pancreatic cancer 

progression, including TNF, TGF-𝛽, and NF-kappa-B [181] as well as being 
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found in focal adhesion molecules and integrins [175]. Similarly, another 

study on pancreatic cancer showed that N-glycosylation inhibition reduces 

receptor tyrosine kinases, which in turn increases sensitivity to 

chemotherapeutic drugs [182].  

In oral cancer, one study revealed that the disruption of N-glycosylation-

related glycoproteins such as E-cadherin was involved in determining 

pathogenicity. In that study, the hypothesis was that impairing the 

regulatory mechanism of DPAGT1, an enzyme that regulates the N-

glycosylation of E-cadherin and other cancer-associated proteins, affects 

both cell-cell interaction and cytoskeleton dynamics [167].  

A recent study by Zhang et al. performed a point mutation in the three 

potential N-glycosylation sites of the epithelial cell adhesion molecule 

(EpCAM). These researchers found that the de-glycosylation of EpCAM 

caused an increase in apoptotic mechanisms and suppressed breast cancer 

cells’ proliferative capacity, highlighting the significance of the N-

glycosylation of EpCAM (referred to as an apoptotic regulator) as a targeted 

therapy for breast cancer [183]. The same group also stressed the 

importance of N-glycosylation of EpCAM in terms of regulating EMT in 

breast cancer [184].   

Additional studies of N-glycome profiling of colorectal adenocarcinoma 

tissue and adjacent non-tumour colon tissue have found a protein N-

glycosylation signature specific to CRC associated with a particular stage of 

tumour [185]. A similar study compared the N-glycomes in colorectal 
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adenomas and carcinoma cases and found differences in the glycosylation 

variants between adenomas and carcinomas and between carcinoma 

stages I, II, and III [186].  

1.5.7.3 CD24 Glycosylation  

 

CD24, as described above, is a triple-exon gene mapped to chromosome 

6q21, which encodes a small, heavily-glycosylated protein with 80 amino 

acids [79, 80]. The mature form of CD24 has two potential N- and 16 O-

glycosylation sites, which render it as a mucin-like protein. As multiple 

glycosylation residues decorate the CD24 protein structure, its molecular 

weight ranges from 30 to 70 kDa [97].  

Few studies thus far have sought to investigate the glycosylation patterns 

in CD24. For example, N-glycosylation in mouse CD24 protein has been 

compared to human CD24, with a little similarity between the two proteins 

identified [187]. Another study exclusively analysed N-glycan using matrix-

assisted laser desorption ionisation (MALDI) and electrospray ionisation ion 

trap (ESI) mass spectrometry, finding heterogeneous glycans that express 

different sugar epitopes, such as lewisX, 3-linked sialic acid, or blood group 

H antigens, bisecting N-acetylglucosamine residues and N-

acetyllactosamine, as well as high-mannose and hybrid type classes [188].  

Further analysis performed by the same researchers on the O-glycosylation 

of murine CD24 found several significant epitopes, including 3-linked sialic 

acid, disialyl motifs, and Lewis X, sialyl-Lewis X, or HNK-1 units [189]. 

Some of these epitopes are associated with cellular biology processes, such 
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as cell-cell adhesion, binding, and migration: for instance, carbohydrate 

sialyl lewisX is necessary for CD24 to mediate the rolling of cancer cells on 

P-selectin [107], while the presence of α- 2,3- linked sialic acid residues on 

CD24 facilitates binding to L1, which in turn modulates neurite outgrowth 

[161].  

Motari et al. studied the structure of carbohydrates bound to CD24-Fc 

proteins using matrix‐assisted laser desorption/ionization‐time‐of‐flight 

mass spectrometry (MALDI-TOF-MS). The study found that more than half 

of the oligosaccharides in CD24 glycans were Neu5Ac Galβ-1,3GalNAc, also 

referred to as sialyl-tumour antigens (sialyl-T). Accordingly, they suggested 

that CD24 could be the main carrier of sialyl-T in tumour cells, thus 

contributing to metastasis [190]. 

Collectively, these previous studies have highlighted the importance of the 

N-glycosylation presented in CD24 protein and thus raised the possibility 

that these N-sugars may act as mediators for CD24 activity in tumour cells.  

 

1.5.8 CD24 as a therapeutic target for cancer 

 

CD24 is overexpressed in about 90% of early-stage CRC and is known to 

have a role in tumour progression and metastasis in multiple tumours, as 

well as being a potential CSC marker; this could make it a potential 

therapeutic option for certain cancers [83]. Studies have already indicated 

that the use of CD24 monoclonal antibody to inhibit cancer growth and 

progression is feasible in many cancer types: for example, one study 
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showed that targeting CD24 with monoclonal SWA11 antibody (mAb) 

effectively inhibited tumour growth in xenograft tumours by changing the 

cytokines’ milieu and increasing the accumulation of macrophages in 

tumour tissue [191].  

SWA11 mAb was also found to inhibit multiple myeloma cell growth and 

prevent cancer development [192], and in terms of CRC, Shapira et al. 

developed a SWA11 mAb conjugated to pseudomonas exotoxin (PE-38) 

combined with a ZZ domain (Fc binding domain from Staphylococcal 

protein), and the resulting immuno-conjugated SWA11 antibody 

significantly reduced the growth of human CRC cell lines (HT29) in mice 

[193].   

Another study showed that anti-CD24 mAb prevents tumour growth and 

reduces metastasis in human bladder carcinoma xenografts [194]; 

moreover, CD24-Fc binding to Siglec‐10 on immune cells such as T-cells, 

B-cells, and phagocytic cells, can activate immunosuppression and prevent 

autoimmunity, while inhibition of the CD24-Siglec-10 binding in cancer cells 

by monoclonal antibodies can protect cancer cells from phagocytosis [83, 

195].  
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1.6 Hypothesis and Aims 
 

1.6.1 The role of N-glycosylation sites in CD24 in CRC 

progression  

 

CD24 confers various features of stemness and enhances cell motility in 

CRC. It contains numerous O-glycosylation sites but contains just two N-

glycosylation sites (N36, N52). As N-glycosylation is thought to be 

important in mediating glycoproteins’ function, it is hypothesised that CD24 

might depend on N-glycosylation for its activities. Based on this hypothesis, 

the following aims were developed: 

1. To replace the target asparagine residue at N36 and N52 sites with 

glutamine residue using site-directed mutagenesis to create single 

mutant constructs of CD24 (CD24N36Q and CD24N52Q).  

2. To create a double mutant construct of CD24 at both sites 

(CD24N[36,52]Q). 

3. To study the impact of mutating N-glycosylation sites of CD24 on 

downstream molecule signalling.  

4. To investigate the functional effect on cell proliferation, migration, 

and invasion using CD24 mutant constructs and compare them to 

wild-type CD24 and EVC.   

5. To investigate the impact of CD24WT and CD24-mutant clones 

(CD24N[36,52]Q) on regulating EMT in CRC.   
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1.6.2 The Role of CD24/P-selectin in CRC metastasis 

 

CD24 acts as a ligand for P-selectin, an endothelial cell surface molecule, 

as well as regulating cancer cell metastasis [82]. However, the interaction 

of CD24 with P-selectin and their joint impact on CRC cell behaviour has 

not been specifically studied. It is hypothesised that CD24 mediates CRC 

cell adhesion to endothelial cells via its binding to P-selectin, which 

consequently promotes CRC metastasis.  Therefore, the objectives of this 

section included: 

1. Performing a dual approach of CD24 overexpression in HCT116 

(negative CD24 cells) and knockdown in SW620 (endogenously 

expressing CD24) followed by stimulation with recombinant P-

selectin to determine the effects of this stimulation.  

2.  Investigation of the impact of heterogenic interaction (CD24/P-

selectin) on cell viability, cell motility, and downstream signalling 

molecules’ activation, comparing these with those seen in non-

stimulated cells and EVC.  

3. Performing co-immunoprecipitation to study whether CD24 interacts 

with P-selectin.  

4. Studying the impact of CD24/P-selectin binding on the regulation of 

CRC cells adhesion to endothelial cells using an adhesion assay.  

5. Developing transwell co-culture models by culturing CRC cells on top 

of an endothelial cell monolayer to study the correlation of CD24 with 
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P-selectin in the promotion of CRC cell migration through the 

endothelium.  

6. Determining whether the N-glycosylation of CD24 plays a role in P-

selectin binding.  

1.6.3 Investigation of the association of CD24 with CRC 

Angiogenesis  

CD24 upregulates several signalling pathways that mediate cellular 

activities in CRC. The overall metastatic process requires the establishment 

of an appropriate local microenvironment, including sufficient vascular 

supply, to support tumour growth; published data thus suggest that ILK 

activation in tumour cells may induce VEGF-A secretion [196]. As CD24 and 

Cten have been shown to induce ILK expression [130], it is hypothesised 

that CD24 could regulate VEGF-A-mediated angiogenesis in CRC, 

depending on ILK. Thus, the specific aims of this section were:  

1. To determine whether CD24 regulates VEGF-A expression in CRC 

cells. 

2. To study the role of CD24 in inducing endothelial cell proliferation, 

migration and tube formation.  

3. To perform an ELISA assay to measure the level of secreted VEGF-A 

in the supernatant retrieved from cells expressing CD24.   

4. To apply co-transfection techniques to determine whether CD24 

regulates VEGF-A through ILK.  

5. To investigate the impact of CD24-mutant clones (CD24N[36,52]Q) on 

VEGF-A expression and the cellular activities of endothelial cells.  
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Chapter 2: Material and Methods 

 

2.1 Cell culture 
 

2.1.1 Cell lines 

 

Three colorectal cell lines, including HCT116, SW480 and SW620, were 

used for the experimental work of this study. These cells were purchased 

from the American Type Culture Collection (ATCC). The cell lines’ identity 

was also confirmed by short tandem repeat (STR) genotyping using PCR-

single locus technology (see Appendix II). The molecular characteristics for 

the above cell lines are briefly described in Table 2.1 and Table 2.2. Human 

umbilical vein endothelial cells (HUVECs) were purchased from Promocell® 

(Heidelberg, Germany). All cell lines were regularly undergoing monthly 

screening for mycoplasma infection. 

Table 2.1 The properties of the cell lines used for the study  

CRC cells 

Cell 

line 

Differentiation Site Morphology Growth 

properties 

Stage/Disease 

HCT116 Well Colon Epithelial Adherent 
Dukes’ D, 

colorectal 

carcinoma 

SW480 Moderate Colon Epithelial Adherent 
Dukes’ B, 

colorectal 

adenocarcinoma 

SW620 Moderate 
Colon 

(Lymph 

node) 

Epithelial Adherent 
Dukes’ C, 

colorectal 

adenocarcinoma 
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Table 2.2 Mutation profiling for the significant oncogenes in the used cells 

Cell line KRAS P53 BRAF PI3K CD24 Cten 

HCT116 Mutant Wild Type Wild Type Mutant Negative Negative 

SW480 Mutant Mutant Wild Type Wild 

Type 

Negative Negative 

SW620 Mutant Mutant Wild Type Wild 

Type 

Positive Positive 

 

 

2.1.2 Cell maintenance  

 

All the cells were grown in T75 (Corning) flask in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (GIBCO®, Invitrogen, UK) with 10% Fetal Bovine 

Serum (FBS) (Invitrogen, UK), 1% L-glutamine (Invitrogen). After 

achieving 85-90% confluency, the medium was removed from the cells, 

and the cells were washed two times with Dulbecco’s Phosphate Buffered 

Saline (DPBS, Sigma-Aldrich). The cells then were trypsinised by adding 3 

ml of trypsin-EDTA (ThermoFisher Scientific) and incubated for 5 min at 37 

°C, 5% CO2 atmosphere in a humidified incubator to detach the adherent 

cells from the surface of the culture flask. Following this, 7 ml of fresh 

DMEM-(10 % FBS) was added to the trypsinised cells to deactivate the 

trypsin. Afterwards, the cell suspension was centrifuged at 1500 rpm (300 

xg) for 5 min, the supernatant was discarded, and the cell pellet was 

resuspended with 10ml of DMEM-(10% FBS). The suspended cells were 

then cultured into a new culture flask in a dilution of 1:10 of the cell 

suspension with a fresh DMEM-(10% FBS) and incubated at 37 °C, 5% CO2. 
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The HUVEC cell line was cultured as the above protocol with a difference 

that the cells were maintained in endothelial cell growth medium-2 

(ECGM2) with supplements (Promocell®).  The cell growth and morphology 

were observed daily under the microscope. 

2.1.3 Freezing cells and Thawing  

 

The cells freezing was performed by taking an early cell passage number. 

The cells were grown to 90% confluence, then harvested according to the 

abovementioned protocol. However, instead of resuspending the cell pellet 

with culture media, the pellet was resuspended with a freezing media 

containing a mixture of 90% FBS and 10% dimethyl sulfoxide (DMSO). 

After which, 1 ml of the cell suspension was transferred into a labelled Cryo-

Vial tube and transferred to a freezing pot containing isopropanol to slowly 

freeze at a cooling rate of -1 per minute and stored overnight at –80 °C. 

For long-term storage, the cells were transferred to liquid nitrogen storage 

after 48 hr of freezing at -80 °C.  

For cell thawing, the cell vial was taken out from the -80 °C freezer into a 

box containing dry ice, and the lid was loosened to prevent pressure 

increase as a vial warmed. In a quick process, the cells were defrosted by 

immersion in a 37 °C water bath. Afterwards, the cells were transferred to 

a sterile universal tube containing 9 ml fresh warmed culture media; then 

was centrifuged at 1500  rpm for 5 min. The cell pellet was then 

resuspended in 10 ml of a complete fresh medium, and the whole mixture 

was transferred to a new flask and left to grow overnight in 37 ˚C 
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incubators. After 24 hr, the media were replaced with a fresh complete 

medium and cells were allowed to grow until confluency. 

2.1.4 Cell counting  

 

As many experiments required optimising an approximate cell number, the 

live cell counting was performed using the automated cell counter (BIO-

RAD TC20) and trypan blue (0.4% trypan blue in distilled H2O). Briefly, 20 

µl of the homogeneous cell suspension was mixed thoroughly with 20 μl of 

trypan blue in a dilution of 1:1. Then 10 µl of the mixture was loaded into 

each well of the dual-chamber counting slide (BIO-RAD TC20). Separately, 

both sides of the slide were counted by adjusting the observed peak to 6-

20 µm. The number of live cells and the percentage of viable cells was 

noted, and the mean value for live cells on both sides was counted to 

calculate cell density per millilitre (ml). 

2.2 Cloning  
 

2.2.1 Bacterial transformation 

 

Before commencing the experiment, the agar plate was prepared as 

follows; 1.5 g of Luria broth (LB) agar (Sigma) supplemented with ampicillin 

was added into 100 ml of sterilised water and then microwaved to dissolve 

the particles completely. Once the agar cooled down to 60 C˚, 20 ml was 

poured into 10 cm Petri dishes (Costar, UK) and was left at room 

temperature for 10-15 min to solidify. According to the provided protocol, 

the heat shock method was used to transform plasmids into competent cells 
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(New England BioLabs). In short, 50 µl of the competent cells were placed 

into an Eppendorf tube and then were mixed with 5 µl of the plasmid 

(pcDNA3.1 Empty vector and pcDNA3.1-CD24). The whole mixture was 

incubated on ice for about 30 minutes, then was heat shocked for 30 

seconds at 42 ⁰C and cooled down on the ice for 5 min. Following this, the 

whole mixture of competent cells and plasmid was added to 950 µl of SOC 

outgrowth media (New England Bio Labs, UK) and incubated for 1 hr at 250 

rpm rotator (SANYO Orbital incubator) at 37 °C.  After incubation, 100 µl 

of the mixture was spread onto an agar plate and incubated at 37 ⁰C for 

16 hr. On the next day, one colony was picked up by using a 10 µl sterile 

tip and re-grown in 5ml of LB broth supplemented with five µg/ml of 

ampicillin and incubated overnight at 250 rpm rotator (SANYO Orbital 

incubator) at 37 °C. Next, the mixture was added to the autoclaved flask 

containing 100 ml of LB media and incubated overnight at 37 °C/250 rpm 

for additional growth. The plasmid was extracted using a mini-prep kit 

(Sigma) or maxi-prep (QIAGEN) kit. 

2.2.2 Plasmid purification 

 

The QIAGEN plasmid Maxi Kit (QIAGEN) was used to purify the high-copy 

plasmid DNA. The bacterial culture was briefly harvested at 6000 xg for 15 

min at 4 ˚C, and the supernatant was discarded. Following this, the pellet 

was resuspended with 10 ml of re-suspension/RNase A buffer (P1) and then 

lysed by adding 10 ml of the lysis buffer (P2) and inverted vigorously until 

the lysate becomes viscous and incubated for 5 min at room temperature. 
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After that, to neutralise the lysed cells, 4 ml of chilled neutralisation buffer 

(P3) and mixed thoroughly by vigorous inverting (six times) and incubated 

for 20 min on ice. After incubation, the mixture was centrifuged at 20,000xg 

for 30 min at 4 ˚C, and the supernatant (contained the plasmid) was 

collected. The QIAGEN-tip was equilibrated by adding 10 ml of equilibration 

buffer (QBT) and allowed to empty by gravity flow. Subsequently, the 

supernatant was added into the QIAGEN-tip and allowed to pass through 

the membrane by gravity flow. The QIAGEN-tip was washed (two times) 

with 10 ml washing buffer (QC) and then eluted with 15 ml of elution buffer 

(QF) into a new collection tube. Next, the eluted DNA was precipitated by 

adding 10.5 ml of room-temperature isopropanol and centrifuged at 15,000 

xg for 30 min at 4 ˚C. After centrifugation, the supernatant was discarded, 

and the DNA pellet was washed with 5 ml ethanol and centrifuged for 10 

min at 15,000 xg. Lastly, the supernatant was discarded, air-dried the 

pellet for ten minutes and resuspended with sterile H2O.  

2.2.3 DNA quantification 

 

The DNA concentrations were measured using a NanoDrop™ 2000 UV 

spectrophotometer (Thermo Scientific). The absorbance ratio of 260/280 

was used for evaluating DNA purity. A 260/280 ratio of 1.8–2 was 

considered as a good DNA quality. Elusion buffer (1 μl) was used to blank 

the NanoDrop, and the DNA samples (1 μl) were assessed at 260/280 ratio.  
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2.3 Transient transfection  
 

2.3.1 Gene overexpression 

  

According to the Lipofectamine®2000 (Invitrogen) instructions manual, the 

transfection protocol was as follows; 5×105 cells were seeded into 6-well 

plates containing 2 ml fresh growth media and incubated 24 hr. The 

medium was discarded, and the cells were serum-starved for 1 hr by adding 

1.5 ml Opti-MEM® reduced-serum medium (Gibco, Life Technologies) per 

well before transfection. During incubation, the transfection mixture was 

prepared as follows: 8 µl/well of LipofectamineTM 2000 was added to 250 

µl Opti-MEM® and incubated at room temperature for 5min. In a separate 

tube, 4 µg/well of CD24WT, CD24-mutant plasmids or empty vector control 

were added to 250 µl Opti-MEM®, and the two tubes were then combined 

and incubated for 20 min at room temperature. The plasmid and 

Lipofectamine mixture was added to the well plates, incubated for 4-6 hr. 

After incubation, the transfection media was replaced with a 2 ml fresh 

growth medium and the cells were harvested 24-48 hr post-transfection for 

protein extraction and in vitro functional assays.  

2.3.2 Gene knockdown  

 

The SW620 cell line (5x105) was cultured 24 hr in a six-well plate, similar 

to the above protocol. Next, the medium was replaced with Opti-MEM® I 

reduced-serum medium (Gibco, Life Technologies) and incubated for one 

hour. During incubation, a mixture of Lipofectamine2000 (Thermo Fisher) 
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with silencer-select CD24 siRNA (Invitrogen) in a total volume of 2000 μl 

of Opti-MEM was added to each well and incubated for six hours. Likewise, 

the HUVEC cells were transfected with On-target plus P-selectin siRNA 

(DharmaconTM) mixed with the DharmaFECT-4 transfection reagent 

(DharmaconTM) in a total volume of 2000 μl of Opti-MEM. The medium was 

then replaced with a complete fresh medium (DMEM-10%FBS) for the 

SW620 cell line or ECGM-2 for the HUVEC cell line), and the cells were used 

for experimental work after 24 hr. Table 2.3 contains the target sequence 

for used siRNA.  

2.3.3 Co-transfection 

 

The Co-transfection technique was used to determine the putative 

signalling pathways of CD24. This experiment included establishing a 

system in which CD24 overexpression and ILK knockdown were performed 

simultaneously. The cells were transfected when they reached 50% 

confluency. For each co-transfection condition, 8μl of Lipofectamine™ 2000 

was added to 250 μl of Opti-MEM® reduced-serum medium. CD24-

expressing vector and ILK siRNA were diluted together at the optimal 

concentration in 250 μl of Opti-MEM. Afterwards, the plasmid/siRNA 

mixture was added to the diluted Lipofectamine and incubated for 20 min. 

After incubation, the total transfection mixture was added to the cells and 

incubated for 6 hr. Finally, the transfection reagents were replaced with 2 

ml of the fresh growth medium, and the cells were used for protein and 

functional assays after 24 hr.  
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Table 2.3 siRNA sequences used in knockdown and co-transfection. 

Gene Target sequence 

CD24  

silencer-select siRNA  

(Ambion®) 

UCAAGUAACUCCUCCCAGATT, 

UCUGGGAGGAGUUACUUGAAG 

ILK  

silencer-select siRNA 

(Ambion®) 

UUCUCCGUGUUGUCCAGCCACAGGC, 

GCCUGUGGCUGGACAACACGGGAGAA 

Luciferase  

Universal non-targeting siRNA  

(ThermoFisher) 

CAGUGUAGUAGUCGUUUC, 

GAAACGACUACUACACUG 

ON-TARGET plus human SLEP SMART 

pool siRNA 

(DhrmaconTM) 

GCUGAGAGGAGCCGAUAUA, 

GCUGAGGAACUGGGCUGAUA, 

GUAAAGCUGUGCAGUGUCA, 

CUAGAGGGCCAGUUACUUA 

ON-TARGET plus 

Non-targeting Pool 

(DhrmaconTM) 

UGGUUUACAUGUCGACUAA, 

UGGUUUACAUGUUGUGUGA, 

UGGUUUACAUGUUUUCUGA, 

UGGUUUACAUGUUUUCCUA 

 

 

2.4 P-selectin stimulation 
 

After transfection, the cells were starved by adding 1.5 ml of serum-free 

medium for three hours. Then 10 μg of recombinant human P-

selectin/CD62P (R&D system a bio-techne brand) was mixed with 1 ml of 

complete culture medium, added to the cells and incubated for 60 min at 

37 ºC in a 5% CO2 incubator to activate adhesion with CD24. Subsequently, 

protein extraction and functional assays were performed. The non-treated 

cells were served as a negative control. 
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2.5 Western blotting  
 

2.5.1 Protein extraction  

 

For protein extraction, the cells (0.7-1.0x106) were seeded in a six-well 

plate containing 2 ml of 10% DMEM. The following day, the media was 

discarded, and the cells were washed (two times) with 2 ml of PBS. The 

cells were then lysed by adding Pierce® radioimmunoprecipitation assay 

buffer (Thermo Fisher Scientific) mixed with protease and phosphatase 

inhibitor cocktail (100×, Thermo Fisher Scientific) in a dilution of 1:100 and 

then kept on ice for 15-20 min to avoid protein degradation. The lysates 

were scraped using a cell scraper, transferred to cold labelled Eppendorf 

tubes, and centrifuged at 16,000 xg for 30 min at 4 °C. The pellets were 

discarded, and the supernatant was moved to new Eppendorf tubes and 

kept at -20 °C for protein quantification. 

2.5.2 Protein quantification 

 

Bicinchoninic acid (BCA) assay was performed to measure the protein 

concentration by using PierceTM bicinchoninic acid assay (BCA) kit (Thermo 

Scientific). Before commencing the experiment, BCA standards and working 

solutions were prepared according to the manufacturer instructions. The 

protein concentration standards were prepared by diluting the albumin 

standard into nine clean vials with different concentration ranges from 0-

2000 µg/ml and the protein lysis buffer used as a diluent. The working 

solution was prepared by adding 50 volume of BSA solution A to 1 volume 



61 

 

of BSA solution B. Following that, 10 µl protein concentration standards 

were added in three replicates in the first three rows of 96-well microplate 

(Thermo-Scientific pierce TM), and the protein lysates were added into 

separate rows in the same plate and mixed with 200 µl of prepared working 

solution. The plate was mixed using the Multitskan Ex shaker from (Lab 

System), then covered with a foil and incubated at 37 ºC for 30 min. The 

absorbance of protein lysates was measured using the Multitskan-Ex at 550 

nm wavelength. The unknown samples concentration was obtained by 

comparing their absorbance value to a standard curve using a simple 

formula. 

