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Abstract 

Colorectal cancer (CRC) is the third most diagnosed cancer in Australia. Early screening for 

CRC is essential to improve prognosis. This is because patients diagnosed at a later stage of 

CRC often develop distant metastasis predominantly to the liver and lungs, which is associated 

with a low survival rate. Even though progress has been made in understanding the molecular 

mechanism of CRC progression and metastases development, the ability to predict metastasis 

in CRC patients remains elusive.  

As metastases are the primary cause of death for many cancer patients and developing ways to 

predict their development is a major goal for current clinical research. The question as to why 

only some CRC metastasise remains complex and is not fully understood. However, it is known 

that different cancer types exhibit different ways of causing distant metastasis. CRC metastasis 

is a non-random process and is known to be associated with many intrinsic factors that may be 

associated with cell-derived particles called extracellular vesicles (EVs).  

Extracellular vesicles (EVs) are cell-derived membranous particles secreted by all cells, 

including tumour cells that are involved in cell-to-cell communication. EVs carry specific 

cargos, such as micro-RNA (miRNA), RNA and proteins that are believed to reflect the source 

cells. Besides being used to characterise EVs, certain surface proteins have been shown to 

direct metastases to specific sites throughout the body. For example, specific subunits of 

Integrin proteins expressed on EVs were shown to potentiate mestastatic spread to unique 

distant sites in a premediated manner.  

The overall aim of this study was to investigate the value of EVs as biomarker for CRC 

metastases. The specific aims were to: 

(1) Determine whether plasma EV concentrations correlate with the development of distant 

metastasis; 

(2) Analyse the types of integrins expressed on EVs; and 

(3) Determine whether there is a unique miRNA signature of plasma EVs that is associated 

with metastasis development.  
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To investigate these aims, EVs were isolated from CRC cell lines (HT29 and SW620) and 

plasma obtained from 18 CRC patients with increasing disease burden and healthy controls 

using an optimised, gold standard technique, ultracentrifugation. The plasma samples were 

obtained from 3 CRC groups including patients with no CRC metastasis at time of surgery, 

patients who developed metastasis within 5 years post-surgery and patients with CRC 

metastasis at time of surgery. After EV isolation, western blotting, electron microscopy and 

nanoparticle tracking analyses (NTA) were performed to validate, characterise and quantitate 

the EVs. Both classical EV markers and integrins were analysed using a  imaging flow 

cytometry while the miRNA cargo was examined using miRNA sequencing.  

The concentration EVs did not correlate with the stage of CRC, suggesting it may not be useful 

as prognostic marker for CRC. CRC cell line EVs were positive for the expression of integrin 

alpha v while the control cell line (K562 leukaemia cells) was negative. A comparison of EV 

encapsulated mi-RNAs from CRC patient groups and healthy controls revealed several mi-

RNA candidate biomarkers including hsa-mir-21-5p, hsa-mir-143-3p, hsa-mir-423-5p and hsa-

mir-224-5p. In conclusion, this study provides preliminary evidence of the value of EV 

integrins and mi-RNA in predicting the risk of early CRC metastasis.  
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Chapter 1: Introduction 

1.1 Colorectal cancer  

1.1.1 Epidemiology and aetiology 

Colorectal cancer (CRC) arises from the inner wall of the colon or rectum. It is the third 

most commonly diagnosed cancer in Australia, with an estimated 16,398 new cases in 20191 . 

The risk of an individual being diagnosed is 1 in 12 for males and 1 in 17 for females1. In 2019, 

CRC had the second highest mortality rate of 5,597 in Australia with 3,009 males and 2,588 

females after lung cancer1. The survival mortality rates for CRC cases correlates with the 

disease stage1. The 5-year relative survival rates for both males and females from 2011 to 2015 

was 69.5% and 70.4%, respectively1.  

The incidence rate for CRC increases with age for individuals over 85 years of age 

experiencing the highest risk of developing CRC1. A substantial number of risk factors 

contribute to chances of developing CRC1, 2. Besides age, family history of CRC in a first- 

degree relative, increases risk of developing CRC1. Lifestyle factors may include lack of 

regular physical activity, low-fibre, high fat diet, tobacco and alcohol consumption while 

biomedical factors vary upon each individual’s health condition, but may be associated with 

co-morbidities such as diabetes and obesity1, 2.  