2.5.3 SDS-polyacrylamide gel electrophoresis 

 

NuPAGE™ 4-12% Bis-Tris Protein Gels, 1.0 mm, and 10-well were placed 

into Invitrogen electrophoresis gel tank followed by filling the inner 

chamber of the tank with NuPAGE™ Tris-Acetate SDS Running Buffer 

(Invitrogen), and then the rested to cover the gel. 50 µg of protein samples 

were added to the loading buffer (one-third volume of protein sample) 

containing 1x NuPAGE™ sample reducing agent (10x, Thermo Fisher 

Scientific). The samples were then placed on the heat block at 95 °C for 

minutes to denature the protein for an additional 5 min on ice and then 

centrifuged for a few seconds at 12000 RPM. Protein fractionation occurred 

by running samples on a NuPAGE 4-12% Bis-Tris gel (Invitrogen) at 150V 

for 90 min. The gel was then transferred to Polyvinylidene Difluoride (PVDF) 

membrane (Amersham, GE Healthcare Life Sciences) between two wet filter 
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papers in NuPAGE™ transfer buffer (Invitrogen) and placed in a semi-dry 

transfer on Bio-Rad Transblot turbo transfer system (Bio-Rad, Watford, UK) 

for 30 min at 25 V. After transfer, the membrane was stained with Ponceau 

red stain to confirm the successful transfer, followed by two washes with 

Tris-buffered saline, 0.1% Tween-20 (TBST) to remove the stain. The 

membrane was then blocked for 1 hr at room temperature with an 

appropriate blocking solution, either 5% skim milk (Sigma-Aldrich) or BSA 

(ThermoFisher Scientific) in TBST. The membrane was then incubated 

overnight at 4 °C with a relevant primary antibody diluted in the same used 

blocking buffer. The primary antibodies and diluents used in this study are 

detailed in Table 2.4.  

The following day, the membrane was washed three times for 5 min with 

TBST solution and then incubated with appropriate HRP-conjugated 

secondary antibody for 1 hr at room temperature. After secondary antibody 

incubation, the membrane was rewashed with TBST, and the visualisation 

occurred using enhanced chemiluminescence (ECL) detection kit (Thermo 

Fisher Scientific) on the Odyssey Fc imaging system (LI-COR Bioscience, 

UK). Protein expression was digitally calculated using the Image Studio-

Lite Version 5.2 software (LI-COR Biosciences Ltd. UK). Protein expression 

was normalised by calculation of the ratio between target proteins to the 

housekeeper α-tubulin.
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Table 2.4 List of the antibodies used for Western blot. 

Antibody Provider Source Diluent Ab1 dilution Ab2 dilution 

CD24 (SWA11) 
Prof. Altevogt P (DKFZ, 

Heidelberg) 
Mouse 

5% Skimmed 

Milk+0.1% Tween TBS 
1:1000 1:5000 

Notch1 Abcam Rabbit 
5% BSA+0.1% Tween 

TBS 
1:500 1:2000 

Cten Sigma Mouse 
5% Skimmed 

Milk+0.1% Tween TBS 
1:1000 1:5000 

FAK Cell signalling Rabbit 
5% BSA+0.1% Tween 

PBS 
1:1000 1:2000 

ILK Abcam Rabbit 
5% BSA+0.1% Tween 

TBS 
1:1000 1:2000 

E-cadherin Cell signalling Rabbit 
5% BSA+0.1% Tween 

TBS 
1:1000 1:5000 

N-cadherin Cell signalling Rabbit 
5% BSA+0.1% Tween 

TBS 
1:1000 1:5000 

Snail Cell signalling Rabbit 
5% BSA+0.1% Tween 

TBS 
1:000 1:5000 
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Vimentin Cell signalling Rabbit 
5% BSA+0.1% Tween 

TBS 
1:000 1:5000 

P-selectin Abcam Rabbit 
5% BSA+0.1% Tween 

TBS 
1:1000 1:5000 

PSGL-1 R&D Mouse 
5% Skimmed 

Milk+0.1% Tween TBS 
1:1000 1:5000 

VEGF Santa Cruz Mouse 
5% Skimmed 

Milk+0.1% Tween TBS 
1:1000 1:5000 

Angiostatin R&D system Goat 
5% Skimmed 

Milk+0.1% Tween TBS 
1:1000 1:5000 

Tubulin Abcam Mouse 
5% Skimmed 

Milk+0.1% Tween TBS 
1:000 1:5000 
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2.5.4 Western blot re-probing  

 

RestoreTMPlus Western Blot Stripping Buffer (Thermo Scientific, Ref. 

46430) was used to re-probe the membrane with an alternative antibody. 

The membrane was washed with 1xTBS and incubated with stripping buffer 

for 15 min at room temperature. The blot subsequently was washed two 

times with TBS and blocked for 30-60 min. Then the membrane was re-

blotted with any antibody overnight and applying the same above protocol.  

2.6 N-glycosylation digestion 
 

Transfection of the modified construct of CD24, which was less glycosylated 

than the wild type CD24, resulted in variation in the molecular weight on 

western blot. Therefore, the glycosylation of CD24 was removed using an 

N-glycosylation digestion mix that contains a combination of α2-3, 6, 8 

Neuraminidase and Peptide -N-Glycosidase F (PNGase F) (New England 

BioLabs, UK).  According to the provided instructions, the reaction was 

prepared in a reaction volume of 20 μl as follows: 25 μg of the protein was 

added to 1 µl of glycoprotein denaturing buffer (10X) H2O to make 10 µl 

reaction volume. Next, the protein was denatured by heating the reaction 

at  100 °C for 10 min, followed by ice-chilled and centrifugation for 10 

seconds.  After that, the total reaction volume was made to 20 µl by adding 

2 µl GlycoBuffer (10X), 2 µl 10% NP-40 and 6 μl of water. Following this, 1 

μl PNGase F and 1 μl α2-3,6,8,9 Neuraminidase (2 μl/1 μg) were mixed 

with the 20 µl-volume reactions and incubated at 37 ˚C overnight. After 
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incubation, the enzyme was deactivated by incubating the protein at 68 ˚C 

for 10 min. The mixture then was run on an SDS-PAGE gel.   

2.7 Co-immunoprecipitation  
 

This experiment was used to investigate protein-protein binding. First, the 

cells were lysed by Pierce IP lysis buffer (Thermo Fisher) mixed with 1x of 

PPI. The protein was then pre-cleared by incubating it with protein A 

agarose beads (Sigma-Aldrich) at 4 ˚C with gentle agitation for 30 min to 

clear out nonspecific binding. Next, the protein lysate was centrifuged at 

13000 RPM for 5 min at 4 ˚C.  The supernatant was collected for Co-IP, 

and the beads were maintained for later use. Finally, the CD24 antibody (1 

μg) or P-selectin (4 μg) were added to the pre-cleared protein (300 μg) and 

incubated with a gentle rotating at 4 ˚C overnight. 

Similarly, the pre-cleared protein (300 μg) was added to the pre-cleared 

beads without the antibody to serve as a negative control. The IP reaction 

was incubated with fresh beads for an additional twenty-four hours. The 

beads were then pelleted with centrifugation at 13,000 rpm for 4 min and 

washed (2x) with precooled phosphate buffer saline. Following that, 20 μl 

of the IP lysate was mixed with 4x NuPAGETM LDS sample buffer (Thermo 

Fisher) and heated at 90 ˚C for 5 min followed by 5 min on ice and loaded 

onto NuPAGE Bis-Tris protein gels for western blot analysis. For each IP 

reaction, 50 μg of the protein was included as an input in the gel. 
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2.8 Real-time quantitative PCR (qPCR) 
 

2.8.1 Primers  

 

A former postdoc in our group designed all primers used for qPCR. Each 

primer sequence’s specificity was checked against the Refseq mRNA 

database, self-complementarity, melting temperature (Tm), and exon 

junction using the Primer-BLAST tool available on the National Centre for 

biotechnology information. Below Table 2.5 includes all primers used for 

RT-qPCR.  

Table 2.5 Primers used for RT-qPCR 

Gene Forward primer (5’->3’) Reverse primer (5’->3’) 

 

CD24  
NM_013230.3 

GCTCCTACCCACGCAGATTTA 

 

TGGTGGTGGCATTAGTTGGA 

 

 

Notch1 

XM_034929540.1 

 

AAGCTGCATCCAGAGGCAAAC TGGCATACACACTCCGAGAACAC 

 

Cten  
NM_032865.5 

 CCTTCGTGTGCCAGCATTCC 

 

GCACCTCCCAGTTCTCTCTGTG 

 

 

ILK 

XM_003819084.3 

 

 AAGGTGCTGAAGGTTCGAGA ATACGGCATCCAGTGTGTGA 

 

FAK 

L05186.1 

 
TCCTAATGTTG ATGCCTGCC CCTTGAAAAGGCTTCACACC 

E-cadherin 
NM_004360.4 

CGTCCTGGGCAGAGTGAAT 

 

TTTGAATCGGGTGTCGAGGG 

 

https://www.ncbi.nlm.nih.gov/nucleotide/619329004?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/157738638?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/953768346?report=gbwithparts
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N-cadherin 
NM_001792.4 

AGGCTTCTGGTGAAATCGCA 

 

TGCAGTTGCTAAACTTCACATTG 

 

Vimentin 
NM_003380.3 

CGGGAGAAATTGCAGGAGGA 

 

AAGGTCAAGACGTGCCAGAG 

 

Snail 1 
NM_005985.3  AATCCAGAGTTTACCTTCCAGCA 

 

TCCCAGATGAGCATTGGCAG 

 

 

VEGFA 

XM_008958739 

 

GAGCAAGACAAGAAAATCCC CCTCGGCTTGTCACATCTG 

 

PBGD 

(Reference) 

 

 

GGAGCCATGTCTGGTAACGG 

 

CCACGCGAATCACTCTCATCT 

 

2.8.2 RNA extraction 

 

Total RNA was extracted using GenElute™ Total RNA Purification Kit 

(Sigma-Aldrich) according to the manufacturer’s protocol. Briefly, the cell 

pellets were lysed using 200 μl of lysis buffer containing β-Mercaptoethanol 

(1%) and mix by vortexing for 15 sec to dissolve the pellets completely. 

Then 200 μl of ethanol (100%) was added to the lysate and mix by 

vortexing for 10 sec. The lysate with ethanol was transferred to the binding 

column assembled with a collection tube, centrifuged for 1 min at 13,000 

xg and the flow-through discarded. The spin column was washed with 400 

μl with wash-1 buffer and centrifuged at 13,000 xg for 30 sec, and the flow-

through was discarded. A master mix of DNase I Digestion (10 μl) with 

DNase buffer (70 μl) was prepared in a total volume of 80 μl/column and 

mixed by gentle inversion. The DNase master mix (80 μl) was added to the 

https://www.ncbi.nlm.nih.gov/nucleotide/815890959?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/240849334?report=gbwithparts
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=301336132
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column and incubated for 15 min at room temperature. After incubation, 

the column was washed with 400 μl of wash-1 buffer and centrifuged for 

30 sec at 13,000 xg and the flow-through discarded. Next, the column was 

transferred to a new collection tube and washed two times with 500 μl of 

wash-2 buffer (containing ethanol), the first wash was centrifuged for 30 

sec at 13,000 xg, and the second wash was centrifuged for two min at 

13,000 xg. Finally, the column was placed into a new collection tube, and 

the RNA was eluted by adding 50 μl of elution buffer to the column and 

centrifuged for 1 min at 13,000 xg. The RNA concentration was quantified 

using a NanoDrop system (ThermoFisher Scientific).  

2.8.3 Complementary DNA (cDNA) synthesis 

 

The cDNA was synthesised from RNA templates as follows: 15 μl reverse 

transcription master mix per reaction was prepared by adding 0.5 μg 

random hexamers (Thermo Fisher Scientific) to 1-2 µg RNA, and nuclease-

free water, incubated for 5 min at 70 °C, then by 5 min at 4 °C. Followed 

by making 10 μl/ reaction of the bulk mixture containing: 5μl M-MLV-RT 

buffer (5X Promega), 1.25 μl dNTPs (10mM, Promega), 1µl M-MLV-RT 

enzyme (Promega), 25U RNase inhibitor (0.625 μl) (Promega), made up to 

10 μl with distilled water. Finally, 10 μl of the bulk mixture was added to 

the 15 μl M-MLV template: hexamer mix to a total volume of 25 μl and 

incubated for 1 hr at 37 °C, then 10 min at 95 °C. 
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2.8.4 RT-qPCR reaction  

 

RT-qPCR was performed to determine the mRNA levels of CD24, Cten and 

EMT biomarkers (Table S3) using GoTaq® qPCR Master Mix with SYBR 

green (Promega). The qPCR was performed in a total volume of 20 µl per-

reaction containing: 10 ng of cDNA, 0.250 µM each of the forward and 

reverse primers, 10 µl of GoTaq® qPCR Master Mix and made up to 20 µl 

with nuclease-free water. The PCR was run on the following thermal cycles: 

X1 cycle hot-start activation for 2 min at 95 °C, X40 cycles (denaturation 

at 95°C for 15 sec, annealing at 60 °C for 60 sec, extension at 72 °C for 

60 sec), X1 cycle melting curve stage (95 °C for 60 sec, 55 °C for 30 sec, 

95 °C for 30 sec). Relative mRNA levels of target genes in experimental 

conditions were normalised to porphobilinogen deaminase (PBGD, 

housekeeping control) and the empty vector control using Livak’s 

comparative threshold cycle (2-ΔΔCT) method [197].  

2.9 Immunofluorescence  
 

2.9.1 CD24 and PSGL-1 staining  

 

Cells were seeded at a density of 20 × 103 cells/well in a TC 8-wells chamber 

slide (Corning) and incubated at 37  °C in 5% CO2 for 24 hr. The following 

day, the cells were washed twice by phosphate-buffered saline (PBS), fixed 

by incubation in a 1:1 dilution of methanol and acetone precooled at -20°C 

for 20 min. Then rewashed twice with cold PBS and blocked for one hour 

with 1% BSA, 22.52 mg/ml glycine in PBS plus 0.1% tween 20. The cells 
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were stained with CD24 (SWA11) mouse anti-human antibody in a dilution 

of 1:100 or PSGL-1 anti-human in a dilution 1:200 (R&D system) and 

incubated overnight at 4°C. After incubation, they gently washed 3x/5 min 

with 0.1%Tween 20 in PBS (PBST) followed by adding secondary antibodies 

Alexa-Fluor 488 goat anti-mouse in a dilution of 1:100 (Invitrogen) and 

incubated for 60 min.  Nuclei were stained by 15 min incubation with 4′,6-

diamidino-2-phenylindole (DAPI; Sigma-Aldrich) diluted 1:10000 of 1% 

BSA, followed by another 3x/5 min washes with PBST. The slides were 

mounted with Fluoroshield anti-fade mountant (Sigma Aldrich) and imaged 

using Leica DMI4000B microscope (20x objectives, confocal setup). 

2.9.2 F-actin staining 

 

Filamentous actin (F-Actin) was visualised by immunofluorescence. Cells 

were seeded at 2×104 cells/well in 8 well chamber slides (Corning) and 

incubated for 24 hr. They were fixed with a mixture of 4% 

paraformaldehyde and 5% sucrose for 10 min and permeabilised using 

0.1% Triton X-100 in PBS (Sigma-Aldrich) for 5 min at room temperature. 

Cells were stained by incubating for 1 hr with Texas Red-X phalloidin 

(Thermo Fisher Scientific) in 100 μl of 3% bovine serum albumin (BSA, 

Fisher Scientific) diluted in PBS. The nuclei were stained by incubation with 

DAPI diluted 1:10,000 in 1% BSA for 15 min, and slides were mounted with 

Fluoroshield anti-fade mountant (Sigma-Aldrich). The slides were imaged 

using a confocal Leica DMI4000B microscope at x20 magnification. 
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2.10 Site-directed mutagenesis (SDM) 
 

SDM was performed to mutate the potential two N-glycosylation sites 

(N36Q, N52) present in CD24 protein since these sites were thought to 

mediate CD24 activity in CRC. A flow chart below (Figure 2.1) briefly 

illustrates the steps of the SDM experiment.  

 

 

 

Figure 2.1 Flow diagram showing the process of the experimental plan for site-

directed mutagenesis (SDM).   

 

2.10.1 Primer designing 

 

All primers for SDM were designed manually to match the following 

specification. Both forward and reverse primers were back-to-back to each 

other to avoid overlapping sequences and ensure they were amplified 

properly (Table 2.6). The mutation (AAC/AAT to CAA) was contained only 
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in the forward primers, and the mutant nucleotides were on the middle of 

the primer within 12-14 nucleotides on each side to anneal with the 

template strand. Also, the primers were checked for sequence homology to 

avoid dimerisation of the primers. To evaluate the gene specificity, the 

primers were subjected to the Blast tool available on the NCBI website.  

 

Table 2.6 Site-directed mutagenesis Primers 

SDM-

Primers 

Forward Phospho (5’->3’) Reverse Phospho (5’->3’) 

N36Q 

 

GGAACTTCAAGTCAATCCTCCCAGAGT 

 

AGTTGTTGTTTCACTGGAATAAATCTGCG 

N52Q CCAAATCCAACTCAAGCCACCACCAAG 

 

GGCCAACCCAGAGTTGGAAGTACTC 

 

 

2.10.2 Standard PCR 

 

The Asparagine to Glutamine (N-Q) point mutation was performed using a 

Phusion SDM kit (Thermo Fisher Scientific, CAT# F541). In this assay, the 

mutation was introduced at each of the N-glycosylation sites (i.e. N36Q and 

N52Q) individually in a CD24 expression construct. Briefly, the  PCR mix 

consisted of 10 µl Phusion HF buffer, 200 µM dNTPs, 0.5 µM each of forward 

and reverse primer (Table 6), 1 ng/µl template DNA, 0.02U/µl Phusion hot 

star II DNA polymerase (2U/µl), made up to 20 µl with nuclease-free water. 

Using the Primus 96 Thermal Cycler (MWG-Biotech Inc., Ebensburg, 

Germany), the cycling protocol was as follows: X1 initial denaturation cycle 

at 98 °C for 30-sec, X25 cycles of (denaturation at 98 °C for 10 sec, 
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annealing at 67-68 °C for 30 sec per primer, extension at 72 °C for 3 min), 

X1 final extension cycle at 72 °C for 10 min. 

2.10.3 Agarose gel electrophoresis 

 

One per cent of agarose gel was prepared by adding 0.5 g of agarose 

(Gibco-BRLife Technologies, USA) to 100 μl of 1X Tris-acetate EDTA (TAE) 

buffer (Bio-Rad). The mixture was heated in the microwave for 2-3 min 

until the agarose particles dissolve and cooled down to 50 °C. After that, 

five μl of GelRed® nucleic acid gel stain 10,000X (Biotium) was added to 

the mixture, poured into gel tray with a compatible comp, and allowed to 

sit at room temperature to solidify. The comp was removed, and the gel 

was transferred to the gel tank containing 1X TAE buffer. PCR products 

were tested on an agarose gel as the following: 4 μl of 6X DNA loading dye 

was added to 20μl of DNA and loaded into the gel.  Then 1 KB of a ladder 

(Promega) was added to the first well, and the gel ran at 75 V for 1 hr. 

After running, the gel was placed in a Blue view transilluminator device to 

visualise the band, and the images were captured. 

2.10.4 DNA purification from the agarose gel slice 

 

The exact bands were excised from the agarose gel and placed into a clean 

Eppendorf tube. The excised bands’ weight was then measured, and the 

DNA fragment was purified from the gel slice using GenEluteTM Gel 

extraction Kit (SIGMA-ALDRICH). Briefly, the three-gel volume of 

solubilisation solution was added to the gel slice and incubated at 55 °C for 

10 min with a continuous vortexing every 2-3 min to dissolve the gel 
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completely.  After that, the one-gel volume of isopropanol (100%) was 

added and mixed with the dissolved gel sample. The sample was loaded 

into a GenElute binding column with a volume of 700 μl and centrifuge for 

1 min at 16,000 xg. The GenElute binding column was then washed by 

adding 700 μl of wash solution and centrifuge for one minute at 16,000 xg. 

The flow-through liquid was discarded, and the column was centrifuge 

without adding the wash solution to remove the excess of ethanol. The 

GenElute binding column was placed in a new collection tube. The DNA was 

eluted by adding 30 μl of preheated elution buffer at 65 °C to improve 

plasmid recovery and centrifuged for 1 min at 16,000 xg. Finally, the 

yielded DNA is ready for ligation. 

2.10.5 Ligation and Bacterial transformation 

 

The PCR products were circularized with T4 DNA ligase following the 

manufacturer’s instructions (Thermo Fisher Scientific). 10-20 ng (made up 

to 5 μl) of DNA plasmid was added to 10 µl ligation reaction mixture (2.5 

μl nuclease-free water, 2 μl rapid ligation buffer, and 0.5 μl T4 DNA ligase 

enzyme) and incubated at room temperature for 5 min. A ligation control 

mixture was prepared without T4 DNA ligase (Table 2.7). According to 

standard protocol, the ligated products were transformed into NEB 5α 

competent cells (New England BioLabs) using the above protocol. 
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Table 2.7 The component and concentration of the ligation reaction. 

 
Reagent 

 

 
Ten μl Ligation 

Reaction 

 
Ten μl Ligation 

Control 

 
Nuclease-free water 

 
2.5 μl 

 
3 μl 

 
5X Rapid Ligation Buffer 

 
2 μl 

 
2 μl 

 
Plasmid DNA 

 
5 μl 

 
5 μl 

 
T4 ligase 

 
0.5 μl 

 
– 

 

 

2.10.6 DNA purification (Miniprep) 

 

Following the transformation, the GenElute™ HP Plasmid Mini-prep Kit 

(Sigma-Aldrich) was used to elute the plasmid. Briefly, according to 

manufacturer instructions, 3 ml of the bacterial culture was centrifuged at 

13000 xg for 10 min, and the supernatant was discarded. This is followed 

by resuspending the pellet with 0.2 ml of re-suspension/RNase A solution, 

and then the resuspended cells were lysed by adding 0.2 ml of the lysis 

solution. After that, to neutralise the lysed cells, 0.35 ml of chilled 

neutralisation/binding solution and centrifuged at 13000 xg for 10 min. 

After placing the solution into a GenElute mini-prep binding column, 0.5 ml 

of column preparation solution was added and centrifuged for 1 min at 

12,000 xg. Then the pre-cleared lysate was transferred to a binding column 

and centrifuged for 1 min at 12,000 xg. The flow-through was discarded, 

and the binding column was washed two times, first with 0.5 ml of optional 

wash solution followed by centrifugation for 1 min at 12,000 xg and discard 
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the eluate. The same procedure was applied for the second wash using the 

wash solution with ethanol and centrifuged again for 2 min without any 

additional wash solution to remove the excess of ethanol. After that, the 

binding column was transferred to a new collection tube, and the plasmid 

DNA was eluted by adding 0.1 ml of Elution solution. 

2.10.7 Direct sequencing  

 

Sanger sequencing was used to detect the presence of the targeted 

mutation and eliminated the presence of undesired mutations.  Ten of the 

purified DNA plasmids from overnight bacterial culture were sent for Sanger 

DNA sequencing at a concentration of 100 ng/μl. T7 forward primers and 

BGH reverse primer present in our vector were used for sequencing in a 

concentration of 10 μg. The sequencing results were analysed using finch 

software and aligned via the BLAST2 alignment tool available on the 

National Centre for Biotechnology Information (NCBI) website to check the 

similarity between the nucleotide sequences.  

2.11 In vitro functional studies 
 

2.11.1 PrestoBlue cell viability assay 

 

A cell viability assay was used to quantify cell numbers. Five thousand cells 

were seeded into each well of 96-well plates containing 100 µl growth 

medium and incubated 24 hr. The media was removed and washed twice 

with phosphate-buffered saline (PBS). The PrestoBlue® reagent 

(Invitrogen) was diluted in 10% FBS–DMEM (dilution of 1:10), and 100 µl 
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of the mixture was added to each well for 30 min. Fluorescence 

quantification of resazurin product (resorufin) was performed using the 

BMG FLUOstar OPTIMA plate reader (Ortenberg, Germany; FlexStation II, 

Molecular Devices, San Jose, CA, USA) at 544nm excitation and 612nm 

emission wavelength. Post-reading, the PrestoBlue® mixture was 

discarded, cells were washed once with medium and then replaced with 

fresh growth medium and incubated for a further 24 hr. Cell proliferation 

was evaluated at 0 hr, 24 hr, 48 hr, and 72 hr. Relative fluorescence unit 

(RFU) readings were normalised to the reading obtained at 0 hr and 

displayed relative to cell viability. 

2.11.2 Transwell migration assay  

 

Transwell inserts with 6.5 mm diameter and 8.0 μm pore size polycarbonate 

membrane, TC-treated, sterile (Costar, Corning) was used to measure the 

migration capability. The assay was performed in triplicate on at least two 

separate occasions. Firstly, 650 µl of fresh medium (containing 10% FBS) 

was added to the lower receiver wells as a chemoattractant. To the upper 

inserts, 1×105 cells were seeded in 100 µl DMEM (containing 0% FBS) and 

incubated at 37 °C in 5% CO2. After 24 hr of incubation, cell migration was 

assessed after 24 hr by incubating the inserts for 5 min in a new well-

containing 650 µl trypsin-EDTA to detach the cells. Cells were then 

transferred to the original well and labelled with 3 μM calcein acetoxymethyl 

ester (Thermo Fisher Scientific) by incubation for 1 hr at 37 °C. 

Visualisation of the cell motility was performed using the Nikon Eclipse TiE 
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fluorescence microscope (fluorescein isothiocyanate filter, 488nm 

excitation). Four random microscopic fields per well were taken at ×10 

magnification (see Appendix IV), and the cells were counted manually using 

ImageJ (National Institutes of Health, Bethesda, MD) and analysed by 

taking the average of the four fields per well.    

2.11.3 Wound healing assay  

 

Cell migration was also assessed using Culture-Insert 2-Well 24, ibiTreat 

(ibidi). Briefly, the inserts were placed in the centre of each well in 24-well 

plates. Following the manufacture’s protocol, 1×106 cells were suspended 

in 1 ml DMEM (0% FBS), 70 µl/well was added to the insert and incubated 

for 24 hr. Following this, the inserts were removed, the cell layers were 

washed with PBS to remove non-adherent cells and covered by 1 ml fresh 

medium. Wound closure was visualised at 0 hr and 24 hr using a wide-field 

system Okolab microscope. Cell migration across the gap was measured by 

calculating the surface area of the wound using ImageJ. In this assay, 10 

μg/ml mitomycin C (Sigma-Aldrich) was added to inhibit cell proliferation. 

2.11.4 Matrigel invasion assay 

 

The invasive capability of CRC cells was measured in the same way except 

that before seeding, the insert was prepared by coating in 300 μg/ml 

Matrigel (Matrigel® Matrix, Corning®). A day before commencing the 

experiment, the Matrigel was thawed overnight at 4 ºC.  The Matrigel was 

prepared as follow: 300 µg/ml of Matrigel was diluted in 1000 µl of DMEM 

(containing 0% FBS) and added into the upper chamber to coat the filter 



 

80 

 

membrane of the Transwell and allowed to polymerise for 2 hr at 37 °C in 

5% CO2. After incubation, the remaining liquid on the top layer of the 

formed Matrigel on the membrane was removed. The cells were then 

seeded, and the same protocol of transwell migration assay was used. 

2.11.5 Adhesion assay  

 

HUVECs (5x103/well) were cultured for 24-48 hr to confluence in a 96-well 

plate prior to initiating the assay. The HUVECs then was activated using 

either 20 ng/ml tumour necrosis factor-α (R&D System) for 4 hr or 1 U/ml 

of thrombin (Sigma-Aldrich) for 30 min, since the expression of P-selectin 

in endothelial cells appears at a lower level. CD24-expressing cells were 

serum-starved for 3 hr and then pre-labelled with calcein-AM. Next, the 

cancer cells were added directly to the formed monolayers of HUVECs and 

incubated at 37 ˚C in a CO2 incubator for 2-3 hr to adhere. After incubation, 

non-adherent cells were aspirated out, and the HUVECs were washed two 

times by PBS to remove the excess of medium and non-adherent cells 

(Figure 2.2). Then the RFU of the adherent cells were measured using 

FLUOstar OPTIMA Microplate Reader at (excitations 485nm/ emissions 

520nm). In some experiments, P-selectin was knocked down in HUVECs 

using siRNA. The relative cell adhesion was determined by calculating the 

ratio of wash to non-washed cells for three repeated experiments. 
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Figure 2.2 Illustration demonstrates the experimental steps of adhesion assay 

 

2.11.6 Trans-endothelial migration assay  

 

As with the adhesion assay, CRC cells were pre-labelled with calcein-AM 

before the experiment. Then the HUVECs were activated as the above 

assay. Using Transwells insert (6.5 mm diameter, 0.4 μm pore size), 1x105 

of HUVECs were seeded in the insert and incubated for 24-48 hr to form 

cells monolayer. Then 1x105 of CD24-transfected cells were added on the 

top of the HUVECs monolayer in 100 μl of DMEM (0%FBS). The insert was 

afterwards transferred to the receiver well containing 650 μl of DMEM (10% 

FBS) as a chemoattractant. The plate was then incubated for an additional 

24 hr at 37 ˚C. After incubation, the migrated cells were counted as the 

above Transwell migration assay. 
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2.12 Angiogenesis  
 

2.12.1 Conditioned media preparation  

 

The HCT116 and SW480 transfected with CD24 or EVC and SW620 with 

CD24 siRNA were chosen for conditioned medium preparation. A 

conditioned medium was briefly prepared by growing 2×106 cells to reach 

70% confluency, and the medium was replaced with a serum-free DMEM 

medium. Conditioned medium was collected 24 hr after media change, and 

the media were filtered using a 0.2 μm filter (Sigma-Aldrich) and then 

stored at −20 °C for further experiments. After collecting the conditioned 

media, the attached cells were washed by cold PBS and lysed using RIPA 

buffer with protease phosphatase inhibitors. Then protein concentration 

was measured by BCA assay kit from Thermo Fisher Scientific and 

immunoblot with CD24 antibody.   

2.12.2 Tube formation assay  

 

Twenty-four hours before the experiment sat up, Matrigel® Matrix 

Basement Membrane (Corning) was placed on ice and thawed in the cold 

room (4 ˚C). 50 µl of 10 mg/ml Matrigel was added to a 96-well plate and 

incubated at 37 °C for 1 hr. After Matrigel polymerisation, 5 to 10x103 in 

96-well plate of HUVECs were cultured on the top of Matrigel and incubated 

with a conditioned medium for 12-16 hr at 37 ˚C. After incubation, the 

formed tube was quantified by counting the total tube’s length from four 

fields per each replicate using ImageJ software.  
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For indirect co-culture tubule formation, Costar® Transwells, 0.4 μm pore 

size was used. First, HUVECs were cultured at a cell density of 5x104 cells 

in the bottom coated well with 280 μl of Matrigel in a 24-well plate. After 

that, 1x104 of either HCT116 overexpressed with CD24 or SW620 with 

silenced CD24 were added to the Transwells. Both cells were then incubated 

with 1:1 dilution of DMEM/ECGM-2 for 16 hr at 37 ˚C incubators. All images 

were taken at 10 X magnification, and the analysis was done by an 

angiogenesis analyser in ImageJ software. The experiments were 

performed using pre-chilled plates and tips to avoid Matrigel 

polymerisation. The total tube length was chosen to analyse the tube 

formation because other parameters, such as the number of nodes and the 

number of tubes, lead to false-positive results.  

2.12.3 Enzyme-linked immunosorbent assay (ELISA)  

 

The human VEGFA ELISA kit (R&D system) was used to detect the quantity 

of secreted VEGFA in CRCs transfected with CD24 according to the 

manufacturer’s protocol.  Before commencing the experiment, the 

supernatant was collected from CRC cells that were pre-transfected with 

CD24 or siRNA for CD24. Likewise, the ELISA buffers, biotin-conjugated, 

streptavidin-HRP, and VEGFA standards were prepared based on the 

manual’s directions. The ELISA briefly was performed as follows: each well 

in the microwell strips was washed twice with 400 μl of wash buffer, and 

after the wash, the microwell strips was tapped on tissue paper to empty 

the wells.  Then 100 μl of sample diluent was added in duplicate to all 
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standard wells. In the first well, 100 μl of the prepared standard (2000 

pg/ml) was added to the diluent, mixed by pipetting and then 100 μl of the 

mixture transferred to the next well and the same procedure was done for 

the other wells respectively (Figure 2.3).  Subsequently, 50 µl of sample 

diluent was added to the sample wells, followed by adding 50 µl of each 

sample in duplicate. The plate was covered with an adhesive film and 

incubated at room temperature for two hours in a microplate shaker. After 

incubation, the wells were emptied and washed four times, and then 100 

µl of biotin-conjugated was added to all wells. Like the previous step, the 

plate was covered with an adhesive film and incubated for one hour at room 

temperature with shaking. Following incubation, the wells were washed four 

times, and 100 µl of streptavidin-HRP was added to each well, covered with 

a film and incubated for one hour at room temperature. After emptying and 

washing the wells, 100 µl of TMB substrate solution was added to all wells 

and incubated for 30 min at room temperature. Finally, the sample was 

incubated with 100 µl of stop solution for 20 min to inactivate the enzyme. 

The absorbance of both samples and standards were measured using 

Multitskan Ex from (Lab System) at 620nm. All assay stages were 

performed carefully to avoid intense exposure to light. The average 

absorbance values of each set of duplicate standards and samples were 

calculated and represented as means ±SD of two independent experiments. 
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Figure 2.3 Representation of VEGF-A standard dilution ranging from 1000 to 

15.6 pg/ml. 

 

2.13 Flow cytometry 
 

Transfection efficiency for cells overexpressed with CD24WT and mutant 

clones was determined using FACS analysis. Twenty-four hours post-

transfection, the cells were detached using Trypsin-EDTA and resuspended 

in sterile-filtered PBA (Phosphate buffered saline +1% bovine serum 

albumin). The cell suspension was washed twice using PBA buffer by 

centrifugation for 5 min at 300 g.  The cell was counted using an automated 

cell counter, and the volume of cells in PBA was adjusted at 2x106/ml and 

pelleted by centrifugation at 300 xg for 5 min. Then the cell pellet was 

resuspended in 100 μl of PBA and incubated with CD24 (SWA11) antibody 

(1:100) for 60 min on ice. The antibody was washed twice by adding 1 ml 

of PBA and centrifuged for 5 min at 300 xg. The cell pellet resuspended in 

100 μl of PBA and Alexa Fluor 488 goat anti-mouse conjugated secondary 
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antibody (Invitrogen) was added. The cells were incubated for 30 min on 

ice in the dark and then washed twice with PBA. The supernatant was 

removed, the pellet was vortexed and resuspended with 500 μl of 4% 

formaldehyde. The transfection efficiency was assessed by determining the 

ratio of cells overexpressing CD24 using a Beckman Coulter FC500 Flow 

Cytometer (Beckman Coulter) located in the Flow Cytometry Facility at 

Medical School, Queen Medical Centre. The data were analysed using 

Kaluza analysis 2.1 software (Beckman coulter Inc.), in which the cells were 

gated for identification of the CD24+ population using non-transfected cells 

as a control. 

2.14 SWA11 antibody purification  
 

Protein G sepharose column (Source Bioscience, ABE4749) was used to 

purify the SWA11 antibody from the supernatant (kindly gifted from 

Professor Altevogt Hans-Peter). Shortly, the SWA11 supernatant was 

diluted with 0.1 M sodium acetate pH 5.0. Then HiTrap Protein G sepharose 

column was equilibrated using 0.1 M sodium acetate pH 5.0. The mixture 

of supernatant and sodium acetate was applied to the column and allowed 

to pass. The flow-throw was applied repeatedly to the column several 

times. After that, the column was washed three times by 0.1 M sodium 

acetate pH 5.0. The bound antibody afterwards was eluted using 0.1 M 

glycine-HCL, pH 2.8. After elusion, the purified antibody concentration was 

quantified and ran in SDS-PAGE to check the IgG band using Coomassie 

Blue staining and Western blotting (see Appendix III). 
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2.15 Statistical analysis  
 

Statistical analysis was performed using GraphPad Prism version 7.03 (La 

Jolla, CA) with the error bars representing the mean and standard deviation 

of mean (±SD) of at least two independent experiments. Before the 

statistical analysis, all data were examined for normality using the Shapiro-

Wilk test.  

To determine the normal distribution, the Student's T-test (non-parametric, 

two-tailed test) was applied for datasets that contain two groups (such as 

western blot).  

For datasets that contain more than two groups, (such as cell proliferation, 

migration, invasion and cell adhesion), one-way and two-way analysis of 

variance (ANOVA) was applied with multiple comparisons by Tukey and 

Sidak tests, respectively. The difference with P ≤ 0.05 was considered 

statistically significant. 
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Chapter 3: Investigation of the role of N-

glycosylation sites on CD24 in CRC 

 

3.1 Introduction  
 

CD24 gene is located on chromosome 6q21, and it is a highly glycosylated, 

GPI protein [190]. Human mature CD24 comprises 31 amino acids, nearly 

half of which are serine and threonine residues, rendering it a mucin-like 

protein [78]. Analysis of the amino acid sequence shows that CD24 has 16 

potential O-glycosylation sites and two potential N-glycosylation sites [190] 

(Figure 3.1). Because of the glycosylation, the CD24 protein molecular 

weight ranges from 30 kDa to 70 kDa [97, 187].  

As mentioned in Chapter 1 (section 1.4.3), tumour metastasis follows 

distinct steps through EMT, a process in which epithelial cells undergo 

biological changes, including a loss in cell polarity, disruption of cell-cell 

adhesion and restructuring of the actin cytoskeleton. These changes 

contribute to the acquisition of invasive and migratory tendencies [198].  

Interestingly, we have previously shown that CD24 induces cell invasion 

and migration in CRC, but it does not affect proliferation [120]. These 

changes are mediated through the CD24–Cten-ILK/FAK signalling pathways 

(unpublished data) and are accompanied by a ‘cadherin switch’, where 

epithelial cell expression of E-cadherin is reduced and N-cadherin 

expression, characteristic of mesenchymal cells, is increased [142]. 
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Glycosylation is a post-translational modification involving the enzymatic 

glycosidic linkage reaction between the anomeric hydroxyl group of sugar 

and a protein [163]. As described in Chapter 1 (section 1.5.7.1.1), N-

glycosylation is one of the common forms of protein glycosylation, primarily 

taking place in the endoplasmic reticulum and continuing in the Golgi 

apparatus. For N-glycosylation, carbohydrates are attached to an 

asparagine residue that appears in a specific sequon. Studies have shown 

that the target sequence for N-linked glycosylation is asparagine-(X)-

serine/threonine, where X refers to any amino acid except for proline [168]. 

In normal growth and development, O-glycosylated residues have 

structural roles. In contrast, N-glycosylated residues have functional roles 

and have been shown to play a role in protein biology, including folding, 

secretion, stabilisation, conformation and trafficking to cellular and 

subcellular sites [164]. In cancer, several studies have indicated that N-

glycosylated proteins play a role in tumour growth and development by 

enhancing the cancer cell's ability to evade immune detection, promoting 

uncontrolled proliferation, migration, and cell-cell adhesion [170, 173, 

183].  

The experimental work in this chapter is based on two observations. Firstly, 

N-glycosylation is thought to be important in mediating the function of 

many glycoproteins [167, 183, 184], including CD24. Secondly, CD24 

confers stemness features and enhances cell motility in CRC [120, 199]. 

Therefore, we hypothesised that CD24 might depend on N-glycosylation to 
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induce EMT and cell motility in CRC cells. To test this hypothesis, SDM was 

performed to mutate the two putative N-glycosylation sites in CD24 by 

substituting asparagine with glutamine. Mutant clones, including CD24WT 

and EVC, were overexpressed in two CD24 negative CRC cell lines: HCT116 

and SW480 [200]. Following cell line transfection, functional studies on cell 

proliferation, migration and invasion in vitro and proteins and RNA analysis 

were performed.  

 

 
 

 

Figure 3.1 The sequence of CD24 glycosylation. 

A simplif ied f igure illustrates the sequence of the total CD24 protein (80 amino acids). The 

blue lines indicate signal peptide (1-26) and GPI-displaced tail (60-80). While the 

intermittent red lines indicate the mature form of CD24 (27-59) and within the mature 

peptide, the potential two glycosylation sites (N36 and N52) and the SWA11-Ab binding 

site are indicated by the arrows.  
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3.2 Results: 
 

3.2.1 CD24WT has no role in cell proliferation in CRC cells but 

induces cell motility  

 

Our research group and others previously indicated that CD24 does not 

alter cell proliferation in CRC cells [120, 201]. To validate these findings, 

CD24 was ectopically overexpressed in HCT116 and SW480 cell lines (both 

express low levels of CD24 [200]) using a CD24-expressing vector. 

Likewise, CD24 was silenced in the SW620 cell line (highly expressed CD24) 

using small inhibitory RNA (siRNA). CD24 overexpression in HCT116 and 

SW480 and CD24 knockdown in SW60 were initially verified by Western 

blot, and both conditions affect the expression level of Cten, a downstream 

signalling molecule (Figure 3.2A and Figure 3.2B). 

 

 

 

 

Figure 3.2 CD24 force expression and knockdown in CRC cells.  

Western blot confirms a successful overexpression of CD24 in both HCT116 and SW480 

cell lines compared to the empty vector control (EVC). It also showed an increase in the 
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level of Cten, a downstream signalling molecule (A). Similarly, Western blot showed that 

CD24 was successfully silenced in SW620 using siRNA compared to luciferase (LUC) siRNA 

control, but the level of Cten was reduced upon silencing of CD24 (B). Band intensities 

were analysed by image studio software. The western blot results shown are one 

representative experiment, repeated twice. 

 

Cell proliferation was then assessed at 0 hr, 24 hr, 48 hr, and 72 hr by 

PrestoBlue proliferation assay (as described in Chapter 2, section 2.11.1). 

The data showed that the overexpression of CD24 in HCT116 and SW480 

has no significant effect on cell proliferation when compared with the EVC 

(Figure 3.3A). Similar data were obtained in SW620, where silencing of 

CD24 did not change the cell proliferation compared to luciferase (LUC) 

siRNA control (Figure 3.3A).     

Transwell migration and invasion assays (as described in Chapter 2, section 

2.11.2) were used to determine CRC cells’ ability to induce cell migration 

and invasion in the presence and absence of CD24. Compared to the EVC, 

CD24 overexpression in HCT116 and SW480 led to a significant increase in 

cell migration and invasion (Figure 3.3B). By contrast, silencing of CD24 in 

SW620 inhibited these activities compared to LUC (Figure 3.3C). 
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Figure 3.3 CD24 does not affect cell proliferation but induces migration and 

invasion in CRC cells.  

PrestoBlue assay in both HCT116 and SW480 cells showed no signif icant dif ference 

between cells transfected with the CD24 expression vector and EVC. Likewise, SW620 

transfected with CD24 siRNA or LUC did not affect cell proliferation (A), the graphs 

represent 6 replicates for each condition; collated results of two independent experiments  

shown. The relative cell proliferation displayed in cell proliferation graphs is based on the 

normalisation of  relative f luorescence unit (RFU) readings to the reading obtained at 0 hr. 

Overexpression of CD24 resulted in a signif icant increase in cell migration and invasion of 

HCT116 and SW480 (B). However, silencing of CD24 in SW620 led to a reduction in the 

number of migratory and invasive cells (C). The statistical analysis were evaluated by 

GraphPad Prism by Two-way ANOVA with Tukey’s multiple comparisons, nsP >0.05, **P 

<0.01, ***P <0.001, ****P <0.0001. 

Cell migration Cell Invasion 
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3.2.2 Mutating of functional sites of CD24 involved in CRC 

progression 

 

3.2.2.1 Construction CD24N36Q and CD24N52Q plasmids 

 

CD24 is N-glycosylated at N36 and N52 [190]. To create CD24 plasmids 

with a single mutation at either N36 or N52 sites, SDM has been performed 

as described in Chapter 2, section 2.10. Initially, two sets of back-to-back 

primers were designed to create CD24N36Q and CD24N52Q. In this process, a 

codon for asparagine was replaced with a codon for glutamine (N-Q). 

Gradient PCR was performed to optimise the annealing temperature for 

both CD24 mutant construct primers. All tested annealing temperatures for 

CD24N36Q and CD24N52Q revealed discrete bands at 5747 kb (Figure 3.4A 

and Figure 3.4B).  Thus, the annealing temperature of 68 °C was used for 

CD24N36Q and CD24N52Q amplification by PCR. As expected, gel 

electrophoresis displayed visible bands of the two mutant PCR products at 

the expected molecular weight (5747kb), and these bands were absent 

from the no-template controls (NTC) (Figure 3.4C). The amplified bands 

correspond to the mutant clones were extracted from the gel, ligated and 

transformed into NEF-5 competent cells (E-coli) as described in Chapter 2.  

The visible PCR product bands in the agarose gel along with the presence 

of colonies following bacterial transformation further validated a successful 

SDM. As clearly shown in Figure 3.4D, CD24N36Q and CD24N52Q plasmids 

were successfully ligated, as the colony-forming capacity was higher than 

that in NTC. 

 



 

95 

 

 

 
 

 

Figure 3.4 Construction of CD24 single mutant plasmids. 

Site-directed mutagenesis was performed on two sets of back-to-back primers—a gradient 

PCR for optimising all designed primers’ annealing temperatures (A and B). Gel 

electrophoresis of the CD24N36Q and C24N52Q products were amplif ied at 68°C and produced 

bright bands at the correct molecular size. No band was observed in the no-template 

control lane (NTC) (C). Bacterial transformation of the single mutant constructs showing 

a high colony number in mutant clones (CD24N36Q, CD24N52Q) compared to the negative 

control, confirming the successful ligation (D). The assay was performed in duplicate.  

 

 



 

96 

 

3.2.2.2 Validation of CD24N36Q and CD24N52Q mutation by direct 

sequencing  

 

To confirm the presence of the required mutation and to eliminate the 

possibility of undesirable mutations, the plasmid DNA was sequenced using 

Sanger sequencing located at the sequencing facility, D-Floor, Queen’s 

Medical Centre (QMC). First, ten colonies were selected, grown in LB media, 

and purified using a mini-prep technique as described in Chapter 2. All ten 

purified plasmids from the single mutant clones were sent for sequencing 

using universal primers, i.e., the T7 forward and BGH reverse primers 

present in our vector. The sequencing results were analysed using Finch 

software (Geospiza Inc., Seattle, WA), which confirmed the change of the 

asparagine codon (AAC/AAT) to the glutamine codon (CAA) in nine out of 

ten clones sent for sequencing (Figure 3.5A, B, and C). The sequencing 

results were also aligned via the BLAST2 alignment tool available on the 

National Center for Biotechnology Information (NCBI) website to check the 

similarity between the nucleotide sequences and confirm the full length of 

CD24 and mutant clones in the tested plasmids. The results showed that 

CD24WT plasmid identities were 100% similar to that of the CD24 reference 

gene (XM_024446293.1) in the NCBI GenBank (Figure 3.6A). However, the 

nucleotide sequences for CD24N36Q and CD24N52Q plasmids were 99% 

similar, and the change in AAC/AAT sequence to CAA was found (Figure 

3.6B and Figure 3.6C), thereby confirming that the two mutant clones were 

successfully constructed.  
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Figure 3.5 Gene sequencing analysis of CD24WT and CD24N36Q and CD24N52Q 

using Finch software.  

The sequence of CD24WT indicated without any mutation at both N36 and N52 using the 

forward and complementary reverse primers (A). The sequencing data for N36 (B) and 

N52 (C) with introduced mutation. The sequences for CD24N36 and CD24N52 have been 

deposited on the GenBank database (accession MW694788 and MW694789) and will be 

released as soon as possible. 
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Figure 3.6 Mutant constructs alignment using (BLAST2) tool.  

BLAST2 tool of CD24WT plasmid showing 100% of nucleotide homology (A). The single -

mutant clones showed the desired mutation at N36 (highlighted), i.e., AAC to CAA (B), 

and N52, i.e., AAT to CAA (C) with 99% homology in nucleotides sequence. 

 

3.2.2.3  Construction of CD24N[36, 52]Q plasmid  

 

The abovementioned procedure used to create single mutant plasmids was 

also performed to produce a double mutant plasmid of CD24 at both N36 

and N52 sites. In this process, the double mutation was produced either by 

using CD24N36Q plasmid with N52 primers or CD24N52Q plasmid with N36 

primers. The gradient PCR was performed to optimise the annealing 

temperature for the designed primers, which showed a distinct band in 

agarose gel at all of the examined temperatures. Therefore, the annealing 

temperature of 68 °C was also chosen for PCR (Figure 3.7A). Both primers 

that contain the desired mutation in the presence of single mutant plasmids 

have been amplified. After running the PCR products in 1% agarose gel, a 

visible band of CD24N[36,52]Q mutant construct appeared at the expected 

molecular weight, 5747 kb, and there was no visible band in the NTC 

(Figure 3.7B). 

CD24N[36,52]Q was ligated using a T4 ligase enzyme described above. In this 

step, no ligase enzyme was added for the control conditions. After ligation, 

the plasmids were transformed into competent cells (E. coli) on agar plates 

that contained a specific antibiotic. The transformation reaction shows a 
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higher number of growing colonies of CD24N[36, 52]Q than the number of 

colonies in the NTC (Figure 3.7C). 