Although the majority of CRC cases (65%) are considered to be sporadic, 

approximately 30% of CRC cases develop due to genetic factors and up to 5% cases are linked 

with known single germline mutation3. For instance, familial cancer syndromes are caused by 

inherited gene mutations, including Lynch syndrome (hereditary non-polyposis colorectal 

cancer, or HNPCC) and familial adenomatous polyposis (FAP)3. HNPCC is one of the most 

common hereditary CRC syndromes, accounting for 2%-4% of CRC cases3, 4. This syndrome 

is associated with mutations in DNA mismatch repair genes such as MLH1, MSH2, MSH6 and 

PMS2, that function to repair DNA replication errors3-5. MLH1 and MSH2 are both more 

frequently mutated genes, with an incidence of 50% and 40%, respectively3, 5. HNPCC is 

commonly diagnosed with a lower number of adenomatous polyps when compared to FAP, 

but has a higher risk of developing CRC5. HNPCC arise from mutations in multiple DNA repair 

genes and is linked to developing other types of cancer such as endometrial, ovarian, stomach, 

kidney and breast cancer3, 4.  
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FAP is characterized by detection of large number adenomatous polyps in the colon 

and rectum, which is phenotypically different from HNPCC3, 4. Polyps appear to be  benign 

tumours but have the potential to develop into malignant adenocarcinomas (Figure 1.1). FAP 

accounts for around 1% of all CRC cases and is caused by an inherited mutation of 

adenomatous polyposis coli (APC) genes3, 4. Mutated APC gene is a spontaneously mutated 

tumour suppressor gene mutation that is detected in almost all cases of CRC cases. However, 

FAP-associated APC gene mutations are classically germline mutation, which involves small 

deletion, nonsense, frameshift mutation and genomic arrangement caused by intron deletion3, 

4. These lead to the formation of abnormal APC protein which is inactivate , ultimately leading 

to the development of FAP3, 4.  

More than 90% of CRC cases are adenocarcinomas originating from the hyper-

proliferation of epithelial cells in the colorectal mucosa6, 7. Other rare types of colorectal 

carcinomas include neuroendocrine, squamous cell, adenosquamous and undifferentiated cell 

carcinoma7.  

 

 

Figure 1.1- Development of adenocarcinoma (adapted from Choi et al., 2017)8.  
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1.1.2 Molecular biology of colorectal cancer 

The majority of sporadic colorectal cancers arise from progression of chromosomal 

instability (CIN), a form of genomic instability with the number and structure of chromosomes9, 

10. The CIN pathway involves the mutational inactivation of tumour suppression genes (TP53 

gene and SMAD4 gene) coupled with the mutational activation of oncogenes (KRAS and PI3K 

catalytic subunit-α (PIK3CA)) (Figure 1.2) 9, 11-13.   

APC, TP53 and SMAD4 are classified as tumour suppressor genes that encode proteins 

that prevent uncontrolled cell growth13. Mutations in this group of genes will result in abnormal 

cell proliferation. APC is the most common initial gene mutation detected in both sporadic 

CRC and FAP13. APC tumour suppressor gene normally blocks the transition from G1 to S 

phase of the cell cycle13. The APC protein contains multiple binding sites for numerous 

proteins, including  both the beta-catenin and E-cadherin protein, which contributes to cell 

adhesion and cell division13, 14. APC protein critically function to deregulate beta-catenin and 

E-cadherin protein to prevent overstimulation of cell division13, 14. It also plays an important 

role in managing the number of chromosomes in each dividing cell. Therefore, mutations in 

APC gene can lead to continuous cell cycles, loss of beta-catenin regulation, and altered cell 

migration13, 14.  