 

 
 

 

Figure 3.7 Construction of CD24 double mutant plasmids. 

SDM was performed on either CD24N36Q or C24N52Q plasmid—a gradient PCR for optimising 

all designed primers’ annealing temperature (A). Gel electrophoresis of the CD24N[36,52]Q 

product was amplif ied at 68 °C, and bright bands were produced at the correct molecular 

size and absence of a band in NCT (B). Bacterial transformation of the double mutant 

constructs showing high colony-forming in CD24N[36,52]Q plasmid compared to the negative 

control, confirming the successful ligation (C). The assay was performed in duplicate. 
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3.2.2.4 Validation of CD24N[36,52]Q mutation by direct sequencing  

 

After the bacterial transformation, the growing bacteria were grown further 

by picking ten distinct pure colonies from ligated CD24N[36,52]Q. Each colony 

was re-cultured separately in the LB broth medium with selective antibiotics 

for 16 hr. The multiplied plasmids in the LB broth were purified using the 

mini-prep technique. The ten purified CD24N[36,52]Q plasmids from overnight 

bacterial culture were sent for sequencing and analysed using Finch 

software. The sequencing results indicated the mutation at both N36 and 

N52 sites in ten clones out of ten sent for sequencing. Likewise, the 

alignment tool showed 98% similarity in the nucleotide sequence of 

CD24N[36,52]Q plasmid (Figure 3.8A, and Figure 3.8B); this verified the 

conversion of AAC/AAT sequence to CAA, confirming the successful 

construction of  CD24N[36,52]Q. The sequence for CD24N[36,52]Q has been 

deposited on the GenBank database (accession MW694790) and will be 

released as soon as possible. 
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Figure 3.8 Gene sequencing analysis of CD24N[36,52]Q using Finch software and 

alignment tool (BLAST2).  

The sequence of CD24N[36,52]Q showed the desired mutation at both N36 and N52 (A). The 

BLAST2 tool indicates the change from AAC to CAA in the N36 site and the change of the 

AAT sequence to CAA in the N52 site with 98% homology in nucleotides sequence (B).  
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3.2.3 Mutant constructs show overexpression of CD24  

 

The successful creation of the CD24N36Q, CD24N52Q, and CD24N[36,52]Q 

expression constructs was confirmed by direct sequencing (Figure 3.5 and 

Figure 3.7). The mutant expression constructs, alongside expression 

constructs for CD24WT and EVC, were transfected into HCT116 and SW480 

cells. Western blotting also confirmed that mutant protein from all the 

constructs was successfully expressed in both cell lines (Figure 3.9A and 

Figure 3.9B). 

It is well known that heavily glycosylated proteins, such as CD24, produce 

smeared bands on Western blotting, and the appearance may be influenced 

by both the pattern and amount of glycosylation. Since we altered putative 

N-glycosylation sites, a change in the banding pattern would be expected 

in the mutant protein if they were true glycosylation sites. However, 

assessment of expression levels and protein size is not reliable in Western 

blots of glycosylated proteins. To ensure that the banding alterations were 

not due to changes in expression of the core protein caused by an 

unidentified mutation in the plasmid, the lysates were digested using an N-

glycosylation digestion mix (Neuraminidase and PNGase F enzymes) to 

remove sugar residues prior to Western blotting. A single 10kDa band was 

observed in all conditions, and similar levels of both mutant and wild-type 

proteins were shown to be expressed (Figure 3.9C and Figure 3.9D). This 

confirmed that any changes seen were due to changes in glycosylation 

rather than changes in protein expression.  
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Evaluation of the banding pattern shows that, compared to the wild-type 

protein, the protein expressed by both CD24N36Q and CD24N52Q ran more 

quickly and was less smeared in the western blot. Thus, in both cases, the 

protein appeared to be less glycosylated, and in both cases, the mutated 

protein had a similar pattern suggesting that the level of glycosylation was 

similar at each of these sites. Consistent with this, the protein expression 

by the construct CD24N[36,52]Q ran more quickly than that expressed by 

either of the single mutant constructs. The double mutant protein still had 

some smearing and did not run as quickly as the protein following 

neuraminidase digestion. This suggests that there is residual acetylation in 

the double mutant protein and, since the N-glycosylation sites have been 

removed, this must represent O-glycosylation. The appearances suggest 

that the majority of glycosylation in CD24 is at the N-glycosylation sites. 
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Figure 3.9 The expression level of CD24 shows variable glycosylation in the 

mutant constructs.   

All mutant constructs were successfully overexpressed in both HCT116 and SW480 with 

band variation compared to CD24WT in Western blot (A). Densitometry and quantif ication 

of Western blot normalised to alpha-tubulin (B). After neuraminidase digestion, the 

relative protein expression of CD24 in HCT116 and SW480 cells expressing CD24WT and 

CD24 mutant constructs showed similar bands at approximately 10kDa (C). The bar graph 

(D) represents the quantitative densitometry analysis of Western blot for CD24 protein 

normalised to alpha-tubulin. The results shown are one representative experiment with 

three biological replicates. The band intensities were analysed by image studio software 

and compared using GraphPad Prism with Student’s t-test (two-tailed, unequal variance), 

**P <0.01, ***P <0.001, ****P <0.0001. Abbreviation: -NA, with Neuraminidase; +NA, 

without Neuraminidase.  
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3.2.4 Transfection efficiency of CD24 and CD24 mutant 

constructs in CRC cells  

 

Transient transfection was to be performed in HCT116 and SW480 using 

CD24-expressing vector or CD24 mutant clones. After transfection, the cells 

would be used for various experiments to study the effect of introducing 

these plasmids on cell activities. It was, therefore, necessary to confirm 

that transfection efficiency is relatively similar for all constructs and had 

not been altered by site-directed mutagenesis.  Flow cytometry was used 

to calculate the percentage of CRC cells expressing CD24 following 

transfection. In this assay, the transfected cells were stained with a CD24 

antibody (described in Chapter 2, section 2.13) and quantified by Beckman 

Coulter FC500. Data analysis, using Kaluza software, showed that in both 

HCT116 and SW480 cell lines, the transfection efficiency for CD24WT and all 

mutant constructs, including CD24N36Q, CD24N52Q, and CD24N[36,52]Q, had 

the same efficiency of approximately 50% to 70% compared to the 

untransfected cells (Figure 3.10A and Figure 3.10B).   
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Figure 3.10 Evaluation of transfection efficiency of CD24WT and CD24 mutant 

constructs by flow cytometry. 

HCT116 and SW480 were analysed 24h post-transfection with CD24WT and CD24-mutant 

constructs. The percentage of CD24 positive cells was indicated for each condition in both 

HCT116 (A) and SW480 (B). The untransfected cells and the cells expressing EVC served 

as controls. The shift to the right indicates the CD24+ cell population.  

 

3.2.5 Loss of CD24 N-glycosylation sites results in increased 

cell proliferation 

 

Our previous studies on the effect of CD24 on cell proliferation have shown 

that CD24 played no role in cell proliferation [202]. In order to investigate 

whether the N-glycosylation sites of CD24 play a role in regulating cell 

proliferation, a PrestoBlue cell proliferation assay was used to determine 

proliferation at four consecutive time points (Figure 3.11A and Figure 

3.11B). As expected, there was no difference in cell numbers between cells 

transfected with CD24WT and cells transfected with EVC (i.e., CD24WT vs. 

EVC) in either HCT116 or SW480. Unexpectedly, transfection with the 

single-site mutant constructs CD24N36Q and CD24N52Q (i.e., CD24N36Q vs. 

CD24WT and CD24N52Q vs. CD24WT) resulted in a significant increase in cell 

numbers from 24 hours onwards in both cell lines (P < 0.0493 at 24h and 

P < 0.001 at the other time points). The size of the effect was similar in 

each mutation, and no statistical difference was observed for CD24N36Q vs. 

CD24N52Q. When the cells were transfected with the double mutant 

construct, the cell number was significantly greater than that seen in single 

mutant transfections, i.e., CD24N[36,52]Q vs. CD24N36Q and CD24N[36,52]Q vs. 
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CD24N52Q (P <0.0001 at each time point). The observations were similar in 

both cell lines, and the greatest effect was seen in the comparison of the 

double mutant with wild type, i.e., CD24N[36,52]Q vs. CD24WT, P < 0.0001 at 

each time point for both HCT116 and SW480. 
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Figure 3.11 Mutations in the N-glycosylation sites of CD24 influence cell 

proliferation. 

Relative cell proliferation values of HCT116 (A) and SW480 (B) cell lines expressing CD24 

and CD24 mutant constructs. A signif icant increase in cell viability for all mutant constructs 

compared to the EVC and CD24WT at 24hrs (***P ≤ 0.001), 48hrs and 72hrs (****P ≤ 

0.0001, respectively). The graphs represent 6 replicates for each condition; collated 

results of two independent experiments shown. Relative cell proliferation shows the 

relative f luorescence unit (RFU) readings that normalised to the reading obtained at 0hr. 

Results are representative of three biological replicates, and error bars indicate the SD.  

The multiple comparison was performed using two-way ANOVA test with Tukey's test (**P 

<0.01, ***P <0.001, ****P <0.0001). 
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3.2.6 Loss of CD24 N-glycosylation sites results in loss of 

motility induction 

 

We have previously shown that CD24 can induce cell motility. Examinations 

into the potential role of N-glycosylation in cell migration were performed 

by comparative transwell migration assays and wound-healing assays using 

cells transfected with mutant constructs and CD24WT. As expected, and in 

concordance with our previous data, CD24WT vs. EVC demonstrated a 

marked increase in transwell cell migration in HCT116 and SW480 (P 

<0.0001 for each) (Figure 3.12A). Transfection of the single mutant 

plasmids (CD24N36Q vs. EVC and CD24N52Q vs. EVC) showed increased cell 

migration, but this was significantly less than that induced by CD24WT 

(CD24N36Q vs. CD24WT and CD24N52Q vs. CD24WT, P= 0.0018 for HCT116, 

P= 0.0045 for SW480). Transfection with the double mutant CD24N[36,52]Q 

caused a further reduction in cell transwell migration compared to CD24WT 

(CD24N[36,52]Q vs. CD24WT, P <0.0001 in both HCT116 and SW480) (Figure 

3.12A). The double mutant retained some ability to induce motility 

compared to the EVC in HCT116 (CD24N[36,52]Q vs. EVC, P <0.0114), but 

this ability appeared to be lost in SW480 (Figure 11A; CD24N[36,52]Q vs. EVC, 

P= not significant (NS).  

Cell motility was also tested using a wound-healing assay, in which the 

residual wound size was measured over 24 hours (as described in Chapter 

2). The data in Figure 3.12C and Figure 3.12D replicated those seen in the 

transwell migration assay in as much as the residual wound was 

significantly smaller in size in CD24WT vs EVC in both cell lines (HCT116 P 
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<0.0001, SW480 P <0.0001). The residual wound size was significantly 

smaller in CD24N36Q vs. EVC (HCT116 P > 0.0046, SW480 P <0.0072) and 

CD24N52Q vs. EVC (HCT116 P <0.0002, SW480 P<0.0045), but the residual 

wound was significantly smaller in CD24WT vs. CD24N36Q (HCT116 P 

<0.0242, SW480 P <0.0181 and CD24WT vs CD24N52Q (HCT116 P <0.0087, 

SW480 P <0.0367). Consistent with the transwell migration data, the 

difference in residual wound size was even more marked for CD24N[36,52]Q 

vs. CD24WT (P <0.0001 for HCT116 and SW480, respectively) and wound 

healing was almost the same in CD24N[36,52]Q vs. EVC for both HCT116 and 

SW480.  

Our previous data showed that CD24 could also induce cell invasion through 

Matrigel (unpublished for cell invasion). Comparative transwell invasion 

assays performed examinations into the potential role of N-glycosylation in 

cell invasion. In concordance with our previous data, CD24WT vs EVC 

demonstrated a marked increase in cell invasion in HCT116 and SW480 (P 

<0.0001 for each) (Figure 3.12B). As with the migration assays, single 

mutant plasmids showed increased cell invasion than with EVC (CD24N36Q 

vs. EVC and CD24N52Q vs EVC) in both cell lines but were less significant 

than CD24WT (P =0.0012). Double mutants CD24N[36,52]Q caused further 

reduction and near-total abrogation in invasion (CD24N[36,52]Q vs CD24WT, P 

<0.0001) in both HCT116 and SW480 (Figure 3.12B). No significant 

difference was observed in CD24N[36,52]Q vs. EVC for both cell lines. 
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Figure 3.12 N-glycosylation mutation causes inhibition in CD24-induced cell 

invasion and migration.  

Transwell migration assay (A) and Transwell invasion assay (B) of HCT116 and SW460 

cells transfected with CD24N36Q and CD24N52Q show a partial reduction in migration and 

invasion compared to the control CD24, whilst CD24N[36,52]Q cells show signif icant depletion 

in both assays. Results are representative of three independents experiments. Wound-

healing assay of HCT116 cells (C) and SW480 (D) showed that overexpression of CD24WT 

results in a reduction of the wound gap compared to EVC. The migration ability was 

inhibited when both CD24 N-glycosylation sites are mutated. The lower panel graphs 

represent the normalized wound gap area of HCT116 (E) and SW480 (F). The graphs and 

wound healing assay’s results shown in the f igure are one representative experiment out 

of three experimental replicates.  The results were evaluated by GraphPad Prism by two-

way ANOVA with Tukey’s multiple comparisons, (nsP>0.05, *P< 0.05, **P <0.01, ***P 

<0.001, ****P <0.0001). 

 

3.2.7 Loss of CD24 N-glycosylation sites result in loss of 

activation of downstream targets and reduction in EMT 

 

We have shown previously in our lab that CD24 promotes EMT [60]. To 

investigate the potential role of N-glycosylation on EMT, HCT116 and 

SW480 were transfected with CD24WT and CD24N[36,52]Q, and the expression 

of EMT-related markers (E-cadherin, N-cadherin, Snail, and Vimentin) was 

measured using Western blot and qPCR. The results showed that, compared 

to EVC, overexpression of CD24WT reduces the expression of E-cadherin 

and increases the expression of N-cadherin in both HCT116 and SW480 

(Figure 3.13B and Figure 3.13C). This phenomenon is described in the 

literature as the ‘cadherin switch’ and is associated with EMT [203]. In the 

same context, the effect of overexpression of the single mutant constructs 
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(CD24N36Q and CD24N52Q) on the expression level of EMT markers was 

similar to that observed in CD24WT (Figure 3.13A). 

Conversely, transfection with CD24N[36,52]Q showed a complete failure to 

induce the cadherin switch in SW480 and a markedly diminished effect in 

HCT116. Complementing the cadherin switch, Snail and Vimentin levels 

were increased in HCT116 and SW480 by forced expression of CD24WT. 

However, the level of these markers was lower in the forced expression of 

CD24N[36,52]Q vs. CD24WT.  

Our unpublished data suggest that CD24 may alter the levels of the target 

molecules at both the transcriptional and post-transcriptional levels. The 

mRNA levels of these targets were, therefore, evaluated by quantitative 

PCR. In both cell lines, the mRNA levels of N-cadherin, Snail and Vimentin 

were increased by transfection with either CD24WT or CD24N[36,52]Q. There 

was, however, no difference in levels of mRNA expression seen between 

the two constructs. Similarly, no difference was seen in the levels of E-

cadherin mRNA following transfection of these constructs but, in SW480, 

the levels of E-cadherin mRNA were higher than that in HCT116 (Figure 

3.13D). 
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Figure 3.13 CD24 N-glycosylation inhibit the EMT mechanism in CRC cells.  

Expression of CD24 along with EMT-related biomarkers (E-cadherin, N-cadherin, Snail, 

and Vimentin) were determined by Western blot post-transfection HCT116 and SW480 

cells with EVC, CD24WT, CD24N36Q, CD24N52Q and CD24N[36,52]Q (A and B). The quantitative 

densitometry analysis of Western blot for CD24 and EMT proteins normalised to alpha-

tubulin (C). RT-qPCR analysis of CD24 and EMT biomarkers in CD24N[36,52]Q showed no 

change in the mRNA levels than cells expressing CD24WT (D). The western blot and graphs 

shown are one representative experiment out of three experimental replicates. The band 

intensities were analysed by image studio software and the multiple comparisons by 

Student’s T-test (two-tailed) compare the data between CD24WT and CD24N[36,52]Q; a 
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signif icant dif ference in Western blot observed but not seen in qPCR. nsP > 0.05, * P < 

0.05, ** P < 0.01, *** P < 0.001.  

 

EMT is a morphological change whereby tumour cells lose epithelial 

properties to gain a mesenchymal appearance.  In order to investigate EMT 

further, phalloidin staining for F-actin was performed.  In comparison to 

cells transfected with EVC, cells transfected with CD24WT acquired spindle-

like features, and phalloidin staining showed actin polymerization and the 

formation of actin filaments in the cytoplasm. In contrast, cells 

overexpressing CD24N[36,52]Q maintained a rounded appearance, with only 

a few cells acquiring an elongated shape. However, the staining with 

phalloidin was similar in CD24N[36,52]Q vs. CD24WT suggesting that, despite 

the loss of the N-glycosylation sites, CD24 was still able to induce actin 

polymerisation (Figure 3.14A and Figure 3.14B).  
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Figure 3.14 Loss of N-glycosylation inhibits CD24-mediated EMT phenotype 

alteration. 

Confocal images of F-actin cytoskeleton staining at ×20 magnif ication for HCT116 (A) and 

Sw480 (B) shows that CD24-overexpressing (CD24WT) cells acquired spindle-like 

structures, whilst cells overexpressing EVC displayed a rounded cell morphology and were 

present in cell clusters indicated by yellow arrows. In contrast, cells transfected with 

mutant CD24 (CD24N[36,52]Q) maintained a rounded appearance with only a few cells 

retaining an elongated shape indicated by white arrows. The experiment was performed 

in triplicate. Scale bar 50µm.  
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3.3 Discussion  
 

CD24 is a putative oncogene expressed in various cancer types, including 

CRC, where its overexpression is defined as a key early event in the 

development of CRC [202]. Glycosylation, in many proteins, plays a 

significant role in normal biological processes and cancer development, 

including tumour cell proliferation, invasion, angiogenesis and metastasis 

[203]. Changes in specific N-linked glycoproteins are associated with the 

development of many diseases, and thus, it is crucial to study N-linked 

glycoproteins to facilitate understanding of disease and help develop 

effective treatments [204, 205].  

The structure of CD24 shows two putative N-glycosylation sites located 

around codon 36 and codon 52 [206]. In this study, we investigated the 

role of these sites in mediating the known functions of CD24, such as cell 

motility and EMT. Firstly, we proved that these sites were bona-fide N-

glycosylation sites. At both sites, we substituted the asparagine with the 

glutamine (Figures 6 and 8), thereby removing the N-glycosylation target 

motif. This substitution would not affect the other O-glycosylation sites and 

would not create any new O-glycosylation sites as glutamine cannot bind 

to O-glycans [207]. Two constructs were created in which each N-

glycosylation site was individually removed (CD24N36Q and CD24N52Q), and 

a third construct was created in which both sites were removed 

(CD24N[36,52]Q). Western blotting confirmed that each of the mutant 

constructs was expressing the protein although the banding patterns were 
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different from the protein expressed by CD24WT. Plasmid transfection 

efficiency and expression of core protein were similar between the different 

constructs leading us to conclude that the variability in the Western blot 

banding patterns was due to variation in glycosylation. The wild-type 

protein showed the classical smeared band. Protein from each of the single-

mutation constructs (CD24N36Q and CD24N52Q) showed less smearing and 

quicker running speed than the wild-type protein; these features are 

consistent with reduced glycosylation. The single-mutation proteins bands 

were very similar, suggesting they had similar levels of glycosylation. 

Protein from the double mutant construct (CD24N[36,52]Q) contains only O-

glycosylation sites, and the smearing of the bands suggested that there 

was glycosylation. However, even though there are 16 putative O-

glycosylation sites, the banding pattern suggests that the overwhelming 

majority of glycosylation of CD24 lies at the N-glycosylation sites. Our 

observations are the first description of this pattern of glycosylation in CRC.  

Having shown that the putative N-glycosylation were indeed true 

glycosylation sites, we next investigated whether N-glycosylation was 

relevant to the known cellular function of CD24, e.g. regulation of EMT, cell 

migration, and cell invasion in CRC cells, as these are crucial steps for 

tumour metastasis [208]. All assays (transwell migration and wound 

healing for cell migration and transwell migration through Matrigel for 

invasion, immunofluorescence with phalloidin staining for EMT) showed 

similar results, i.e., the activity of the single mutants was significantly less 

that of the CD24WT, thereby suggesting each of the sites contributed to 
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these functions. Furthermore, the effect seemed to be additive, as the 

activity of the double mutant (CD24N[36,52]Q) was significantly less than the 

effect of a single mutation (leading to the near-total abrogation of the 

ability to CD24 to induce some of these processes) when both N-

glycosylation sites were mutated. To our knowledge, this is the first report 

of the functional importance of N-glycosylation in CD24. Our data were 

complemented by Western blots showing that loss of N-glycosylation sites 

resulted in the failure of the cadherin switch and a reduced level of induction 

of the motility-related biomarkers Snail and Vimentin. The mRNA’s 

evaluation showed similar levels of induction of gene transcription of N-

cadherin, Snail, and Vimentin by both the wild-type CD24 and double 

mutant CD24N[36,52]Q. This would suggest that the changes observed in 

protein expression were mostly due to post-transcriptional modifications.  

Our results are comparable to other studies that identify the potential role 

of N-glycosylation in inducing migratory and invasion capabilities of tumour 

cells [107, 194, 209]. The exact mechanism through which the N-

glycosylation sites induce these changes are uncertain, but we would 

conjecture that the glycosylated asparagine residues at codons 36 and 52 

are able to form complexes with and activate target cell surface molecules. 

The additive effects could be explained by each glycosylated residue 

contributing a certain amount to the total avidity for the target molecules. 

Since both transcriptional and post-transcriptional effects are seen, it is 

likely that several different pathways are activated. This would fit with the 

multiple binding partners described for CD24 [142].  
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EMT is associated with the acquisition of cell motility [210]. We, and others 

previously, have demonstrated CD24 involvement in EMT of CRC cells [142, 

211]. Immunofluorescence studies, in line with the cell motility studies, 

showed that cells transfected with CD24WT acquired a spindle-shaped 

mesenchymal phenotype (compared to cells transfected with EVC), and this 

was accompanied by actin polymerization. In cells transfected with the 

double mutant, CD24N[36,52]Q, the cells retained a rounded epithelioid 

phenotype similar to that seen in cells transfected with EVC. The only 

inconsistency in our data is that cells transfected with CD24N[36,52]Q also 

showed actin polymerization at a level similar to that seen with CD24WT. 

Thus, it is apparent that CD24 can induce actin polymerization and be 

mediated by mechanisms independent of N-glycosylation. It is uncertain 

what these mechanisms are, whether they are related to the residual low-

level O-glycosylation and how they are coordinated with the N-

glycosylation-dependent mechanisms of motility induction.  

Previously, we have shown that CD24 has no influence on proliferation in 

CRC cell lines [120]. Therefore, it was surprising to observe that mutation 

of either of the N-glycosylation sites resulted in increased proliferation in 

both HCT116 and SW480 cells. As with the studies for motility, the size of 

the effect was similar for each mutation but, when combined together in 

the construct CD24N[36,52]Q, the effects appeared to be additive. There is 

obviously a gain-of-function acquired through the removal of the N-

glycosylation sites, which suggests that some signalling pathways are 

activated that are not activated by CD24WT. We would conjecture that loss 
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of N-glycosylation may allow the CD24 to activate and form complexes with 

cell surface molecules (such as growth factor receptors) from which it would 

ordinarily be shielded by the sugar residues around codon 36 and 52. If it 

is a true biological phenomenon, it may be related to the role of CD24 as 

an inducer of stemness [212, 213]. Stem cells often have proliferative 

quiescence, and CD24 may induce this through N-glycosylation. 

Alternatively, it could be an artefact of our experimental system. Either 

way, our data warrant further investigation to identify the targets leading 

to this observed stimulation of proliferation. 

To summarise, we have confirmed, in two different CRC cell lines, that the 

putative N-glycosylation sites of CD24 around codon 36 and codon 52 are 

true targets for glycosylation. For the first time, these sites have been 

shown to be functionally active mediators of CD24-induced EMT and cell 

motility (both cell migration and cell invasion) in CRC. The function of the 

N-glycosylation sites is mediated through both transcriptional and post-

transcriptional mechanisms, although actin polymerisation may be 

mediated through N-glycosylation-independent pathways of CD24. 

Unexpectedly, the N-glycosylation sites may also play a role in cell 

proliferation. These results suggest that CD24 N-glycosylation may play a 

role in progression and metastasis in CRC. Further studies are necessary to 

elucidate the mechanisms of CD24 activity in CRC and explore whether it 

could be a target for therapy. 
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3.4 Summary of findings  
 

❖ CD24WT played no role in CRC cells proliferation in CD24 expressing 

cells or in CD24-silenced cells.  

❖ CD24 overexpression in CRC cells induces cell migration and 

invasion, whereas reducing the level of CD24 by siRNA decreased 

the migration and invasion capability.   

❖ Single and double CD24 mutant constructs were created to 

understand the biological effect of N-glycosylation on the activities 

of CD24 in CRC cells.   

❖ The mutant constructs were confirmed by direct sequencing and 

Western blot.  

❖ Surprisingly, loss of N-glycosylation of CD24 increased CRC cell 

proliferation.    

❖ The role of CD24 in the induction of cell motility was inhibited 

following transfection with a double-mutant clone, while single 

mutant clones showed an increase in these activities but were less 

significant than wild-type CD24.  

❖ The ability of CD24 to regulate EMT and cadherin switch in CRC cells 

is dependent on N-glycosylation.   
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Chapter 4: Investigation of the role of CD24/P-

selectin binding in CRC metastasis  

 

4.1  Introduction 
 

Tumour metastasis is the most common cause of cancer death, accounting 

for about 90% of all cancer mortality [214]. As described in Chapter 1, 

section 1.4.3, multiple molecular and cellular processes are required to 

occur in specific sequential steps in order for metastasis to occur [215].  

Two important steps are the invasion of tumour cells into blood vessels and 

then the extravasation of tumour cells when they reach the secondary site 

[216]. The necessary intravasation and extravasation steps are mediated 

by the interaction between adhesion receptors, such as selectins, on 

endothelial cells and their cognate ligands on the surface of cancer cells 

[217].  

Selectins are vascular cell-cell adhesion receptors that interact with 

sialylated carbohydrate determinants, such as sialyl Lewis A and X, and 

with mucin-like glycoproteins, such as CD24 [153, 218]. 

P-selectin (CD62) is the largest receptor within the selectin family.  It is a 

calcium-dependent receptor and contains nine short consensus repeat 

(SCR) domains [219].  When stimulated with pro-inflammatory factors such 

as thrombin, P-selectin translocates rapidly from intracellular storage sites 

(the Weibel-Palade bodies) to the surface of the endothelial cells [220]. It 

plays a crucial role in promoting the adhesion of leucocytes to endothelium 

and extravasation during inflammation. It may play a similar role in terms 
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of cancer metastasis [221], and P-selectin has been found to bind 

particularly vigorously to various CRC cells [222-224].  

The best-characterised ligand for P-selectin is P-selectin glycoprotein 

ligand-1 (PSGL-1), a 120 kDa glycoprotein that binds to all selectin family 

members but which has a particularly high affinity for P-selectin [225]. 

PSGL-1 is strongly expressed in haematopoietic cells and plays a significant 

role in mediating immune cell differentiation and leukocyte rolling on the 

endothelium [226].  

CD24 has been shown to bind to endothelial P-selectin; however, apart 

from one study in breast cancer, which showed binding to E-selectin [227], 

it does not bind to other selectin families [107]. Some studies have shown 

that the interaction of CD24 with P-selectin enhances breast cancer 

metastasis and the migration of cancer cells into lung tissue [107, 108]; 

another study has indicated that CD24/P-selectin binding facilitates ovarian 

cancer cell adhesion to mesothelial cells [228].  

It was thus hypothesised that, in CRC, endothelial P-selectin-CD24 

interaction may occur, and it could be an essential factor in promoting 

haematogenous metastasis. To test this hypothesis, CRC cells expressing 

CD24 were stimulated with a recombinant human P-selectin protein, and 

the effect of this stimulation on activating CD24’s downstream molecules, 

cell proliferation, and motility was investigated. Following this test, co-

culture models were created by culturing CRC cells on top of an endothelial 

cell monolayer in order to develop a better understanding of the 

mechanisms through which the P-selectin/CD24 complex triggers CRC cell 
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adhesion to the endothelium and to begin to understand the contribution 

of this binding process to CRC metastasis. 
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4.2  Results  
 

4.2.1 Stimulation of CD24 positive cell line (SW620) with 

recombinant P-selectin   

 

As previously noted, PSGL-1 and CD24 have been identified as common P-

selectin ligands in cancer cells [82, 229]. Consequently, the expression 

levels of PSGL-1 and CD24 were initially investigated using Western blot 

and immunofluorescence in three different CRC cell lines (HCT116, SW480 

and SW620). The results showed that, as expected, CD24 was only 

expressed in the SW620 cell lines, while PSGL-1 was not expressed in any 

of the cells (Figure 4.1A and Figure 4.1B). 

Recombinant human P-selectin (R-SELP) protein was added to the CRC cells 

expressing CD24 as a stimulant in order to determine whether such 

stimulation would activate CD24. SW620, the only cell line expressing a 

high level of CD24, was stimulated with two different concentrations (5 

µg/ml and 10 µg/ml) of R-SELP protein. The cells were tested at different 

times after stimulation (30 min, 60 min, and 120 min) and blotted against 

the SWA11 (CD24) antibody. As Cten downstream signalling target of CD24 

(unpublished data), it was also tested. The Western blot data showed that 

after one hour, there was an increase in the protein expressions of both 

CD24 and Cten, whereas no noticeable effect was observed in the control 

cells stimulated only with H2O (Figure 4.2A and Figure 4.2B). 

 

 

 



 

130 

 

 

 
 

 
Figure 4.1 PSGL-1 does not express in CRC cells.  

The expression level of CD24 and PSGL-1 in three different CRC cell lines using 

immunofluorescence staining (scale bar 100µm) and Western blot (A and B). CD24 was 

signif icantly expressed only in SW620 but not in other cell lines (HCT116 and SW480), 

while no expression of PSGL-1 was shown in any of the tested cell lines. The band 

intensities were analysed by image studio software and the results from one representative 

experiment. Abbreviation; PSGL-1: P-selectin glycoprotein ligand-1.  
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Figure 4.2 Stimulation of SW620 with P-selectin activates CD24 and its 

downstream target, Cten. 

Western blot shows the expression of CD24 in only SW620 stimulated with different 

concentrations of recombinant P-selectin protein (5 ug/ml, left, and 10 ug/ml, right) at 

dif ferent time points and the expression level of CD24 and Cten as evaluated by Western 

blot (A), the western blot images shown are one representative experiment, repeated 

twice. Densitometry of the relative expression of CD24 and Cten normalised to alpha-

tubulin (B).  The band intensities were analysed by image studio software and compared 

using GraphPad Prism with Student’s t-test (two-tailed, unequal variance), nsP>0.05, * P 

< 0.05, ** P <0.01, *** P < 0.001.  
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4.2.2 P-selectin activates CD24 and its downstream signalling 

molecules 

 

Stimulation of SW620 with soluble P-selectin caused an apparent increase 

in both CD24 and its downstream target Cten. It was necessary to 

determine whether this was mediated through CD24 or through another 

receptor. In order to do this, CD24 expression was modulated in CRC cell 

lines by stimulation with R-SELP.  

HCT116 and SW480 do not express CD24, and these were transfected with 

a CD24-expression vector. SW620 has high CD24 expression, and this was 

therefore transfected with anti-CD24 siRNA. Following transfection, the 

cells were stimulated with R-SELP protein for one hour, and the resulting 

protein lysates were collected and blotted with antibodies for CD24 and its 

downstream targets: Notch1, Cten, FAK, and ILK.  

In HCT116, the control cells (i.e., those transfected with empty vector 

controls, HCT116EVC, showed no difference in the expression of CD24 or its 

downstream targets when stimulated with R-SELP compared to stimulation 

with H2O (or whatever we used). By contrast, in the cells transfected with 

the CD24 expression construct HCT116CD24, there was an expression of 

CD24 and its downstream targets. However, when these cells were 

stimulation with R-SELP, the levels of CD24 seemed to be increased as well 

as the levels of the downstream targets (Figure 4.3A). The same results 

were seen in the SW480 cell line, similar to those for HCT116 (see Appendix 

VI). 
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SW620 normally expresses CD24, and in the control cells (i.e., those 

transfected with siRNA targeted to luciferase, SW620Luc, there was an 

expression of CD24 and its downstream targets (as would be expected 

based on the data from the previous section). However, when these cells 

were stimulated with R-SELP, the levels of CD24 appeared to increase as 

well as the levels of the downstream targets. In the cells transfected with 

siRNA targeted to CD24 (SW620CD24Neg), there was a loss of expression of 

CD24, and, in the absence of CD24, the expression of CD24 targets was 

not altered following stimulation with R-SELP (Figure 4.3B). 

The results, taken together, show a significant increase in the expression 

of CD24 protein and its downstream-signalling molecules after R-SELP 

stimulation, but only in the presence of CD24 protein. This suggests that 

P-selectin binding with CD24 stabilise CD24 level and it activates the CD24 

signalling pathways.  

The regulatory effect of P-selectin on mRNA expression for CD24 and the 

CD24 signalling pathways in CRC cells was then investigated. The results 

show that there was a significant increase in the levels of CD24 and its 

downstream targets upon P-selectin stimulation compared to that seen 

under non-stimulated conditions (Figure 4.3C and Figure 4.3D). 

 

 

 

 

 



 

134 

 

 

 
 

 

 

 

 

 

 

 

 

 



 

135 

 

 

 
 

 

Figure 4.3 P-selectin/CD24 signalling pathways.  

Western blot (left) and densitometry analysis (right) of the protein expression of CD24 

and its downstream signalling pathways (Notch1, Cten, FAK, and ILK) after stimulation 

with P-selectin in HCT116 (A) and SW620 (B). The band intensities were analysed by 

image studio software and compared the stimulated and non-stimulated using GraphPad 

Prism with a student’s T-test (two-tailed), ** P <0.01, *** P < 0.001, **** P < 0.0001.  

The effect of P-selectin on CD24 expression (left) and CD24 signalling pathways (r ight) at 

mRNA level in HCT116 (C) and SW620 (D). All values of PCR in graphs C and D were 

analysed by a One-Way ANOVA test with Sidak’s multiple comparisons performed on 

GraphPad Prism, * P < 0.05, ** P <0.01, *** P < 0.001. The western blot and PCR results 

shown in the f igure are one representative experiment with two biological replicates. 

Abbreviations: EVC: empty vector control; LUC: luciferase; P-sel: P-selectin.  
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4.2.3 CD24 binds to P-selectin  

 

CD24 has been identified in several studies as a major ligand for P-selectin 

[82, 107], and our data suggest that the CD24-P-selectin interaction 

activates a signalling pathway. To further support this hypothesis, a protein 

binding assay was therefore performed using Co-IP to determine whether 

CD24 interacts with P-selectin in CRC cells. The HCT116 cell line was initially 

transfected with CD24, a process that was followed by a one-hour 

stimulation with R-SELP. The HCT116 cell overexpressing CD24 was then 

immunoprecipitated with a P-selectin antibody overnight before being 

immunoblotted using an anti-CD24 (SWA11) antibody. In the Western blot 

test, a clear smeared band corresponding to CD24 (30-70 kDa) was 

detected in the Co-IP product lane. There was no band seen in the control 

lane (beads alone), thus confirming that CD24 is pulled down by P-selectin 

and confirming that they do form a physical complex (Figure 4.4). 
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Figure 4.4 Interaction of P-selectin with CD24 as determined by Co-IP.  

HCT116 was transfected with the CD24 expression vector and then stimulated with 

recombinant P-selectin. The cell lysate was immunoprecipitated using an anti-P-selectin 

antibody and blotted with an anti-SWA11 (CD24) antibody. The input was thus used as a 

positive control, while the beads served as a negative control, with the SWA11 (CD24) 

antibody used to determine the interaction of CD24 with P-selectin, as seen in the P-

selectin IP lane. The results shown are one representative experiment, repeated twice.   

 

4.2.4 P-selectin stimulation does not alter CRC cell 

proliferation, but it induces cell motility  

 
 

After achieving confirmation that P-selectin interacts with CD24 to 

stimulate the expression of CD24 and its targets, we next sought to 

evaluate whether this resulted in any change in cellular function. The effect 

of P-selectin stimulation on cell proliferation was determined using a cell 

viability assay. No statistical difference was demonstrated in cell 
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proliferation between HCT116 transfected with CD24-expression vector and 

SW620 transfected with siRNA CD24 following P-selectin stimulation 

(Figure 4.5A and Figure 4.5B). These results are expected given that we 

have never shown an effect of CD24 on promoting cell proliferation. The 

data do, however, show that there is no effect of P-selectin stimulation on 

these cell lines through alternative cell surface molecules. 

We have shown that CD24 can induce cell motility. Transwell chamber 

assays were used to examine whether the P-selectin interaction with CD24 

could alter the capacity of CRC cells to migrate and invade the surrounding 

microenvironments. The data reflected the changes seen on Western 

blotting. After stimulation of HCT116CD24 and HCT116EVC with R-SELP, a 

significant increase in the number of migrating and invading cells was 

observed in the HCT116CD24 compared to that seen in the non-stimulated 

control cells, P≤ 0.0001. By contrast, no significant effect of stimulation 

with R-SELP was observed in the HCT116EVC (Figure 4.5C and Figure 4.5D). 

Similarly, in SW620, the cells transfected with the siRNA for luciferase 

(SW620Luc) showed an increase in both cell migration and invasion following 

R-SELP stimulation, P≤ 0.01. However, P-selectin stimulation did not 

restore the migration and invasion capability in CD24-silenced cells 

(SW620CD24Neg) (Figure 4.5E and Figure 4.5F). The data indicate that P-

selectin stimulation can induce cell motility (both transwell migration and 

transwell invasion through Matrigel) and that this requires CD24. 
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Figure 4.5 CD24/P-selectin binding did not alter cell proliferation, instead 

increasing cell motility.  

A PrestoBlue assay showing cell proliferation unchanged in both HCT116 (A) and SW620 

(B), with and without recombinant P-selectin. The transwell assay shows a signif icant 

increase in cell migration after stimulation with P-selectin (HCT116CD24/P-selectin) compared 

to that seen in the non-stimulated cells (HCT116CD24), which served as a control (C). 

Similarly, increased cell invasion is seen upon stimulation with P-selectin in HCT116 (D). 

A signif icant inhibition in cell migration (E) and invasion (F) was observed in CD24-silenced 

SW620 compared to that observed in the LUC control while stimulating SW620 cells with 

R-SELP after silencing CD24 with siRNA showed no effect on cell migration and invasion 

ns 
ns 

ns 
ns 
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abilities. The statistical analysis shows the mean ±SD of triplicates experiments based on 

two-way analysis of variance (ANOVA) with Tukey's multiple comparisons to analyse 

migration and invasion assays,nsP>0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.  

The assay was performed in triplicate.  

 

4.2.5 The CD24-P-selectin interaction regulates the adhesion 

of CRC cells to endothelial cells 

 

Adhesion of tumour cells to endothelial cells is an essential step for tumour 

cell extravasation as part of the process of cancer metastasis [229]. Having 

shown that CD24 and P-selectin formed a physical complex, we 

hypothesised that this complex could regulate CRC cell adhesion to 

endothelial cells. To test this hypothesis, CD24 was overexpressed and 

silenced in HCT116 and SW620, respectively (as confirmed by Western blot, 

Figure 4.6A and Figure 4.6B). An adhesion assay was then carried out by 

co-culturing the CD24 transfected cells on top of pre-stimulated endothelial 

cells (HUVEC) with TNF-α for 4 hr (as described in Chapter 2, section 

2.11.5). The presence of CD24 promoted adhesion in HCT116 as the 

number of adherent cells was significantly greater if CD24 was ectopically 

expressed (HCT116CD24) when compared to those transfected with EVC 

(HCT116EVC, P<0.001) (Figure 4.6C). Conversely, CD24 knockdown 

resulted in a significant reduction in the adhesion of SW620 cells to HUVEC 

cells (SW620CD24Neg vs SW620Luc, P<0.01 Figure 4.6D). These results 

suggest that CD24 plays an influential role in the adhesion of CRC cells to 

endothelial cells.  
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Figure 4.6 CD24 regulates the adhesion of CRC cells to endothelial cells.  

Western blotting evaluation of CD24 protein expression following overexpression in 

HCT116 (A) and knockdown in SW620 (B). Densitometry analysis showing normalisation 

of the targeted protein to alpha-tubulin after evaluation with Student’s T-test (two-tailed),  

**P <0.01, ****P <0.0001  (A and B, right). The western blot images shown are one 

representative experiment, repeated twice.  The effect of CD24 on the adhesion of HCT116 

(C) and SW620 (D) to the HUVEC. Cell adhesion statistical dif ferences were determined 

by calculating the relative f luorescence unit (RFU) value ratio for washed cells to non-

washed cells (C and D, right) and evaluated by GraphPad Prism by two-way ANOVA with 

Tukey’s multiple comparisons, *P< 0.05, **P <0.01, ***P <0.001, ****P <0.0001. The 

**** 
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adhesion assay was performed in three replicates. Abbreviation: EVC: empty vector 

control; LUC: Luciferase control for siRNA.  

 

Having shown that CD24 mediates adhesion to endothelial cells, we next 

sought to show that this was mediated through interaction with P-selectin 

rather than another endothelial receptor. Accordingly, adhesion assay was 

performed following modulation of P-selectin on HUVEC cells. 

Before the assays were performed, HUVEC cells were stimulated either with 

TNF-α or thrombin to activate P-selectin expression. As shown by the 

Western blot results, both cytokines increase P-selectin levels compared to 

unstimulated cells (Figure 4.7A). In order to perform the experiments, 

Following HUVEC activation with TNF-α, P-selectin was down-regulated 

using siRNA targeted to P-selectin (HUVECPS-neg) whilst activated HUVEC 

cells transfected with siRNA for luciferase (HUVECLuc) were used as controls 

(Figure 4.7B). 
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Figure 4.7 Western blot of CD24 in HCT116 and SW620, P-selectin in HUVEC.  

Western blot results confirming the activation of P-selectin in HUVEC with 10ng/ml TNF-α 

and 1 Unit/ml thrombin (A). P-selectin knockdown using siRNA targeting P-selectin in 

HUVEC cell that stimulated with TNF-α (left-B) and non-stimulated cells (right-B). The 

band intensities were analysed by image studio software and compared using GraphPad 

Prism with Student’s t-test (two-tailed, unequal variance), *P< 0.05, **P <0.01, ***P 

<0.001. The western blot images shown are one representative experiment, repeated 

twice 

 

Adhesion assays were therefore performed on endothelial cells which had 

variable levels of P-selectin expression. The assays were also performed 

using HCT116 and SW620 cells in which, as with the earlier assay, the 

levels of CD24 expression were modulated (Figure 4.6A and Figure 4.6B). 

*** 
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The adhesion assays showed that the interaction between CD24 and P-

selectin was necessary to promote adhesion between the CRC cells and the 

HUVECs. In HCT116, strong adhesion with HUVECs occurred only when 

both molecules were present in the co-culture (i.e., HCT116CD24/ HUVEC Luc, 

P<0.0001). This was significantly reduced if CD24 was absent HCT116, but 

P-selectin was present in HUVECs (i.e., HCT116EVC/ HUVECLuc) or CD24 was 

present on HCT116, but P-selectin was absent on HUVECs (HCT116CD24/ 

HUVECPSneg). The absence of either one of the molecules resulted in a 

similar level of adhesion to that seen when both molecules were absent 

(i.e., HCT116EVC/ HUVECPSneg) (Figure 4.8A). The data were identical in 

SW620; the presence of both molecules (SW620Luc/ HUVECLuc, P<0.01) 

resulted in strong adhesion, which was abrogated when CD24 was lost in 

SW620 (SW620CD24neg/ HUVECLuc) or P-selectin was lost in the HUVECs 

(SW620Luc/ HUVECPSneg). The loss of either one of the molecules resulted in 

a similar level of adhesion to that seen when both were missing 

(SW620CD24neg/ HUVECPSneg) (Figure 4.8B). 
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Figure 4.8 interaction of CD24/P-selectin regulates the adhesion of CRC cells to 

endothelial cells 

Adhesion of HCT116CD24 was inhibited when co-culture with HUVECPSneg compared to 

HCT116CD24/HUVECLUC (A). Similarly, inhibition of the adhesion of SW620LUC to HUVECPSneg  

was observed when compared to SW620CD24neg/ HUVECPSneg (B). This experiment was 

performed in three replicates. The statistical analysis were evaluated by GraphPad Prism 

by two-way ANOVA with Tukey’s multiple comparisons, *P< 0.05, **P <0.01, ***P 

<0.001, ****P <0.0001. Abbreviation: EVC: empty vector control; LUC: Luciferase control 

for siRNA; PSNeg: P-selectin siRNA. 
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4.2.6 CD24-P-selectin interaction mediates trans-endothelial 

migration  

 

Following adhesion to endothelium, the next step in the metastatic cascade 

is extravasation into the extravascular space in order to form a new colony. 

In a reversal of the process of vascular invasion, this would involve 

migration firstly across a barrier made of endothelial cells and then, for 

large blood vessels, migration through the muscular wall or, for capillaries, 

migration into the extracellular tissue of the metastatic site. Having shown 

that stimulation of CD24 by soluble recombinant P-selectin results in 

increased cell motility, we hypothesized that P-selectin expressed on 

endothelial cells could stimulate migration across the “endothelial barrier”.  

We measured trans-endothelial migration using transwell co-culture assay. 

Firstly, HUVECs were layered onto the base of the insert. Once there was 

confluent, the epithelial cells were layered on top, and the migration of 

epithelial cells (labelled with calcein-AM) was measured. In order to test 

the importance of each of the molecules, the CD24 expression was 

modulated in the epithelial cells, and P-selectin expression was modulated 

in the endothelial cells (as described in the previous section).   

Similar results were obtained from the trans-endothelial migration assay as 

were seen in the adhesion assay, where the interaction of CD24 and P-

selectin in CRC cells promoted cell motility, but each molecule needed to 

be present for the effect to be seen. Thus, in HCT116, trans-endothelial 

migration occurred in the co-culture of HCT116CD24/ HUVECLuc (i.e., both 

molecules were present), but this was reduced if either CD24 or P-selectin 
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was absent (HCT116EVC/ HUVECLuc and HCT116CD24/ HUVECPsneg, 

P<0.0001). The experiments in SW620 also indicated that the presence of 

both molecules (SW620Luc/ HUVECLuc) was necessary for trans-endothelial 

migration to occur but was lost when either one was lost (SW620CD24neg/ 

HUVECLuc or SW620Luc/ HUVECPsneg, P<0.0001). The loss of either one of 

the molecules resulted in a similar level of migration to that seen when both 

were missing (SW620CD24neg/ HUVECPSneg) (Figure 4.9A and Figure 4.9B). 
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Figure 4.9 CD24/P-selectin interaction regulates trans-endothelial migration. 

Silencing CD24 and P-selectin individually or together in CRC cells and HUVECs, 

respectively, inhibited the migration of both HCT116 and SW620 through the endothelial 

monolayers (A and B). The graphs shown in the f igure are one representative experiment 

out of three experimental replicates.  The results were evaluated by GraphPad Prism by 

two-way ANOVA with Tukey’s multiple comparisons nsP>0.05, *P< 0.05, **P <0.01, ***P 

<0.001, ****P <0.0001). Abbreviation: EVC: empty vector control; LUC: Luciferase 

control for siRNA; PSNeg: P-selectin siRNA. 



 

149 

 

4.2.7 Loss of CD24 N-glycosylation disrupts CD24/P-selectin 

interaction and signalling pathway activation 
 

In the previous chapter, loss of N-glycosylation of CD24 was shown to result 

in the inhibition of activities of CD24 in CRC cells. It was, therefore, of 

interest to see whether the CD24 N-glycosylation was relevant in the P-

selectin/CD24 interaction. First, the physical interaction of CD24 with P-

selectin was examined using Co-IP assay, as discussed above. The HCT116 

cell was transfected with CD24N[36,52]Q and stimulated with R-SLEP protein. 

After this stimulation, the protein lysate was immunoprecipitated with an 

anti-P-selectin antibody and blotted with an anti-CD24 (SWA11) antibody. 

The resulting IP-products showed no physical interactions between 

CD24N[36,52]Q and P-selectin (Figure 4.10A); the reduction in band intensity 

in the input lane is instead most likely due to glycosylation modification, 

described in detail in Chapter 3. Overall, the Co-IP results indicate that N-

glycosylation of CD24 is essential for P-selectin binding. Having shown that 

P-selectin stimulation led to the activation of CD24’s downstream signalling 

molecules (Notch1, Cten, FAK, and ILK), more insights into P-selectin 

stimulation effects on CD24 signalling pathways were sought using HCT116 

transfected with the CD24 double mutant construct (CD24N[36,52]Q). The 

ensuring Western blot results were consistent with the previous data, with 

P-selectin stimulation leading to an increase in the expression level of CD24 

downstream targets in cells expressing CD24WT. By contrast, stimulation 

with P-selectin did not affect these molecules in cells transfected with 

CD24N[36,52]Q nor in EVC (Figure 4.10B, Figure 4.10C and Figure 4.10D). 
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Figure 4.10 N-glycosylation mutation impairs CD24/P-selectin signalling in 

CRC. 