Other tumour suppressor genes, TP53 and SMAD4, are both significantly involved in 

controlling the cell cycle by regulating cell division via inducing G1 cell cycle arrest, repairing 

DNA damage and promoting apoptosis of cells with abnormal DNA15, 16. TP53 gene, codes for 

both p53 protein and p53 mutation, is observed in up to 60% of CRC patients15. The site of 

each mutation determines the biologic behaviour of CRC, such as the invasive depth, metastatic 

site and even the prognosis of patients15. Mutations in the TP53 gene decreases the production 

of p53 protein, resulting in suppression of differentiation, impaired genome DNA maintenance 

and abnormal cell proliferation15. With these outcomes, CRC patients with mutant p53 appear 

to harbour more chemo-resistant disease and have a poorer prognosis15. Moreover, SMAD4 is 

a highly- conserved protein that acts as a mediator of transforming growth factor-beta (TFG-

β) signalling transduction, one of the important cellular pathways that play a key role in 

regulating cell growth, cell differentiation as well as cancer initiation and progression16, 17. 

Mutated TFG-β/SMAD4 could involve in promoting CRC tumorigenesis by exhibiting 

angiogenesis, expression of VEGF and tumour metastasis in later stages of CRC16, 17.  
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Mutations on both the KRAS gene and PIK3CA gene are observed among CRC patients 

with the frequencies of 30-50% and 10-20%, respectively11. KRAS gene, a Ras family gene, 

encodes a 21 kDa K-RAS protein and is activated upon response to extracellular stimuli or 

signals such as growth factors and hormones via cell membrane receptors5. KRAS is a 

membrane-anchored protein that is widely expressed in most cells. It is involved in intercellular 

signal transduction and mainly responsible for epidermal growth factor receptor (EFGR) 

signalling activation, which is one of the most important pathways in human cells that aid in a 

series of cell cycle events including differentiation, proliferation and apoptosis18. In early 

studies by Vogelstein et al. demonstrated that Ras gene mutation highly occured in CRC 

patients with adenomas larger than 1 centimeter (58 %) as compared to patients with adenomas 

smaller than 1 cm (9 %)10. In this manner, mutations on the RAS gene stimulates the activation 

of downstream proliferation signalling pathways and are found to be most prevalent in 

colorectal and lung cancers18. It is believed that the mutated Ras gene has a contributory role 

in driving the development and progression of colorectal cancer (Figure 1.2)10, 19. PI3K gene 

belongs to a family of heterodimeric lipid kinases that are found in all cell membranes12. It is 

a protein-coding gene activated by various receptor tyrosine kinases, EFGR and insulin growth-

factor 12, 20. PI3K gene promotes and regulates various cellular processes, such as proliferation, 

intracellular trafficking, apoptosis and metabolism12, 20. PIK3CA is a catalytic p110-alpha 

subunit of PI3K and mutated PIK3CA has been shown to upregulate the downstream AKT-

MTOR signalling pathway, an intracellular signalling pathway crucial in controlling the cell 

cycle, thereby stimulating CRC growth11, 12, 20.  
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Figure 1.2- illustrates the multistep genetic model of chromosomal instability (CIN) in the progression 

colorectal cancer (adapted from Pino et al., 2014)21. 

 

1.1.3 Diagnosis and staging of colorectal cancer  

Current diagnostic approaches facilitate early detection of CRC, even at an 

asymptomatic or pre-cancerous stage. The faecal occult blood test (FOBT) is commonly used 

for CRC screening while colonoscopy is the gold standard diagnostic tool. Computed 

tomography (CT) scan, positron emission tomography (PET) and magnetic resonance imaging 

(MRI) are key tools for identifying nodal and metastatic disease in patients with CRC22. FOBT 

detects trace amount of blood in bowel motions, where a positive result may indicate several 

conditions such as a presence of polyps, ulcers or haemorrhoids22. Patients who have a positive 

FOBT undergo a follow-up colonoscopy. This involves endoscopic inspection of the colon and 

rectum for pathological features22. Tissue biopsies can be taken for pathological review from 

which a diagnosis can be made (Figure 1.3).  
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Figure 1.3- Hematoxylin and Eosin (H&E) staining of colorectal tissues (obtained from Li et al., 2014)23. 

(A) Normal healthy colon tissue with black arrows suggesting well, structured pseudostratified ciliated 

columnar epithelial cells and no cell atypia (B) Colorectal Adenocarcinoma al with black arrows 

showing complicated glandular structures, nuclear atypia with enlarged nucleoli and imbalanced 

nucleus-to-cytoplasm ratio.  