CD24 did not bind to P-selectin when N-glycosylation sites were mutated (A). The co-IP 

results shown are one representative experiment out of two experimental replicates. P-

selectin stimulation after overexpression of CD24WT and CD24N[36,52]Q in HCT116 led to an 

increase in the protein levels of CD24 downstream signalling pathways (Notch1, Cten, 

FAK, ILK). However, P-selectin did not affect these molecules’ expression in HCT116 

transfected with CD24N[36,52]Q (B). Protein densitometry of relative expression of CD24 and 

its downstream molecules after normalisation to alpha-tubulin (C, D). The band intensities 

were analysed by image studio software and the western blot experiment was performed 

once.     
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4.2.8 Loss of N-glycosylation in CD24 inhibits P-selectin-

mediated cell adhesion and transendothelial migration.  

  
Observations suggest that loss of N-glycosylation of CD24 leads to 

constraints on CD24-mediated CRC cell motility and disrupts the 

interactions with P-selectin. To investigate the effect of loss of CD24 N-

glycosylation on CRC cell adhesion to HUVEC and transendothelial 

migration, HCT116 was transfected with CD24N[36,52]Q alongside activating 

the expression of P-selectin in HUVEC cells using TNF-α. Western blot 

testing then confirmed the CD24N[36,52]Q overexpression in HCT116 and P-

selectin activation in HUVEC (Figure 4.11A and Figure 4.11B).  

Following this confirmation, adhesion and transendothelial migration assays 

were performed. The adhesion assay data show that loss of CD24 N-

glycosylation (HCT116CD24N[36,52]Q) significantly decreased HCT116 

adhesion to HUVEC cells when compared to HCT116CD24, P<0.001 (Figure 

4.12A and Figure 4.12B). 

The importance of N-glycosylation of CD24 in facilitating the binding with 

P-selectin-mediated transendothelial migration was also investigated. The 

manipulated HCT116 cells with CD24 or CD24N[36,52]Q were co-culture with 

endothelial cells. The data showed that the loss of N-glycosylation in CD24 

led to a decrease in the trans-endothelial migration of HCT116N[36,52]Q 

compared to HCT116CD24, P<0.001 (Figure 4.12C). These results further 

confirm the potential role of N-glycosylation sites in CD24 in terms of 

modulating binding with P-selectin and the resulting cellular activities in 

CRC.   
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Figure 4.11 Western blot of CD24N[36,52]Q after stimulation with P-selectin and 

knockdown of P-selectin in HUVECs. 

Confirmation of the overexpression of CD24WT and double mutant construct (CD24N[36,52]Q) 

in HCT116 stimulated with and without P-selectin (10 μg/ml) (A). Successful knockdown 

of P-selectin in HUVEC pre-stimulated with 1 Unit/ml thrombin (B). Densitometry analysis 

showing normalisation of the targeted protein to alpha-tubulin. The band intensities were 

analysed by image studio software and compared using GraphPad Prism with Student’s t-

test (two-tailed, unequal variance), ***P <0.001, ****P <0.0001. The western blot 

images shown are one representative experiment, repeated twice. Abbreviations: EVC: 

empty vector control; P-sel: P-selectin.  
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Figure 4.12 Loss of N-glycosylation in CD24 (CD24N[36,52]Q) inhibits the HCT116 

adhesion and transmigration through HUVEC cell monolayers.  

Adhesion of HCT116 expressing CD24N[36,52]Q inhibited upon P-selectin silencing in HUVEC 

(A). Adhesion assay ratio of washed cells to the non-washed cells (B). Transendothelial 

migration assay after transfection of HCT116 with CD24WT and CD24N[36,52]Q and P-selectin 

knockdown in HUVECs (C). The error bar represents the SD means; the * indicate 

signif icant dif ferences between means between three independent replicates. The results 

were evaluated by GraphPad Prism by two-way ANOVA with Tukey’s multiple comparisons, 

*P< 0.05, **P <0.01, ***P <0.001, ****P <0.0001.   
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4.3  Discussion  
 

The investigations discussed in this chapter were based on a study by 

Aigner et al., who first demonstrated the relationship between CD24 and P-

selectin in human tumour cells. Their study indicated that CD24 could act 

as a ligand for P-selectin, and subsequent studies then suggested that this 

interaction might promote tumour metastasis [82, 230]. 

Based on such observations, this chapter aimed to explore the role of 

CD24’s interactions with P-selectin and the impact of such interactions on 

the processes involved in cancer metastasis. The basic hypothesis was that 

CD24 mediates CRC cell adhesion to endothelial cells via its binding to P-

selectin, consequently promoting CRC cell motility, leading to extravasation 

and metastasis. Several experiments in vitro examining this hypothesis 

were implemented using different cell lines and different methodologies 

(both via ectopic expression and gene knockdown).  

 Our data demonstrate that the protein expression of CD24 and its 

downstream target molecules (such as Cten) increased after stimulation 

with recombinant P-selectin. Using qPCR testing, we were able to show that 

P-selectin activates CD24 and its downstream targets at the mRNA level.  

Furthermore, we were able to show that the CD24-P-selectin interaction is 

functionally relevant in promoting transendothelial migration. These 

observations were consistent with published data showing that P-selectin 

requires a receptor in tumour cells, such as CD24, to regulate metastatic 

processes [82].  
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Using Co-IP assays, we showed that CD24 physically formed a complex 

with P-selectin and that this binding promoted the adhesion of cancer cells 

to the endothelium. 

Taken together, the data suggest that the CD24-P-selectin interaction can 

promote a number of the steps which are involved in the metastatic 

cascade. The interaction appears to be specific, and we were able to exclude 

PSGL-1 as a potential alternative; the possibility of other molecules 

interacting with P-selectin cannot be excluded. 

The functional interaction between CD24 and P-selectin appears to require 

both proteins, and it increases levels of CD24 and its downstream targets. 

The altered expression suggests either increased transcription or 

stabilisation of the protein. There was an increase in CD24 mRNA, thus 

suggesting that there was transcriptional activation and a positive feedback 

loop. If that is the case, it begs the question of whether the effects seen on 

the other targets are due to direct activation of CD24 signalling pathways 

(in parallel to the pathway that activates CD24) or whether it is simply a 

phenomenon of increased expression of CD24 protein. The only way to 

resolve this would be to transfect CD24 which had been modified to have a 

cDNA sequence different from the endogenous wild-type sequence, and 

simultaneously knockdown the endogenous sequence. This would prevent 

a P-selectin induced expression of CD24 and, if the other targets were still 

up-regulated, it would show that P-selectin activated numerous 

downstream signalling pathways to induce targets of CD24 
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The impact of P-selectin/CD24 binding on cell viability was also 

investigated; stimulation with P-selectin did not affect cell viability either in 

HCT116 transfected with CD24 or in SW620 transfected with CD24 siRNA. 

These results agreed with those gathered by Ahmed et al., which suggested 

that CD24 does not play an influential role in cell proliferation [120]. This 

data supports the idea that the activity of CD24 in inducing cell motility is 

not dependent on cell proliferation and is actually a genuine induction of 

motility. 

The findings in the previous chapter showed that N-glycosylation plays a 

vital role in CD24-mediated cell motility and EMT in CRC. Similarly, other 

studies have indicated that the glycosylation of cancer cell surface 

glycoproteins might mediate the binding to endothelial P-selectin [231-

233]. In this chapter, therefore, the impact of CD24 N-glycosylation on 

binding to P-selectin was assessed. HCT116 was transfected with CD24WT 

and CD24N[36,52]Q, followed by P-selectin stimulation. The resulting CD24/P-

selectin interaction was examined by Co-IP. The data showed that the 

CD24/P-selectin interaction was disrupted by the loss of N-glycosylation in 

CD24. In addition, stimulation of the HCT116 expressing CD24N[36,52]Q with 

P-selectin did not change CD24’s downstream signalling molecules’ protein 

expression. These data suggested the possibility that CD24 requires N-

glycosylation moieties to bind to P-selectin. 

Given that the previous chapter showed that the majority of glycosylation 

in CD24 appears to be N-glycosylation, this is not altogether surprising. The 

loss of the N-glycosylation sites resulted in a failure of CD24 activity. This 
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re-iterates the importance of N-glycosylation to the function of CD24 and 

the importance of glycosylation to molecular function. 

The noticeable limitations in this chapter are that the results were only 

obtained from in vitro models, which may not reflect what happens in 

patients at the molecular level. In addition, the Co-IP assay was restricted 

to using only HCT116 cells, as this cell line does not express CD24. 

Overall, this chapter suggests that the CD24/P-selectin complex is crucial 

in terms of facilitating the interaction of CRC cells and endothelial cells. 

Therefore, it may act as a regulator of CRC cell adhesion to the endothelium 

and a facilitator of transendothelial migration, which in turn leads to 

metastasis formation. Moreover, this chapter’s investigations highlighted 

the important role played by N-glycosylation of CD24 in developing this 

CD24/P-selectin complex, as the mutation of N-glycosylation was found to 

lead to the inhibition of both CRC cell adhesion to endothelial cells and 

migration through endothelial cell monolayers. 
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4.4  Summary of findings  
 

❖ Stimulation with P-selectin activates both CD24 and CD24 signalling 

pathways at both protein and mRNA levels.  

❖ Co-IP confirmed the interaction of CD24 with P-selectin. 

❖ An increase in cell migration and cell invasion was observed upon 

stimulation with P-selectin. 

❖ Both CD24-mediated cell adhesion to the endothelium and 

transendothelial migration are dependent on binding to P-selectin.  

❖ Loss of CD24 N-glycosylation blocked the interaction with P-selectin.  

❖ The decreased in the expression level of CD24’s downstream 

signalling in the condition where CD24 N-glycosylation mutated failed 

to respond to P-selectin stimulation. 

❖ Loss of CD24 N-glycosylation inhibits the ability of the CD24/P-

selectin complex to induce adhesion and transendothelial migration.  
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Chapter 5: Investigating the association between 

CD24 and angiogenesis 

 

5.1 Introduction  
 

Angiogenesis is a hallmark of cancer and is considered a crucial factor in 

cancer growth [234]. Tumours cannot grow without nutritional 

replenishment, which is delivered through the vasculature. The growth of 

this vasculature is mediated by several growth factors. Tumours thus 

produce angiogenic factors that result in new blood vessels' growth, mainly 

via sprouting angiogenesis [235]. During this process, VEGF is a key 

stimulus for angiogenesis. This growth factor is found in nearly all solid 

tumours, and its receptors are exclusively expressed in the cells that line 

the blood vessels, i.e., the vascular endothelium [235].  

Tumour cells induce endothelial activity through VEGF and VEGF receptors 

via aggregate cytokine activity [235]. This system can stimulate and 

sustain endothelial cells, assist in their migration and invasion of 

surrounding tissues, and induce cell proliferation. This system is also 

responsible for the typical vascular permeability of tumour vasculature. 

Tumour angiogenesis follows a distinct four-step process that begins with 

injury to the local tissue inducing hypoxia. The second step involves the 

activation of endothelial cells by angiogenic factors produced by the 

damaged cells and cells that have migrated into the damaged area (such 

as polymorphs and macrophages). During the third step, the endothelial 
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cells undergo proliferation and stabilisation, and the last step is the 

maturation of endothelial cells [235]. 

VEGF is a homodimeric glycoprotein that binds to heparin. It is a potent 

inducer of angiogenesis, and different variants are generated by alternative 

RNA splicing from a single gene. These variants include VEGF-A111, VEGF-

A121, VEGF-A145, VEGF-A165a, VEGF-A189, and VEGF-A206. However, the 

dominant angiogenesis stimulator is VEGF165a, which is characterised as a 

typical pro-angiogenic isoform [236, 237].  

VEGF interacts with two receptors, VEGFR1 and VEGFR2, which are 

expressed by endothelial cells [236, 238]. These receptors consist of a 

transmembrane domain, ligand-binding domain, and tyrosine kinase active 

cytoplasmic domain such as Src kinase [238, 239]. VEGF is released by 

both normal tissue and tumour tissue and then diffuses into the 

surrounding areas. In addition, it increases vascular permeability, and it 

affects both vasodilation and vasoconstriction, which can promote 

angiogenesis [238].   

VEGF is crucial in promoting in utero angiogenesis, and it is equally crucial 

in wound healing. It is a key mediator of tumour angiogenesis, and it is up-

regulated by hypoxia and tumour glycoproteins [240]. Tumours activate an 

angiogenic switch, leading to increased VEGF production and resultant 

tumour vascularisation, which permits exponential growth. Tumour 

vasculature, however, is morphologically abnormal, lacks normal 
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organisation making it tortuous, irregularly shaped and usually 

haemorrhagic [235].  

The association of CD24 with VEGF-mediated angiogenesis has been 

previously described. For example, a study by Wang et al. (2016) reported 

that CD24 could promote CRC angiogenesis [241]. This process is mediated 

by the interaction of CD24 with Hsp90, which increases STAT3 activity and 

thus regulates VEGF expression [241]. Another study showed that 

upregulation of CD24 has been associated with increased VEGF expression 

in breast cancer cells [242]. Salnikov et al. showed that targeting CD24 

using a monoclonal antibody (SWA11) inhibited cancer cell proliferation and 

angiogenesis in both in vitro and in vivo models [191]. Another study also 

indicated that CD24 might have an inhibitory role in neovascularisation in 

stage II of retinopathy of prematurity (ROP) development [243]. 

Several studies have indicated that some genes expressed by cancer cells 

play a major role in attracting and activating endothelial cells. For instance, 

ILK, a target of CD24 signalling, has been shown to activate VEGF 

expression in tumour cells [244-247]. ILK signalling has been shown to 

work together with VEGF receptors in promoting morphological changes 

that are favourable for cell proliferation and their motility in endothelial 

cells themselves. Therefore, it appears that ILK has a fundamental function 

in promoting vascular angiogenesis [152, 196].  

In this chapter, our hypothesis was built based on two facts. Firstly, we 

have shown that CD24 has several downstream targets, including ILK. 
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Second, the activation of ILK in tumour cells can induce the secretion of 

VEGF-A, leading to angiogenesis. Since CD24 mediates endothelial cell 

adhesion and transendothelial migration, we hypothesised that CD24 might 

also promote metastasis through the induction of ILK-mediated 

angiogenesis. This hypothesis was investigated initially by determining the 

regulation of VEGF and ILK by CD24. We then investigated the effect of the 

conditioned medium (CM) retrieved from CD24-expressing cells on 

endothelial cell proliferation, migration, and tube formation. Finally, we 

simultaneously overexpressed CD24 and knocked down ILK in HCT116 and 

SW480 cell lines in order to ascertain whether ILK was important in 

mediating CD24-induced VEGF-A expression. 
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5.2 Results 
 

5.2.1 CD24 stimulates the expression of VEGF in CRC cells 

 

We have previously shown that CD24 overexpression activates various 

signalling pathways in its role in inducing cell invasion and migration in 

CRC. To explore whether CD24 overexpression stimulates VEGF expression 

in CRC cells, we ectopically expressed CD24 in HCT116 cells (HCT116CD24WT) 

and then determined the expression level of VEGF-A using Western blot 

and qPCR.  In Western blot, forced expression of CD24 in the HCT116 

resulted in a marked increase in ILK and VEGF-A protein expression 

compared to cells transfected with empty vector controls (HCT116EVC). 

(Figure 5.1A and Figure 5.1D). To validate these findings, CD24 was 

ectopically expressed in another CD24 negative cell line (SW480CD24WT) with 

different characteristics to HCT116. We also observed the upregulation of 

VEGF-A in SW480CD24WT when compared to SW480EVC control cells. (Figure 

5.1B and Figure 5.1D). Next, we measured the expression level of the 

VEGF-A mRNA in both cell lines. Complementary to the Western blot 

results, the VEGF-A and ILK mRNA levels were increased in CD24-

expressing cells compared to the EVC (Figure 5.1E).  

We sought to further confirm our results by using an alternative method to 

modulate CD24 expression to ensure that the results were not an artefact 

of the technology. CD24 was silenced in SW620 (endogenously expressing 

a high level of CD24) using targeted siRNA (SW620CD24neg). CD24 silencing 

led to a decrease in the level of VEGF-A protein when compared to control 
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cells transfected with siRNA targeted to luciferase (SW620LUC). Similarly, 

the protein level of ILK (a downstream target of CD24) was decreased in 

SW620CD24neg vs. SW620LUC (Figure 5.1C and Figure 5.1D). Using qPCR 

testing, the mRNA expression of VEGFA and ILK was also evaluated. The 

mRNA level of both targets was significantly decreased in SW620CD24neg vs. 

SW620LUC (Figure 5.1F). Together the data from three different CRC cell 

lines indicate the up-regulation of VEGF-A by CD24. 
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Figure 5.1 CD24 regulates VEGF-A expression in CRC cells.  

Western blot analysis of ILK and VEGF-A in CD24 overexpressing cells, HCT116 (A), SW480 

(B) and SW620 (C). Densitometry of relative expression of target proteins normalised to 

alpha-tubulin (D). The band intensities were analysed by image studio software and 

compared the stimulated and non-stimulated using GraphPad Prism with a student’s T-

test (two-tailed), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. RT-qPCR 

assessed the expression of CD24, ILK and VEGF-A in HCT116 and SW480 expressing CD24 

(E). The mRNA expression level of CD24, ILK and VEGF-A in SW620 transfected with siRNA 

targeting CD24 and LUC control (F). All values of PCR in graphs C and D were analysed by 
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a One-Way ANOVA test with Sidak’s multiple comparisons performed on GraphPad Prism , 

* P < 0.05, ** P <0.01, *** P < 0.001. The western blot and PCR results shown in the 

f igure are one representative experiment with two biological replicates. Abbreviations: 

ILK: Integrin-linked Kinase; EVC: empty vector control; LUC: Luciferase. 

 

5.2.2 CD24 enhances VEGF-A secretion to promote endothelial 

cell proliferation, migration, and vascular tube formation  

 

Having shown that VEGF-A is a target of CD24 signalling, we sought to 

ascertain whether this induction resulted in the secretion of functionally 

active protein. Therefore, conditioned media (CM) was collected from CD24 

expressing cells (HCT116CD24WT and SW480CD24WT) as well as empty vector 

controls (as described in Chapter 2). The effect of the CM on proliferation, 

migration and tube formation on HUVEC was examined. For cell 

proliferation, the HUVEC cells were seeded at 5k cell density and culture for 

24h. This was followed by incubation with the CM from CD24-expressing 

cells at different time points (0 hr,24 hr,48 hr and 72 hr) using PrestoBlue 

cell proliferation assay. For the cell migration, the assay was performed as 

follows: the endothelial cells were initially cultured on the upper Transwell 

chamber, and the CM-expressing CD24 was used as a chemoattractant on 

the receiver well and incubated for 24h.  The Data from cell proliferation 

assay showed that the CM from CD24-expressing cells promoted HUVEC 

cell proliferation compared to cells expressing EVC or HUVEC cells 

stimulated with normal culture media alone (i.e., HCT116CD24 vs. HCT116EVC 

or HCT116CD24 vs. HUVEC, P<0.01 at 48 hr and P<0.001 at 72 hr) and 

(SW480CD24 vs. SW480EVC or SW480CD24 vs. HUVEC, P<0.05 at 48 hr and 
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P<0.01 at 72 hr) (Figure 5.2A and Figure 5.2C). Similarly, the migration of 

HUVEC cells increased when the CM retrieved from CD24 expressing cells 

used as a chemoattractant compared to cells expressing EVC and HUVEC 

alone (i.e., HCT116CD24 vs. HCT116EVC or HCT116CD24 vs. HUVEC, P<0.01) 

and (SW480CD24 vs. SW480EVC or SW480CD24 vs. HUVEC, P<0.01 and 

P<0.05, respectively) (Figure 5.2B and Figure 5.2D).  

As with the previous section, we used an alternative method of modulation 

CD24 expression through silencing CD24 in SW620 using siRNA.  CM was 

collected from SW620CD24neg and SW620LUC and used to stimulate HUVECs. 

The data show that both cell proliferation and cell migration of HUVEC were 

significantly reduced when the CM from SW620CD24neg was used compared 

to the CM from SW620LUC and HUVEC control cells (i.e., SW620LUC vs. 

SW620CD24neg or SW620LUC vs. HUVEC, P<0.05 and P<0.001, respectively) 

(Figure 5.2E and Figure 5.2F). 

Having shown that CD24 induce HUVEC cell proliferation and migration, we 

next sought to investigate whether CD24 can promote the HUVEC cells 

ability to form tube-like structures. The tube forming assay was carried out 

by culturing the endothelial cells on top of the Matrigel layer, followed by 

overnight incubation using the CM from cells expressing CD24.  The data 

showed that the CM from CD24 expressing cells efficiently enhanced HUVEC 

tube formation compared to that CM prepared from EVC expressing cells 

(i.e., HCT116CD24WT vs. HCT116EVC or SW480CD24WT vs. SW480EVC, P<0.05) 

(Figure 5.3A and Figure 5.3B). However, the CM from SW620CD24neg 
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stimulated significantly less endothelial tube formation compared to the CM 

from siRNA-LUC control (i.e., SW620LUC vs. SW620CD24neg, P<0.05).  

Since the above angiogenesis experiments were performed using the CM, 

the level of secreted VEGFA in the CM retrieved from the CD24-expressing 

cell was quantified using the ELISA test. The ELISA results showed that 

VEGF-A concentration was significantly higher in CM retrieved from CD24-

overexpressing cells than EVC-overexpressing cells (i.e., HCT116CD24 vs. 

HCT116EVC or SW480CD24 vs. SW480EVC, P<0.01) (Figure 5.3D). By contrast, 

the VEGF-A concentration significantly lowered in the CM collected from 

CD24 silenced SW620 compared to the LUC control (i.e., SW620LUC vs. 

SW620CD24neg, P<0.01) (Figure 5.3D). Collectively, the results support the 

role of CD24 in promoting VEGF induced CRC angiogenesis. 
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Figure 5.2 The effect of conditioned medium (CM) from CD24-expressing cells on 

HUVEC’s cell proliferation and migration.  

The increase in HUVECs’ proliferation after using CM from CD24-expressing cells compared 

to HUVEC cell alone and EVC, HCT116 (A) and SW480 (C). Inhibition of HUVEC’s 

proliferation by using CM from SW620CD24neg (E). The graphs represent collated results 

from two independent experiments with 6 replicates for each condition. The relative cell 

proliferation displayed in cell proliferation graphs is based on the normalisation of relative 

f luorescence unit (RFU) readings to the reading obtained at 0 hr. Cell migration of HUVECs 
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was determined using transwell assay after plating the HUVECs with CM from HCT116 and 

SW480-expressing CD24 (B and D). The number of migrated HUVEC cells in transwell 

assay also decreased when incubated with CM from SW620CD24neg compared to SW620LUC. 

The statistical analysis were evaluated by GraphPad Prism by two-way ANOVA with Tukey’s 

multiple comparisons, nsP >0.05, **P <0.01, ***P <0.001, ****P <0.0001.  
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Figure 5.3 The effect of conditioned medium (CM) from CD24-expressing cells 

on angiogenesis. 

The effect of HCT116 and SW480-expressing CD24 on HUVECs’ tube formation (A and B). 

Scale bar 100μm. The CM from SW620CD24neg signif icantly reduced the tube formation 

ability of HUVECs (C). Analysis of total tube length by angiogenesis analyser in ImageJ 

software (A, B, and C right). Data for tube formation assay were compared using two-way 

ANOVA analysis; * P < 0.05 compared to control cells.  ELISA test determined the VEGF-

A concentration in the supernatant from the HCT116 and SW480-expressing CD24 and 

SW620 after transfecting with CD24 siRNA and LUC siRNA control (D), the statistical 

analysis was evaluated by GraphPad Prism by one-way ANOVA with Sidak’s multiple 

comparisons, **P <0.01. The tube formation assay and ELISA results shown are one 

representative experiment with three biological replicates.  

 

5.2.3 CD24 promoted VEGFA expression depending on ILK  

 

ILK is an intracellular protein expressed by CRC cells and has been shown 

to regulate VEGF-A-mediated angiogenesis [152]. Since our data showed 

that CD24 positively regulates ILK and VEGF-A in CRC cells, we 

hypothesised that CD24 could promote the VEGF-A expression in CRC cells 
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via ILK activation. To scrutinise this hypothesis, we performed a 

simultaneous co-transfection system in HCT116 and SW480 using a CD24-

expression vector together with specific siRNA targeting ILK. A similar 

procedure was performed in SW620 (a cell line endogenously expressing 

CD24 and ILK) by silencing CD24 and ILK simultaneously using siRNA 

specifically targeting each molecule. The total protein lysates from the co-

transfected cells underwent Western blotting to validate the transfection 

efficiency and evaluate the changes in ILK and VEGF-A proteins. 

We found that the ectopic expression CD24 and simultaneous ILK silencing 

reduced VEGF-A protein level, i.e., (HCT116CD24WT/ILKneg vs. 

HCT116CD24WT/LUC) and (SW480CD24WT/ILKneg vs. SW480CD24WT/LUC) (Figure 

5.4A and Figure 5.4B). Angiostatin is an angiogenic inhibitor of 

angiogenesis – performing the opposite role of VEGF-A – and has been 

reported to be produced by cancer cells. We, therefore, hypothesised that 

CD24, as well as activating VEGF-A, could inhibit the expression of 

angiostatin. As may have been predicted, ectopic expression of CD24 in 

both HCT116 and SW480 resulted in down-regulation of angiostatin, i.e., it 

was CD24-dependent. However, the expression of angiostatin was 

independent of ILK, i.e., the levels of angiostatin were the same in the 

condition of HCT116CD24WT/LUC vs. HCT116CD24WT/ILKneg and HCT116EVC/ILKneg 

vs. HCT116EVC/LUC).  The picture was the same for SW480, i.e., the levels 

of angiostatin were the same in the condition of SW480CD24WT/LUC vs. 

SW480CD24WT/ILKneg and SW480EVC/ILKneg vs. SW480EVC/LUC) (Figure 5.4A and 

Figure 5.4B). Thus, the Western blot results confirm that CD24 induces 
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VEGF-A expression via ILK and inhibits the angiostatin expression in a 

mechanism independent of ILK.  

The data were confirmed when CD24 and ILK were modulated in SW620 

(which expresses endogenous CD24).  Thus, when either CD24 or ILK was 

knocked down (i.e., SW620CD24neg/LUC, SW620ILKneg/LUC, SW620CD24neg/ILKneg), 

there was a reduction of VEGF-A expression compared to the controls 

(SW620LUC/LUC- these cells contained twice the amount of luciferase siRNA 

to ensure that siRNA concentration was not a confounder). This indicates 

that VEGF-A induction is dependent on a CD24-ILK signalling axis (Figure 

5.4C). In contrast (in keeping with our earlier data), angiostatin expression 

was only up-regulated when CD24 was knocked down, i.e. 

SW620CD24neg/LUC, SW620CD24neg/ILKneg). Levels of angiostatin were not 

affected if endogenous CD24 was expressed and ILK was knocked down 

(SW620ILKneg/LUC) or in the luciferase controls (SW620LUC/LUC). 
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Figure 5.4 CD24 mediates VEGF-A expression via ILK in CRC cell lines.  

Western blotting confirming the simultaneous delivery of CD24 plasmid and ILK siRNA in 

HCT116 (A) and SW480 (B), and the direct role of CD24/ILK signalling axis in regulating 

VEGF-A expression. However, Western blot showed that the regulation of angiostatin 

expression was autonomous of ILK. Validation of simultaneous knockdown of CD24 and 

ILK in the SW620 (C) cell line positively inf luenced the VEGF-A and angiostatin expression. 

The band intensities were analysed by image studio software and compared the 

transfected cells using GraphPad Prism with a student’s T-test (two-tailed), *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001). The western blot results shown are one 

representative experiment with two biological replicates.  Abbreviations: EVC: empty 

vector control, LUC1: luciferase control for CD24-siRNA, LUC2: luciferase control for ILK-

siRNA. 
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5.2.4 CD24 enhanced endothelial cells proliferation, migration 

and tube formation via ILK/VEGFA signalling axis 

 

After confirming that ILK is necessary for CD24 to mediate VEGF-A 

expression, we sought to determine whether the ILK/VEGF-A signalling 

pathway is required for CD24 to enhance endothelial cell activities. In 

addition, by performing the functional assays, we would be able to see 

whether there were alternative non-ILK dependent pathways to activate 

VEGF-A. 

We used the same technique performed above by collecting the CM from 

transfected cells and testing the CM's effect on endothelial cell proliferation, 

migration, and tube formation. A quantitative ELISA test showed a decrease 

in the VEGF-A concentration in both HCT116 and SW480 following ILK 

silencing compared to the control conditions (i.e., HCT116EVC/LUC vs. 

HCT116CD24WT/LUC or HCT116CD24WT/ILKneg vs. HCT116CD24WT/LUC, P<0.0001 

and P=0.0002, respectively), and (SW480EVC/LUC vs. SW480CD24WT/LUC or 

SW480CD24WT/ILKneg vs. SW480CD24WT/LUC, P=0.0008 and P=0.0027, 

respectively) (Figure 5.5A and Figure 5.5B).  

For endothelial cell proliferation and migration assays, the CM retrieved 

from the conditions in which CD24 was overexpressed with simultaneous 

ILK silencing showed a significant reduction in cell proliferation and 

migration compared with the CM from control cells (i.e., HCT116EVC/LUC vs. 

HCT116CD24WT/LUC, HCT116CD24WT/ILKneg vs. HCT116CD24WT/LUC, or HUVEC vs. 

HCT116CD24WT/LUC, P<0.01 and P<0.05), and (SW480EVC/LUC vs. 
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SW480CD24WT/LUC, SW480CD24WT/ILKneg vs. SW480CD24WT/LUC or HUVEC vs. 

SW480CD24WT/LUC, P<0.01 and P<0.001) (Figure 5.5C and Figure 5.5D,  cell 

proliferation) and (Figure 5.5E and Figure 5.5F, cell migration). Thus, the 

data confirm the importance of ILK to CD24 for regulating these activities. 

The levels were not quite reduced to the levels of the controls suggesting 

that there may be non-ILK dependent pathways but, if they existed, they 

contributed less than the ILK-dependent pathways. 

Tube formation was another assay used to demonstrate angiogenesis in 

vitro. The data showed that the HUVECs’ tube formation ability was 

suppressed following incubation with CM from cells in which ILK was 

silenced compared with the control cells (i.e., HCT116EVC/siRNA-LUC vs. 

HCT116CD24WT/LUC, HCT116EVC/ILKneg vs. HCT116CD24WT/LUC, and 

HCT116CD24WT/ILKneg vs. HCT116CD24WT/LUC, P<0.01 and P<0.05), or 

(SW480EVC/LUC vs. SW480CD24WT/LUC, SW480EVC/ILKneg vs. SW480CD24WT/LUC and 

SW480CD24WT/ILKneg vs. SW480CD24WT/LUC, P<0.05 and P<0.01) (Figure 5.5G 

and Figure 5.5H). The above results indicated that CD24-mediated tumour 

angiogenesis is mainly dependent on the ILK/VEGF-A signalling pathway. 

 

 

 

 

 



 

178 

 

 

 
 

 

 

 

 
 

 

 

ns 
ns 



 

179 

 

 

 
 

 

 

 

 

 

 

 

 

 



 

180 

 

 

 
 

 

Figure 5.5 CD24 mediates angiogenesis via the VEGF-A/ILK signalling axis.  

Quantitative ELISA test confirmed that the VEGF-A concentration decreased when ILK was 

knocked down in HCT116 (A) and SW480 (B). Conditioned medium (CM) from ILK siRNA 

cells decreased HUVECs’ proliferation (C and D) and migration (E and F). The relative cell 

proliferation displayed in cell proliferation graphs is based on the normalisation of relative 

f luorescence unit (RFU) readings to the reading obtained at 0 hr. The graphs represent 

collated results from two independent experiments with 6 replicates for  each condition. 

The HUVECs tube formation ability was inhibited after incubation with CM from cells 

transfected with ILK siRNA (G and H). ImageJ analysis of the total tube length using 

angiogenesis analyser (I and J). The statistical analysis were evaluated by GraphPad Prism 

by two-way ANOVA with Tukey’s multiple comparisons, nsP >0.05, **P <0.01, ***P 

<0.001, ****P <0.0001. The results shown in the f igure are one representative 

experiment with two biological replicates.  
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5.2.5 Loss of N-glycosylation of CD24 reduced the expression 

level of the ILK/VEGF signalling pathway 

 

In the third chapter, N-glycosylation sites were shown to influence CD24 

function in CRC cells and that an expression construct containing the 

mutation of both N-glycosylation sites (CD24N[36,52]Q) expressed CD24 

protein, which was functionally “inactivated”. To confirm the role of N-

glycosylation on the CD24-ILK induced VEGF-A protein expression, the 

HCT116 and SW480 cell lines were transfected with CD24WT and 

CD24N[36,52]Q. Then the protein lysates were collected and underwent 

Western blotting. In line with our above findings, CD24WT overexpression 

in HCT116 and SW480 led to increased expression of ILK and VEGF-A 

proteins and decreased expression of angiostatin compared to EVC (Figure 

5.6A and Figure 5.6B). In contrast, for both cell lines, the ectopic 

expression of CD24N[36,52]Q failed to induce either ILK, and VEGF-A 

expression whilst angiostatin expression remained at the same level as the 

empty vector controls (Figure 5.6A and Figure 5.6B). 
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Figure 5.6 Loss of N-glycosylation disrupts ILK/VEGF-A signalling axis 

Western blot analysis confirming the effect of loss of N-glycosylation on ILK/VEGF-A 

signalling axis and angiostatin in HCT116 (A) and SW480 (B). Densitometry of the targeted 

proteins after normalisation with alpha-tubulin (C). The band intensities were analysed by 

image studio software and compared the stimulated and non-stimulated using GraphPad 

Prism with a student’s T-test (two-tailed), *P<0.05, **P<0.001. The western blot results 

shown are one representative experiment with two biological replicates. 



 

183 

 

5.2.6 Loss of N-glycosylation inhibits CD24-mediated 

endothelial cell proliferation, migration, and tubes formation 

 

Western blotting revealed that loss of N-glycosylation in CD24 affects the 

expression of ILK/VEGF-A signalling. Here, we sought to investigate 

whether CM from cells transfected with CD24-mutant construct 

(CD24N[36,52]Q) functionally affects HUVEC cell angiogenesis. First, the 

concentration of VEGF-A in CM was quantified by ELISA. Then proliferation, 

migration and endothelial tube formation assays were performed as 

previously described. ELISA results demonstrated that the CD24-mutant 

construct (CD24N[36,52]Q) resulted in much lower levels of VEGF-A 

concentration in both HCT116 and SW480 (i.e., HCT116CD24WT vs. 

HCT116CD24N[36,52]Q  or SW480CD24WT vs. SW480CD24N[36,52]Q, P=0.0031 and 

P=0.0114, respectively   (Figure 5.7A).   

We next examined the proliferation and migration capability and tube 

formation potency of HUVECs using CM from HCT116CD24N[36,52]Q and 

SW480CD24N[36,52]Q. As expected from the ELISA results, the proliferation 

and migration were inhibited when the HUVECs were incubated with the CM 

from cells expressing CD24N[36,52]Q compared to the cells expressing wild-

type CD24 (Figure 5.7B, cell proliferation and Figure 5.7C, cell migration). 

Similarly, the tube forming ability of HUVECs was suppressed when 

incubated with CM from CD24N[36,52]Q-overexpressing cells compared to that 

incubated with CM from cells expressing CD24WT (i.e., HCT116CD24WT vs. 

HCT116CD24N[36,52]Q  or SW480CD24WT vs. SW480CD24N[36,52]Q) (Figure 5.8A, 

Figure 5.8B and Figure 5.8C). 
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Figure 5.7 Loss of N-glycosylation in CD24 inhibits HUVEC cell proliferation and 

migration. 

Quantitative ELISA test validating effect CD24N[36,52]Q on VEGF-A concentration in HCT116 

(A-right) and SW480 (A-left). Conditioned medium (CM) from CD24-mutant clone 

(CD24N[36,52]Q) decreased HUVECs’ proliferation (B). The relative cell proliferation displayed 

in cell proliferation graphs is based on the normalisation of relative f luorescence unit (RFU) 

readings to the reading obtained at 0 hr. The graphs represent collated results from two 

independent experiments with 6 replicates for each condition. A reduction in the Transwell 

migration assay for HUVECs after incubating with CM from CD24N[36,52]Q (C). The statistical 

analysis were evaluated by GraphPad Prism by two-way ANOVA with Tukey’s multiple 
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comparisons, nsP >0.05, **P <0.01, ***P <0.001, ****P <0.0001. The results shown in 

the f igure are one representative experiment, repeated twice.  
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Figure 5.8 Loss of N-glycosylation in CD24 inhibits HUVEC tube formation.  

The HUVECs’ tube formation ability was inhibited after incubation with CM from HCT116 

(A) and SW480 (B) that transfected with CD24-mutant construct (CD24N[36,52]Q). Bar graph 

indicating the ImageJ analysis of the total tube length using angiogenesis analyser (C). 

The statistical analysis were evaluated by GraphPad Prism by two-way ANOVA with Tukey’s 

multiple comparisons, nsP >0.05, **P <0.01, ***P <0.001, ****P <0.0001. The results 

shown in the f igure are one representative experiment with two biological replicates.  
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5.3 Discussion 
 

In our previous chapters, CD24 was demonstrated to regulate several 

cellular activities in CRC epithelial cells, including cell migration and 

invasion. Moreover, we found that CD24 binds to P-selectin expressed by 

endothelial cells and mediates adhesion to endothelial cells and 

transendothelial migration. These features are essential to the process of 

metastasis, and in this chapter, the aim was to investigate whether CD24 

could contribute further to metastasis by promoting angiogenesis. Since 

angiogenesis is an essential process for the growth of the primary tumour, 

CD24 would also contribute to this [248, 249]. Angiogenesis is a complex 

process and is regulated by many growth factors and cytokines produced 

by tumour cells [250]. However, the principal growth factor promoting 

tumour angiogenesis is VEGF-A [251], which has been reported to be 

associated with vascularity and metastasis in human CRC [252].  

This is the most comprehensive study of the role of CD24 in angiogenesis 

to date. We used three CRC cell lines (HCT116, SW480, SW620), and we 

used different methods to modulate CD24 levels – either an ectopic-

expression vector in cell lines with low endogenous CD24 expression 

(HCT116 and SW480) or CD24-siRNA in a cell line with high endogenous 

CD24 expression (SW620). We found that the upregulation of VEGF-A in 

cells ectopically overexpressed with CD24 when compared to those 

overexpressed with empty vector control. In contrast, knockdown CD24 in 

SW20 resulted in a lower level of VEGF-A. These data were validated by 
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ELISA quantification of the secreted VEGF-A concentration in the 

supernatant retrieved from the transfected cells. The results showed that 

the altered expression of CD24 significantly affected the VEGF-A protein 

concentration in CRC cells. Taken together, CD24 appears to be essential 

for the regulation of VEGF-A expression in CRC cells. We believe that this 

is the first time the connection between CD24 and secreted VEGF-A has 

been observed. 

To confirm that the CD24-driven VEGF-A was functionally active, we 

examined the effects on cell proliferation and migration of HUVECs. These 

are some of the key steps of angiogenesis [253], and we showed that the 

CM from CD24-expressing cells significantly enhanced proliferation and 

migration, while the CM from CD24-silenced cells failed to induce these 

activities. In addition, we explored the capillary like-tube formation 

capacity in HUVECs using in vitro tube formation assay, as it mimics in vivo 

angiogenesis and involves all of the angiogenesis steps [254]. We found 

that CD24 positively regulated tube formation in HUVECs.  

Together, our results provide strong in-vitro evidence that CD24 could 

stimulate angiogenesis in CRC by regulating the VEGF-A expression. This 

would fit in with a role for CD24 in promoting metastasis through binding 

to the endothelium, stimulating extravasation and stimulating 

angiogenesis. Furthermore, the ability of CD24 to induce stemness would 

help the establishment of colonies. Metastasis also involves growth in a new 

environment, establishment of the appropriate cancer-stroma and evasion 
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of the local immune response. These studies would most probably require 

animal models to further investigate the role of CD24 in these processes.  

Previous studies have indicated that ILK was found to mediate the 

expression of VEGF-A and angiogenesis [152, 196, 255]. This was the 

driver behind our initial studies since ILK is a downstream target for CD24 

[199]. Therefore, we determined whether ILK is required for CD24 to 

regulate VEGF-A expression. Our results revealed that CD24 positively 

regulated ILK and VEGF-A expression and inhibited angiostatin expression 

(an endogenous angiogenesis inhibitor) [256]. However, totally 

unexpectedly, when we used siRNA targeting ILK in CD24 expressing cells, 

there was a failure to induce VEGF-A expression, whilst angiostatin 

expression remained unaltered. These results suggest that CD24 signals 

through ILK to promote VEGF-A expression in CRC cells and that it inhibits 

angiostatin expression but through a mechanism that is independent of ILK. 

Due to the time limitations at the current stage of research, we could not 

fully investigate which downstream CD24 signalling pathways are involved 

in regulating angiostatin in CRC. Future works are required to answer this 

question. 

To demonstrate that the contribution of CD24 and ILK in the VEGF-A-

mediated angiogenesis was functionally relevant, we collected the CM from 

our various experimental conditions and examined their effect on HUVECs’ 

activities. Reflecting the Western blots, we found that the stimulatory effect 

of CD24 on HUVECs’ proliferation, migration and tube formation were all 
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ILK dependent. The knockdown of ILK in the presence of CD24 did not 

completely abrogate the activities of CD24, raising the possibility of a minor 

alternative signalling pathway for CD24 mediated angiogenesis.  

We have previously shown that loss of N-glycosylation sites in CD24 results 

in a marked reduction in the level of glycosylation (despite the presence of 

around 16 O-glycosylation sites) and an expression of a functionally 

inactivated CD24 molecule. Transfection of the functionally inactivated 

CD24 protein (CD24N[36,52]Q) was equivalent to transfection with empty 

vector controls and resulted in failure to induce any of the features seen 

following transfection of the wild-type protein. Our data confirm the 

functional role of N-glycosylation of CD24 in CRC angiogenesis, which are 

compatible with studies that reported the contribution of N-linked 

glycosylation to tumour angiogenesis and metastasis [232, 257].  For 

example, Galectin-3, which is expressed in several tumours, including CRC, 

has been associated with angiogenesis induction by binding to 

glycoproteins on the surface of endothelial cells in an N-glycan-dependent 

manner [258, 259]. 

In conclusion, although the obtained results were from in vitro cellular 

experiments, this chapter provides strong data supporting the possible role 

of CD24 in inducing angiogenesis in CRC in an N-glycosylation and ILK 

dependent manner. The effects are mediated through induction and 

secretion of VEGF-A and inhibition of angiostatin. The latter is, however, 

mediated through an ILK-independent pathway which remains to be 
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elucidated. Thus, further investigations are necessary to reveal the role of 

CD24 in CRC angiogenesis, particularly which are the predominant splice 

variants and relevance in vivo.  
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5.4 Summary of findings  
 

❖ Using three different CRC cell lines, CD24 was found to up-regulate 

VEGF-A expression and enhance angiogenesis.  

❖ ILK was found to mediate the upregulation of VEGF-A via CD24 in 

CRC cells.  

❖ Angiostatin, a potent angiogenesis inhibitor, is inhibited by CD24, and 

the mechanism was found to be independent of ILK.  

❖ CD24 mediates HUVECs’ proliferation, migration, and the ability to 

form tubes via upregulation of ILK and VEGF-A.  

❖ Loss of N-glycosylation of CD24 resulted in failure to induce the 

VEGF-A expression and failure to inhibit angiostatin expression.  

❖ Loss of N-glycosylation of CD24 resulted in failed angiogenesis in CRC 

by failure to induce HUVEC cell proliferation, migration, and tube 

formation.  
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Chapter 6: General Discussion 

 

6.1 Introduction 
 

CD24 is a triple-exon gene located at chromosome 6 on the long arm (q21). 

It encodes a small, heavily glycosylated protein (comprised of 80 amino 

acids) and is attached via GPI anchor to the cell surface membrane [79]. 

CD24 mature peptides consist of 16 O-glycosylation sites and two potential 

N-glycosylation sites, and, due to the variable glycosylation, its molecular 

weight ranges from 30 to 70 kDa [97, 187]. Although CD24 lacks a 

cytoplasmic domain to transmit signals, it localises to membrane lipid-rich 

microdomains known as lipid rafts. In these lipid rafts, CD24 serves as a 

mediator for the passage of many proteins into and out of the cell and 

regulates signal transduction [116].  

CD24 expression was found to regulate many cellular functions in both 

healthy and cancerous tissues [83]. For example, its expression has been 

demonstrated in the normal murine colon and has been used to isolate 

Lgr5+ putative colonic epithelial stem cells [90]. However, CD24 

overexpression has been associated with induction of stemness and 

reduced overall survival in several tumour tissues, including CRC, which 

was used as a CSC marker [99, 211].  

Although a growing body of studies has indicated some functional roles of 

CD24 in cancer development, our knowledge on the structural biology of 

CD24, its binding capacity with other cell surface molecules expressed by 
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the neighbouring cells, and its role in regulating cellular activities, 

particularly in CRC, remains incomplete.  

The main purpose of this thesis is to understand the biological role and 

contribution of CD24 in CRC progression; thus, the aims were specifically 

based on the following theories:  

I. N-glycosylation sites were thought to regulate the function of 

many glycoproteins; thus, the first aim was to investigate the 

role of N-glycosylation in CD24 in regulating its functional 

activities in CRC.   

II. CD24 is a cell surface molecule that can interact with other cell 

surface molecules or can act as a receptor for other cell 

adhesion molecules expressed by endothelial cells such as P-

selectin. This feature may allow CD24 to bind and mediate 

multiple signalling pathways and cellular activities, which are 

possibly relevant to metastasis.  Therefore, the second aim of 

this research was to study the mechanism of CD24 binding to 

P-selectin and the effect of this binding on signalling pathways 

that enhance cell motility and CRC cell adhesion to endothelial 

cells.  

III. The metastatic process requires the establishment of an 

appropriate local microenvironment, including a vascular 

supply, to support tumour growth. Published data suggest that 

activation of ILK in tumour cells may induce secretion of VEGF 
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and, since we have shown that CD24 can induce ILK, we 

hypothesise that this may be a component of the metastasis-

promoting activity of the CD24 pathway. Based on these facts, 

the third aim of this thesis was to investigate the association 

between CD24 and VEGF-A and their joint role in regulating 

CRC angiogenesis and investigating whether ILK plays a role in 

this activity. 

To verify the above aims, CD24 mutant constructs were generated, 

followed by manipulating the wild-type CD24 expression vector and the 

mutant constructs in two different CRC cell lines. Various in vitro cellular 

experiments and protein analyses were then conducted to study the CD24 

function and to map the functional sites involved in regulating the signalling 

pathways and the interaction between CRC cells and endothelial cells.  

This thesis provides many novel observations related to the CD24’s 

function, i.e., signalling partners and ligands, which have made robust 

insights into future work on CD24 as a potent oncogene in CRC.  
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6.2 Key findings 
 

6.2.1 Mapping of the functional sites in CD24 that contribute 

to CRC progression 

 

6.2.1.1 Validation of CD24 expression and its impact role on the 

cellular contexts involving proliferation, invasion, and migration in 

CRC 

 

Clinically, CD24 is overexpressed in CRC tissue [99, 260]. However, our 

preliminary investigations into CD24 expression in vitro showed that its 

expression level varied between different CRC cell lines, as it was highly 

expressed in SW620, a cell line harvested from lymph node metastases of 

CRC, and there was a lower expression in HCT116 and SW480, cell lines 

that were collected from primary poorly differentiated Dukes D and primary 

moderately differentiated Dukes B CRC, respectively. This may reflect the 

variability between cells at different cancer stages and could be attributed 

to significant molecular differences between the cell types, resulting in the 

differences in CD24 expression.  

Subsequently, functional studies on CD24 were investigated in vitro for 

parameters related to CRC cell proliferation, invasion, and migration 

because all these features are important for determining the early 

metastatic phenotype. The data showed that when CD24 was transiently 

overexpressed in HCT116 and SW480, there was an increase in CRC cell 

invasion and migration. By contrast, CD24 knockdown by siRNA in SW620 

reduced CRC cell motility (both invasion and migration). For cell 

proliferation, neither CD24 overexpression nor CD24 knockdown affected 
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CRC cell proliferation. These results are consistent with those of Ahmed et 

al., who also revealed that CD24 could induce CRC cell motility but not cell 

proliferation [120].  

6.2.1.2 N-glycosylation sites appear to be important for CD24 to 

induce its activities 

 

CD24 is a heavily glycosylated protein, and its structure shows many O- 

and N-glycosylation sites, which renders it a mucin-like glycoprotein [206]. 

Protein glycosylation plays a significant role in normal biological processes 

and cancer development, including tumour cell proliferation, invasion, 

angiogenesis and metastasis [203].   

Evidence exists that glycosylation is responsible for many functions 

mediated by CD24. For example, it has been shown that carbohydrate sialyl 

Lewis X is necessary for CD24 to mediate cancer cells’ rolling on P-selectin 

[107, 228]. Likewise, the presence of α- 2,3- linked sialic acid residues on 

CD24 facilitates its binding to L1, which in turn modulates neurite 

outgrowth [161]. However, to our knowledge, the functional activity of N-

glycosylation in CD24 in CRC has not been studied.  