 

CT, PET and MRI are used following diagnosis of CRC to determine the extent of nodal 

disease and metastatic spread. CT uses isonising radiation to provide multi-planar images of 

the body, while MRI uses magnetic resonance waves. PET is a type of nuclear scan that detects 

FDG-avid lesions24-26. MRI is used to further evaluate equivocal lesions on CT and stage for 

rectal cancer24-26. However, both PET and MRI are rarely applied to CRC patients due to time 

consuming, limited accessibility and high costs24-26.  

The main system used for staging CRC in Australia is the American Joint Committee 

on Cancer (AJCC) tumour-nodes-metastasis (TNM) system (Table 1.1)27. The TNM system is 

divided into Tumour (T), Node (N) and Metastasis (M) categories 27 (Table 1.1 and Figure 1.4). 

Category T indicates the extent of tumour invasion, category N is determined by the number 

of positive lymph nodes invaded by tumour and category M relates to distant metastasis27. CRC 

patients are graded for each category and assigned with a cancer stage (0 through IV)27, 28. The 

tumour grade is based on the cellular appearance of primary tumour while tumour stage 

correlates significantly with the replication of cancer cells, histological features of the tumour 

tissues and also the number of lymph node metastases diagnosed for each N-stage28. Patients 

with higher count of regional lymph node metastases are graded with a higher tumour grade. 

This indicates that the tumour cells are observed to be poorly differentiated and contribute to 

A	 B	
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higher risk of metastases1, 27, 28. Patients diagnosed with low-stage localized CRC (Stage I and 

II according to the TNM system) have up to 90% 5-year-survival rates while patients with high-

stage metastatic cancer (Stage IV) have a 5-year-survival rate of less than 15%1, 27, 28.  

 

Table 1.1 - Cancer stages that correlate with the AJCC Tumour-Node- Metastasis (TNM) system27, 28 

AJCC Stage 
TNM system 

Stage Criteria 
T N M 

Stage 0 Tis N0 M0 
Tumour confines to mucosa; cancer in 

situ 

Stage I T1 N0 M0 Tumour invades submucosa 

Stage I T2 N0 M0 Tumour invades muscularis propria 

tage II-A T3 N0 M0 Tumour invades subserosa 

Stage II-B T4 (a/b) N0 M0 Tumour invades surrounding tissues 

Stage III-A T1-2 N1 M0 
Metastasis in one to three regional 

lymph nodes including T1 or T2 

Stage III-B T3-4 N1 M0 
Metastasis in one to three regional 

lymph nodes including T3 or T4 

Stage III-C Any T N2 M0 Metastasis in four or more lymph nodes 

Stage IV Any T Any N M1 (a/b/c) 
Distant metastasis. Number of organs 

varies 

 



	 19	

 

Figure 1.4- Schematic diagram of TNM system (obtained from Ong et al., 2016)27, 28 

 

1.1.4 Treatment of colorectal cancer 

Multiple treatment approaches such as surgical resection, radiation therapy and 

systemic therapies, are available for CRC. The optimal treatment strategy depends on the 

subtype, location, stage and genomic profile of the tumour, and the age, physical condition and 

preferences of the patients29.  

Local therapy such as oncological resection is the primary treatment for non-metastatic 

CRC patients and involves removal of the primary tumour29. Systemic treatment, known as 

chemotherapy, involves the use of medication to suppress tumour cells. Such therapies are 

administered to patients depending on the CRC stage, histological features and other factors 

such as age and co-morbidities present30, 31. Patients diagnosed with stage I and II CRC with 

no poor prognostic features are often treated with surgery to remove the entire primary tumour 

while patients with stage II and III with poor prognostic features are treated with a combination 

of therapies, including surgery and adjuvant chemotherapy30, 31. Patients with metastatic colon 

disease will likely be treated with oncological resection of primary tumour and followed by 

adjuvant chemotherapy to remove any remaining tumour tissues31.  
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Multiple therapeutic agents have been approved by Therapeutic Goods Administration 

(TGA) and have greatly improved the outcomes of CRC patients diagnosed with resectable and 

metastatic disease32, 33. 5-Fluorouracil (5-FU), discovered in the 1950s, is one of the most 

widely used chemotherapeutic drugs32, 34. It remains the cornerstone of systemic treatment for 

CRC32, 34, 35. 5-FU is an anti-metabolite, these have multi-functions such as incorporating into 

DNA and RNA to inhibit their biological function or cause the inhibition of the nucleotide 

synthetic enzyme, thymidylate synthetase (TS), thus leading to DNA damage34, 35. 5-FU can be 

given intravenously, or orally, as the prodrug, capecitabine34. 5-FU is usually administrated 

with leucovorin (FU/LV), a reduced folate that aims to stabilize and enhance effectiveness in 

the interaction of 5-FU with TS34, 35. FU/LV is improved further when administered with other 

regimes such as Oxaliplatin and Cetuximab to provide additional benefit for metastatic CRC 

patients36. The addition of oxaliplatin with the combination of FU/LV provides significant 

positive response and prolonged progression-free survival among patients with metastatic 

CRC35, 36. 

Besides chemotherapy, targeted therapy is also used on metastatic CRC patients to 

improve efficacy37. Targeted therapy uses a different set of drugs that function to suppress 

specific type of proteins that are needed for CRC tumour cell growth37. Cetuximab is a 

monoclonal antibody that functions as an epidermal growth factor receptor (EGFR) inhibitor 

and is often given to CRC metastatic patients along with the combination of FU/LV and 

oxaliplatin36, 37. Bevacizumab is another humanized immunoglobulin G (IgG) monoclonal 

antibody38 administered to metastatic patients to direct against the vascular endothelial growth 

factor (VEGF), a potent angiogenic factor36, 37. Bevacizumab is considered to be less effective 

when administrated alone, hence, it is generally given along with the combination of other 

chemotherapy drugs, such as 5-FU, to enhance the antitumour effect36, 37.  

CRC patients may be given both radiation and chemotherapy at the same time, known 

as chemoradiotherapy, to increase the effectiveness of targeting tumour cells34, 35, 37. Radiation 

therapies apply high-energy electron beams to destroy tumour cells. There are two types of 

well-known radiation therapies, external-beam radiation therapy and stereotactic radiation 

therapy39. Radiation therapy is performed before surgical resection with a combination of 

chemotherapy 5-FU drug to sensitise the tumour cells, reduce the tumour size and allow for 

preservation of anal sphincters39. Both external beam radiation therapy and stereotactic 

radiation therapy uses a machine that directs the electron beam through the skin and directly 
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onto the tumour40, 41. However, stereotactic radiation therapy is often given to patients with 

liver or lung metastasis40, 41. This therapy helps in reducing the extent of subsequent resections, 

such as, lobectomy can be avoided and segmentectomy could be performed40, 41.  

Immunotherapy has revolutionised treatment for multiple types of cancer, including 

advanced CRC42. Immunotherapy is designed to boost the immune system, helping it to better 

recognise and destroy cancer cells. Immune checkpoint inhibitors (ICI) target co-inhibitory 

receptors expressed on the surface of immune cells 42, 43. Programmed cell death 1 (PD-1) is an 

immune checkpoint found on T cells and many other immune cell subpopulations to guard 

against autoimmunity42, 43. Inhibiting PD-1 results in enhanced T cell activation and function, 

enabling recognition and killing of tumour cells42, 43. In 2017, FDA-approved immune 

checkpoint inhibitors, pembrolizumab and nivolumab (targeting PD-1), were given as an 

intravenous (IV) infusion to CRC patients repeatedly over a set of time43, 44. However, these 

ICIs are only approved for metastatic CRC patients exhibiting microsatellite instability (MSI-

H) or mismatch repair deficiency (dMMR)43, 44. To increase clinical efficacy in CRC patients, 

a combination immunotherapy with nivolumab and iplimumab, an anti-CTLA-4 monoclonal 

antibody, was applied to boost CRC patients’ immune system45. Although studies showed that 

this combination of immunotherapy results in better outcomes compared with anti-PD-1 

monotherapy for metastatic patients, it is currently not readily used due to high side effects45. 