In Chapter 3, the direct sequencing and Western blot results confirmed the 

successful creation of CD24 mutant constructs, in which the target 

asparagine (located at codons 36 and 52) was replaced with glutamine. 

However, the banding patterns in the Western blot were markedly altered 

compared to those seen in CD24WT. The explanation for the variability and 

non-parallel Western blotting bands for the mutant constructs was 
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intuitively that there was variation in glycosylation due to the loss of one 

or more of the N-glycosylation sites. However, it was also possible that the 

variation was an artefact of changes in transfection efficiency. When the 

glycosylation residues for all mutant constructs and CD24WT were digested 

by the neuraminidase and PNGase enzymes, all showed almost identical 

bands for all conditions thus confirming that the variation of the banding 

pattern was due to the variation of glycosylation in CD24, and the N-

glycosylation sites had been successfully removed. It was interesting that 

mutation of either one of the N-glycosylation sites resulted in a marked 

reduction in the smearing pattern of the bands and when both were 

removed, there was a further reduction. The implication from this is that 

the majority of the glycosylation lies on the N-glycosylation sites, and, 

despite the presence of 16 putative O-glycosylation sites, this is relatively 

low. O-glycosylation is considered a feature of proteins having a major 

structural role whilst N-glycosylation sites appear to have functional roles. 

The data suggest the CD24 has mostly functional activity. Since it has no 

transmembrane domain, it must be causing alterations in other cell surface 

molecules in order to induce signalling. The interaction with these other 

molecules may be through the sugar residues at the N-glycosylation sites.  

Our study attempted to identify the mechanisms by which CD24 may exert 

its functions. We have shown that CD24 motility-inducing activity in CRC 

cells is dependent on two closely positioned N-glycosylation sites; altering 

each site individually reduces CD24 activity but knocking them both out 

together results in near-complete loss of activity (i.e. a functionally 
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inactivated protein almost equivalent to EVC).  An unexpected observation 

was that loss of these N-glycosylation sites paradoxically induces cell 

proliferation (in an additive fashion). Since the transfection of wild-type 

CD24 does not affect whatsoever cell proliferation in CRC, these results 

suggest that CD24 N-glycosylation may suppress regulatory systems of 

CD24-mediated proliferation. Therefore, mutations in the N-glycosylation 

sites may allow binding to other signalling molecules or ligands involved in 

cell division stimulation. However, it remains unclear whether the increase 

in cell proliferation was due to loss of a function associated with CD24 N-

glycosylation sites, which inhibits proliferation or due to gain-of-function 

experimental artefact. These data require further investigations to define 

the exact role played by the N-glycosylation in regulating CRC cell 

proliferation.  

6.2.1.3 CD24 involvement in induction of the EMT 

 

Metastasis is prompted by EMT, which enhances cell migration and invasion 

[210]. The process of EMT is characterised by the induction of 

mesenchymal markers, N-cadherin and Vimentin, and a simultaneous 

decrease in the epithelial marker, E-cadherin. CD24 overexpression in CRC 

cells was associated with enhancement of EMT and cell motility [211].  Our 

observations reported in this thesis showed consistency with the above 

literature as cadherin switching (a surrogate marker of EMT) was identified 

in CD24-overexpressing cells, whilst other EMT drivers, such as Snail and 

Vimentin, were also seen to increase. In contrast, transfection of cells with 
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(CD24N[36,52]Q) hindered induction of these features, which indicated that 

the ability of CD24 to induce EMT and regulate the downstream targets was 

dependent on its N-glycosylation sites.  

In agreement with other studies regarding the potential role of N-

glycosylation in many glycoproteins in regulating EMT-related phenotypic 

alteration [167, 184, 261], F-actin staining showed that the cells 

transfected with CD24WT acquired a mesenchymal phenotype compared to 

control cells and was accompanied by actin polymerisation. Conversely, the 

cells retained a rounded epithelioid phenotype upon transfection with the 

double mutant construct and showed actin polymerisation similar to that 

seen in CD24WT. Thus, the data suggest that CD24 can induce actin 

polymerisation, which is mediated by mechanisms independent of N-

glycosylation. It is uncertain which mechanisms are involved in this 

process, how they are coordinated with the N-glycosylation-dependent 

mechanisms of motility induction and whether they are dependent on the 

O-glycosylation. 

6.2.2  P-selectin activates CD24 in CRC 

 

In this thesis, we showed the physical interaction between CD24 and P-

selectin, that this interaction was N-glycosylation dependent and that it had 

a number of functional effects on the epithelial cells. A positive feedback 

loop of P-selectin/CD24 was observed, where P-selectin stimulation 

increased CD24 expression in CRCs but was not observed in the absence of 

CD24. We also demonstrated that P-selectin/CD24 interaction triggers 
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downstream signalling molecules associated with CRC migration and 

invasion, which were not observed in CD24-silenced cells. However, cell 

proliferation showed no effect from P-selectin stimulation. We showed that 

P-selectin formed a physical complex with CD24 and that this was 

responsible for promoting adhesion between the cells expressing CD24. The 

results indicated that the interaction between CRC cells and endothelial 

cells and metastasis regulation is dependent on P-selectin/CD24 binding. 

Nevertheless, the exact mechanism is not clearly understood.  

CD24 is a cell surface and GPI-anchored protein, which could bind and 

regulate many signalling pathways as it clusters within lipid rafts [116]. In 

the literature, CD24 has been shown to serve as a ligand for P-selectin and 

facilitate cancer cell dissemination [82, 108, 230]. Many studies have also 

indicated the role of P-selectin in regulating different signalling pathways. 

For example, Reyes-Reyes et al. found that P-selectin plays a crucial role 

in regulating integrin-mediated adhesion in CRC cells [224]. Bauman et al. 

found that CD24 activates a3β1 and a4β1 integrins, which enhance the 

binding to other cell adhesion molecules, such as selectins, leading to 

induction of cell migration [103].  Kyung-min Lee et al. also indicated that 

a decrease in β1 integrin bound with CD24 led to decreased Src/FAK activity 

[105]. A similar study also showed that CD24 silencing resulted in 

significant abrogation of FAK-mediated cell motility in CRC [142]. 

Other studies showed that P-selectin could activate the phosphorylation of 

FAK and Src [262, 263]. Both ILK and FAK expression were found to be up-
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regulated by Cten, which is another adhesion molecule that is known as a 

downstream target for CD24 [130]. Since both CD24 and P-selectin have 

shown a common role in activating the same signalling pathways, we, 

therefore, propose that CD24/P-selectin interaction activates signal 

transduction in CRC cells and a polymeric interaction between CD24/P-

selectin/integrins may be involved. 

Thus, it is possible that P-selectin binding to CD24 could initiate the 

signalling amplification by which this binding might activate the interaction 

with other cell surface molecules, such as integrins within the lipid rafts. 

Consequently, CD24 via these cell surface molecules can induce Cten 

activity, which in turn binds and activates other intracellular-bound kinase 

complexes, such as ILK, FAK and Src kinase, leading to the promotion of 

cell adhesion and motility (Figure 6.1). 
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Figure 6.1 Summary diagram for CD24 signalling pathways following P-selectin 

stimulation in CRC cells.  

The interaction of P-selectin with CD24 could initiate the signalling amplif ication by 

activating cell surface molecules, such as integrins and Notch1, within the lipid rafts. CD24, 

thus via Notch1 and integrins, augmented the activity of Cten, which in turn binds and 

activates ILK, FAK and Src kinase, leading to the induction of cell adhesion and motility. 

Abbreviations: GPI, Glycosylphosphatidylinositol; Cten, C-terminal tensin-like; ILK, 

Integrin-linked kinase; FAK, focal adhesion kinase. 
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6.2.3 The potential role of CD24 in the initiation of CRC 

angiogenesis 

 

Angiogenesis is defined as the growth of new blood vessels from the pre-

existing vessel network and is characterised as one of the primary steps 

required for tumour growth and metastasis [248, 264]. Tumour 

angiogenesis is mediated by several growth factors produced by cancer 

cells [264]. Among the many biomarkers of angiogenesis, VEGF-A plays a 

critical role in the migration of endothelial cells, invasion of surrounding 

tissues, differentiation and vascular permeability [235, 265]. VEGF is 

expressed in various human tumour cells and binds to many receptors 

found in vascular endothelial cells [252, 266]. Many signalling pathways 

have been indicated directly or indirectly in regulating VEGF-A expressions, 

such as CD24, ILK, STAT3, NF-κB, and AKT [152, 242, 267, 268]. In this 

study, we sought to investigate the contribution of CD24 to CRC 

angiogenesis as it has not been entirely elucidated.   

We showed that CD24 is a positive regulator of VEGF-A expression.  The 

experiments were performed in different CRC cell lines and using different 

methods of CD24 modulation to confirm that the data were not artefacts of 

methodology. The changes in the expression level of VEGF-A resulted in 

changes in secreted VEGF-A concentration in conditioned media, and this 

secreted protein was shown to be functionally active. It positively affected 

the endothelial cell proliferation and migration and tube formation capacity 

and provided strong evidence that CD24 regulates VEGF-A-mediated 

angiogenesis in CRC.  
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The exact mechanism for determining whether CD24 regulates VEGF-A 

directly or through another downstream target was not clear. This query 

guided us to study the CD24 signalling partners involved in VEGF-A 

regulation.  

ILK was considered a good candidate as its expression has been associated 

with VEGF-A regulation, enhancing endothelial proliferation, migration and 

capillary formation [152, 196, 269]. Our research group has previously 

demonstrated that Cten signals through ILK and induce cell motility [130]. 

This thesis has shown that both Cten and ILK act as downstream signalling 

targets for CD24. Thus, we hypothesised that CD24 could signal through 

ILK and stimulate VEGF-A expression, leading to angiogenesis.  

The data reported in Chapter 5: showed that if ILK was removed by 

knockdown, then the ability of CD24 to induce VEGF-A expression was 

abrogated. Similarly, CD24-mediated endothelial cell proliferation, 

migration, and tube formation were inhibited by ILK silencing. These data 

confirmed that CD24 signal through ILK to regulate VEGF-A and 

angiogenesis in CRC.  

Given this potential role for CD24 in stimulating VEGF-A secretion, it was 

not surprising that we found that CD24 also down-regulated angiostatin 

expression, an angiogenesis inhibitory molecule.  It was, however, 

surprising that the regulation of angiostatin seemed to be independent of 

ILK.  This shows that there is more than one signalling pathway 
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downstream of CD24. Further examinations are necessary to determine the 

underlying mechanism behind the up-regulation of angiostatin.  

Collectively, these outcomes indicate for the first time that CD24 can 

regulate angiogenesis via the ILK/VEGF-A signalling axis. Otherwise, CD24 

regulates angiostatin independently of ILK, possibly via a unique 

mechanism. Hence, making CD24 is a potential therapeutic target against 

CRC.  
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6.3 Summary  
 

This thesis describes a comprehensive analysis of the function and 

signalling partners of CD24 in different cellular models. The findings 

obtained from in vitro experiments confirmed that CD24 plays a crucial role 

in CRC development by enhancing cell motility. Moreover, a mutation of N-

glycosylation sites in CD24 confirmed that these sites are important for 

CD24 function by regulating cell proliferation, migration, and invasion. The 

presence of these sites on CD24 was also shown to regulate downstream 

targets and EMT.  

Our study also validated that CD24 interaction with P-selectin influences 

different signalling partners-mediated cell motility, adhesion to endothelial 

cells, and extravasation (transendothelial migration). Besides, the 

interaction of CD24 with P-selectin was dependent on N-glycosylation.  

Finally, our investigation into the mechanism of CD24-driven angiogenesis 

was the first to identify that CD24 is a regulator of VEGF-A expression in 

CRC cells. Similarly, this thesis confirmed that the co-transfection technique 

was a valuable method for identifying the putative signalling pathway, such 

as ILK, which was found to be involved in CD24 up-regulation of VEGF-A. 

Nevertheless, these data require confirmation and further investigation to 

understand the CD24 function in regulating angiogenesis on a large scale.   
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6.4 Limitations 
 

• This thesis generated very robust data, but all of these data were 

from in vitro experiments. Thus, the data require mechanistic 

evaluation highlighting how CD24 contributes to the tumour biology 

of CRC in vivo. 

• Chapter 3 showed that CD24 loss of N-glycosylation induced CRC cell 

proliferation. However, only one technique was involved, and further 

studies are required.  

• Another limitation of this study was that the interaction of CD24 with 

P-selectin was examined using a co-IP assay in only one cell line 

(HCT116).  

• P-selectin expression in the HUVEC cell line was weak, which led us 

to stimulate the cells with thrombin or TNF-alpha before performing 

any experiment. However, the effect of the above cytokines on cell 

behaviour or the potential for stimulating other molecules has not 

been investigated.   

• We showed that CD24 induce tube formation in HUVEC cells using in 

vitro tube formation assay. However, this assay was carried out 

within 24h, as the endothelial cells undergo apoptosis after 24h.  

• In this thesis, we did not study the effect of the individual mutant 

clones of CD24 on binding to P-selectin or angiogenesis due to time 

restrictions.  
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6.5 Future directions 
 

This thesis confirms the function of CD24 in regulating several cellular 

activities, including migration, invasion, and adhesion to endothelial cells. 

This work also shows that the functional activities of CD24 were dependent 

on its N-glycosylation patterns. However, the mechanism(s) by which the 

N-glycosylation of CD24 mediates these activities, particularly cell 

proliferation, are not fully understood. Therefore, the involvement of CD24 

N-glycosylation in cell growth and proliferation regulation could be further 

investigated by establishing stable cell lines transfected with CD24-mutant 

constructs as the stable expression of the transfected plasmids last longer 

than those by transient transfection. The ability of the cell to divide and 

proliferate will then be determined by clonogenic survival assay or cell cycle 

analysis. 

In another method, three-dimensional (3D) spheroid mono-culture models 

can be formed using the established stable cells, and then spheroid 

microarrays can be made, paraffin-embedded, sectioned and propped with 

Ki67 (cell proliferation marker).  

Many pathways, such as EGFR/MAPK, PI3K and TGF-β, have been indicated 

to regulate cell proliferation and other biological processes in CRC [270]. 

Therefore, it would be interesting to study the association of CD24 with 

these pathways. This investigation will provide a broader understanding of 

how N-glycosylation mediates the function of CD24 and its interacting 

partners.  
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We have shown in this thesis that CD24 induce actin polymerization via F-

actin staining. However, only the phalloidin immunofluorescence (F-actin 

staining) is not sufficient to conclude that CD24WT is able to induce actin 

polymerization because phalloidin only stains actin filaments and not the 

actin globular form, so it would be interesting to perform the quantification 

of G- and F- actin cellular fractions through Triton-X 100 fractionation.  

We have demonstrated in Chapter 4 that CD24 binds to P-selectin, and this 

binding regulates cell motility and the interaction between CRC cells and 

endothelial cells. Thus, it is possible to investigate the connection of CD24 

or any of its downstream signalling targets with other selectin families (such 

as E-selectin and L-selectin) and study their effect on CRC cell activities.  

Another method to study the interaction of CD24 with selectins is through 

the use of 3D models, which can be performed by co-culturing the CRC cells 

expressing CD24 with endothelial cells or platelet cells. Then the cell-cell 

communication and ligands or downstream signalling target of CD24 should 

also be investigated. The co-culture techniques will validate our acquired 

data from a 2D culture and identify the putative ligands for CD24 on 

endothelial cells and their role in cancer development and metastasis.  

As noted, angiogenesis is a prerequisite for cancer growth and metastasis 

[248]. VEGF and hypoxia are the main regulators of angiogenesis [251]. 

Hypoxia-inducible factor-1α (Hif-1α) is one of the genes activated upon 

hypoxia response and plays a role in inducing the transcription of many 

genes, including VEGF-A [271]. This study demonstrated that CD24 



 

211 

 

regulates the VEGF-A-mediated angiogenesis via ILK. However, the 

involvement of hypoxia in this process was not investigated. It will be 

interesting to examine whether CD24 or its downstream target (ILK) are 

up-regulated under hypoxic conditions and examine the correlation 

between CD24 and Hif-1α.  

Moreover, VEGF-C and VEGF-D are other growth factors connected to 

lymphangiogenesis [272]. Thus, it is possible to study whether CD24 has a 

role in regulating these growth factors and lymphangiogenesis. 

Another method to further investigate CD24 involvement in angiogenesis 

and lymphangiogenesis regulation is a co-culture system.  Briefly, CRC cells 

can be stably transfected with the appropriate constructs for CD24 (either 

the wild-type CD24 or the mutant CD24) and co-cultured with HUVECs or 

human lymphatic endothelial cells (HLECs) in Matrigel as previously 

described [273]. After co-culture for one week, the cells can undergo 

routine histological processing (i.e., they will be formalin-fixed and paraffin-

embedded), and sections can be stained for CD34 or CD31 (markers of 

endothelial cells) and Haematoxylin and Eosin (H&E). Angiogenesis can be 

quantified in terms of the number of CD34 or CD31 positive tubular 

structures. Also, co-culture experiments set up in parallel can undergo RNA 

and protein extraction and evaluate the expression of VEGF-A, VEGF-C, 

VEGF-D. 

Finally, it might be very interesting to investigate the clinical relevance of 

CD24 in the clinical context; the expression of CD24 and CD31 can be 
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tested in primary CRC and hepatic metastatic tissues by 

immunohistochemistry and correlated with the clinicopathological 

parameters of CRC.  
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Appendices 

Appendix I. Homo sapiens CD24 gene, Complete cDNA 
 

 

>NM_001291737.1 Homo sapiens CD24 molecule (CD24), transcript variant 2, 

mRNA 

AGTTTGCAGCGTCAGGCAGCGGGTCTGCGCCCAGCGAGCGGCTCCCCAGCTCCTGGGAAGATGCGGACCC 

GGGACGCCCCCGTGAGCTCACTGCGCCTGGCTGACACGAGGCGCTCACAGAACAAAGCAAGGGCTTCGGG 

GAGGGCGCGGCCGCGGGGCCGAGCGCGCAGATCGCTCCGGACCCGGACACCGCCTGCGAGGAGCGCCGAC 

CAGCCGGGAAGGGTTCGCGCTAGGCGGCGCCCGGGTCCCGTCGGCCAGGGTCTCGCCGGCTCGCCGCGCT 

CCCCACCTTGCCTGCGCCCGCCCGGAGCCAGCGGTTCTCCAAGCACCCAGCATCCTGCTAGACGCGCCGC 

GCACCGACGGAGGGGACATGGGCAGAGCAATGGTGGCCAGGCTCGGGCTGGGGCTGCTGCTGCTGGCACT 

GCTCCTACCCACGCAGATTTATTCCAGTGAAACAACAACTGGAACTTCAAGTAACTCCTCCCAGAGTACT 

TCCAACTCTGGGTTGGCCCCAAATCCAACTAATGCCACCACCAAGGCGGCTGGTGGTGCCCTGCAGTCAA 

CAGCCAGTCTCTTCGTGGTCTCACTCTCTCTTCTGCATCTCTACTCTTAAGAGACTCAGGCCAAGAAACG 

TCTTCTAAATTTCCCCATCTTCTAAACCCAATCCAAATGGCGTCTGGAAGTCCAATGTGGCAAGGAAAAA 

CAGGTCTTCATCGAATCTACTAATTCCACACCTTTTATTGACACAGAAAATGTTGAGAATCCCAAATTTG 

ATTGATTTGAAGAACATGTGAGAGGTTTGACTAGATGATGGATGCCAATATTAAATCTGCTGGAGTTTCA 

TGTACAAGATGAAGGAGAGGCAACATCCAAAATAGTTAAGACATGATTTCCTTGAATGTGGCTTGAGAAA 

TATGGACACTTAATACTACCTTGAAAATAAGAATAGAAATAAAGGATGGGATTGTGGAATGGAGATTCAG 

TTTTCATTTGGTTCATTAATTCTATAAGGCCATAAAACAGGTAATATAAAAAGCTTCCATGATTCTATTT 

ATATGTACATGAGAAGGAACTTCCAGGTGTTACTGTAATTCCTCAACGTATTGTTTCGACAGCACTAATT 

TAATGCCGATATACTCTAGATGAAGTTTTACATTGTTGAGCTATTGCTGTTCTCTTGGGAACTGAACTCA 

CTTTCCTCCTGAGGCTTTGGATTTGACATTGCATTTGACCTTTTATGTAGTAATTGACATGTGCCAGGGC 

AATGATGAATGAGAATCTACCCCCAGATCCAAGCATCCTGAGCAACTCTTGATTATCCATATTGAGTCAA 

ATGGTAGGCATTTCCTATCACCTGTTTCCATTCAACAAGAGCACTACATTCATTTAGCTAAACGGATTCC 

AAAGAGTAGAATTGCATTGACCACGACTAATTTCAAAATGCTTTTTATTATTATTATTTTTTAGACAGTC 

TCACTTTGTCGCCCAGGCCGGAGTGCAGTGGTGCGATCTCAGATCAGTGTACCATTTGCCTCCCGGGCTC 

AAGCGATTCTCCTGCCTCAGCCTCCCAAGTAGCTGGGATTACAGGCACCTGCCACCATGCCCGGCTAATT 

TTTGTAATTTTAGTAGAGACAGGGTTTCACCATGTTGCCCAGGCTGGTTTCGAACTCCTGACCTCAGGTG 

ATCCACCCGCCTCGGCCTCCCAAAGTGCTGGGATTACAGGCTTGAGCCCCCGCGCCCAGCCATCAAAATG 

CTTTTTATTTCTGCATATGTTGAATACTTTTTACAATTTAAAAAAATGATCTGTTTTGAAGGCAAAATTG 

CAAATCTTGAAATTAAGAAGGCAAAAATGTAAAGGAGTCAAAACTATAAATCAAGTATTTGGGAAGTGAA 

GACTGGAAGCTAATTTGCATTAAATTCACAAACTTTTATACTCTTTCTGTATATACATTTTTTTTCTTTA 

AAAAACAACTATGGATCAGAATAGCCACATTTAGAACACTTTTTGTTATCAGTCAATATTTTTAGATAGT 

TAGAACCTGGTCCTAAGCCTAAAAGTGGGCTTGATTCTGCAGTAAATCTTTTACAACTGCCTCGACACAC 

ATAAACCTTTTTAAAAATAGACACTCCCCGAAGTCTTTTGTTCGCATGGTCACACACTGATGCTTAGATG 

TTCCAGTAATCTAATATGGCCACAGTAGTCTTGATGACCAAAGTCCTTTTTTTCCATCTTTAGAAAACTA 

CATGGGAACAAACAGATCGAACAGTTTTGAAGCTACTGTGTGTGTGAATGAACACTCTTGCTTTATTCCA 

GAATGCTGTACATCTATTTTGGATTGTATATTGTGTTTGTGTATTTACGCTTTGATTCATAGTAACTTCT 

TATGGAATTGATTTGCATTGAACACAAACTGTAAATAAAAAGAAATGGCTGAAAGAGCAA 
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Appendix II. Cell lines authentication certificate 
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Appendix III. SWA11 (CD24) antibody purification   
 

 

 
 

 

Figure S1 SWA11 (CD24) antibody purification IgG measurement.  

Coomassie blue-stained gels and Western blotting using secondary donkey anti-mouse 

IRdye 800nm after SDS-PAGE of the purif ied antibodies. 
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Appendix IV. Transwell assays data analysis  
 

 

 
 

 

Figure S2 Representation of the transwell assay analysis of migrating and 

invasive cells.  

Four random microscopic f ields per well were taken at ×10 magnif ication, and the cells 

were counted manually using ImageJ (National Institutes of Health, Bethesda, MD) and 

analysed by taking the average of the four f ields per well (A) empty vector control (EVC) 

and (B) CD24.  
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Appendix V. Stimulation of SW480-expressing CD24 with P-selectin 

 

 

 

 

Figure S3 The effect of P-selectin stimulation on SW480 cell line.  

Western blot analysis indicates the effect of stimulation with P-selectin on SW480-

expressing CD24. As shown in the f igure (left), the CD24 protein level and its end targets 

were increased compared to non-stimulated cells and EVC cells. Densitometry analysis of 

the relative expression of the target proteins normalised to alpha-tubulin.  
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Appendix VI.  Optimisation of CD24 and  ILK siRNA 

 

 

 

 

Figure S4 CD24 siRNA and ILK siRNA optimisation. 

Western Blot confirmed CD24 silencing by siRNA in the SW620 cell line and showed the 

alteration of Cten, ILK, and VEGF-A proteins (A). In addition, ILK siRNA successfully led to 

ILK protein silencing compared to the luciferase control (LUC), and the optimum 

concentration of ILK siRNA was at 8 nM as indicated by western blotting. Similarly, the 

expression level of VEGF-A reduced in the ILK-silenced cells.  

 