1.1.5 Colorectal cancer recurrence and metastasis 

Despite having early surgery to remove the primary tumour, 25% of CRC patients 

diagnosed with stage I , II and III will eventually progress and develop metastasis46. The most 

common metastatic sites of CRC include the liver (70%) followed by lung (15%-20%) due to 

their anatomical position and the direction of blood flow to these particular organs47, 48. Blood 

circulation is primarily drawn to the liver through the hepatic portal system from the colon and 

the proximal rectum while the lung obtains blood directed from the distal rectum (Figure 1.5)48, 

49. Hence, patients with rectal cancer are suggested to be prone to developing lung metastasis 

while patients with colon cancer have a higher risk of liver metastasis 49.  
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Figure 1.5- Schematic representation of the vascular flow from colon to the liver. Blood enters the liver 

through the hepatic portal system and right lobe of the liver receives high blood flow due to larger 

segments (adapted from Mertens et al., 2017) 50.  

Less common sites of CRC metastases include the peritoneal cavity and bone47. Female 

CRC patients have 3-8% chance of developing ovarian metastases51. The survival rate of CRC 

patient is highly dependent on the site of metastasis; for example, patients with metastasis to 

visceral organs within the chest (lungs) or abdomen 52 have worse clinical outcomes than 

patients with metastasis to non-visceral organs (bone)49, 53. Studies demonstrated that patients 

with both liver and lung metastasis had a significantly lower 5-year overall survival (12.7%) 

when compared to patients without distant metastasis (75.1%), patients with lung metastasis 

only (45.7%) and patients with liver metastasis only (25.2%)49, 53. The median survival time 

span of patients with liver metastasis only and lung metastasis only was 1.4 years and 4.3 years, 

respectively53.  

The mechanisms underlying the development of cancer metastases remain in debate. 

Despite global efforts and genome-wide analyses, no single gene or gene signatures appear 
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responsible for metastasis51, 54. The question as to why only some CRC metastasise remains 

complex and not fully understood. However, it is known that different cancer types do exhibit 

different ways of causing distant metastasis54, 55. Although little is known about the key events 

driving CRC metastatic growth in specific organs, recent evidences suggested that CRC 

metastasis is a non-random process driven by the biological contents that are actively secreted 

by the primary tumour cells, the host immune microenvironment and also the interaction 

between the microenvironment and these tumour-derived contents55, 56. Colorectal metastatic 

organotrophism is generally understood by two main hypotheses, the haemodynamic 

hypothesis and the seed-and-soil hypothesis, explaning the efficiency and location of metastatic 

secondary tumour55-57.  

The haemodynamic hypothesis proposed in the early 20th century, suggested the sites 

of metastasis to be related to the anatomy and structure of the angiolymphatic system55-57. The 

‘seed-and-soil’ hypothesis in 1889 by an English surgeon Stephen Paget 57, suggested the 

growth of metastasis significantly correlates with both the molecular interactions of tumour 

intrinsic factors and the compatibility of tumour cells with the favourable local 

microenvironment or ‘soil’ (Figure 1.6). Together, both hypotheses postulated that tumour-

derived intrinsic factors are released into the blood stream and metastatic dissemination 

occurred as a result of the associated haemodynamic flow and cross-talk between tumour-

derived intrinsic factors and the specific organ microenvironments57, 58Sites of CRC metastasis 

like regional lymph nodes, distant sites such as lungs, liver, ovarian, bone and peritoneum can 

be explained by either the haemodynamic hypothesis or the ‘seed-and-soil’ hypothesis54, 56, 58.  

A significant proportion of early CRC stage patients are at high risk of CRC recurrence 

and metastasis, even after surgery and other therapies to remove primary tumour54, 56, 59. 

Therefore, absence of a suitable clinical biomarker has become a major challenge for early 

prediction of CRC metastasis among CRC patients.  
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Figure 1.6- Schematic diagram of CRC metastases to lung and liver through haemodynamic and ‘seed-

and soil’ hypotheses (adapted from Ji et al., 2020)60. Tumour intrinsic factors (EVs) as ‘seeds’ secreted 

by CRC cells travel to distant organs via the blood circulation and develop an immunosuppressive 

microenvironment for metastasis dissemination.  

1.2 Introduction to liquid biopsies 

Recent studies have established that the primary tumours and pattern of metastasis dynamically 

evolve over time in response to the selective pressure from therapies that suppress or promote 

the growth of immune cell clones in the immune system61. Physical examination and traditional 

imaging methods have limited detection capacities and often miss small lesions or micro-

metastasis61, 62. As a novel alternative, ‘liquid biopsies’ aim to detect cancer-derived intrinsic 

factors circulating in the bloodstream or other body fluids63, 64. Liquid biopsy is touted as  an 

effective and less invasive multimodal diagnostic tool that can aid in molecular profile of 

circulating components from a tumour and may provide ‘real-time’ information to estimate the 

risk of metastasis or disease progression while lowering any diagnostic bias from tumour 

heterogeneity62-64.   
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CRC cells produce multiple intrinsic factors such as extracellular vesicles (EVs), 

circulating tumour cells (CTCs), or circulating tumour DNA (ctDNA). CTCs are circulating 

tumour cells shed from the primary tumour site into the blood stream while ctDNA are tumour 

-derived fragmented DNA released by necrotic tumour cells found in the blood stream. EVs 

function as critical mediators of intercellular communication between cells. CRC cells  

cooperate with and likely respond to the microenvironment via the interaction of EVs57. The 

cross-talk between the tumour cells and distant organs facilitate the formation of a pre-

metastatic niche56, 57, 59. These tumour-derived intrinsic factors were studied to be potential 

predictive biomarkers due to high specificity and sensitivity in tumour diagnosis59. Despite 

indications that liquid biopsies will be beneficial in the early detection of cancer, there are still 

challenges that obstruct the development and application of these liquid biopsies to clinical 

practice. It is recognised that different cancer types have been shown to generate different 

levels of CTCs, ctDNA and EVs, which suggested that the amount of genetic materials 

obtained from each patients sample may be limited with low concentration. These limitations 

in intrinsic factors may result in difficulty to detect any possibility of gene mutations65. Hence, 

there is a need of improvement in the sensitivity and specificity of current detection65. Specific 

biomarkers to provide early detection for CRC patients with risk of metastasis are yet to be 

fully discovered.  

1.2.1 Circulating tumour cells (CTC) 

Although it is still unclear what specific factors drive the metastasis process, many 

recent studies have suggested that disseminated tumour cells from the primary tumour site enter 

the vascular system as circulating tumour cells64, 65. CTCs have the ability to extravasate and 

become ‘seeds’ for the subsequent risk of metastasis in a distant organ, ‘soil’66. CTCs have 

attracted much interest as a prognostic biomarker for cancer metastasis since they carry both 

the phenotypic and genotypic information of the solid tumour56, 66. The number of CTCs may 

reflect the patients’ tumour condition and serve as a biomarker of response to monitor patients’ 

therapies66, 67. The CellSearch system for clinical use to detect CTCs in blood for metastatic 

breast cancer have been approved by the FDA in 2004 which was later granted approval to aid 

in detecting CRC metastasis in 200866. However, CTCs are rare and concentrations were 

observed to be significantly low in the peripheral blood of CRC patients with metastatic stage 

IV, ranging from only 1 to 10 cells per 1mL66, 67. Studies have shown that while CTCs were 

detectable in the peripheral blood of 71% CRC patients, only 29% of the patients demonstrated 

high CTC levels66-68. Although the FDA has approved CTC detection for CRC metastasis CTC 
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detection rates were still inconsistent between patients and CRC types66-68. As a result, there is 

still limited information and insufficient evidence to yet prove the reliability and usefulness of 

this approach to provide a survival advantage for CRC patients.  

1.2.2 Circulating tumour DNA (ctDNA) 

Most cells within the body are continuously generating new cells to replace dead cells, 

including tumour cells. These dead cells are routinely degraded and biomolecules, such as 

DNA and proteins, are released into the blood circulation57, 64. Cell-free DNA is extracellular 

DNA found in bodily fluids, such as blood, where it circulates through the kidney and liver 

organs 66.  

Interestingly, ctDNA may signal the persistence of any minimal residual disease (MRD) 

in CRC patients69. ctDNA analysis was used to optimize the detection of any possible residual 

disease in plasma samples from a prospective cohort of patients with resected stage II colon 

cancer (n=230)70. The majority of CRC patients (92.1%) tested negative for ctDNA after 

surgery however 9.8% of the overall patients were identified with increased ctDNA levels 

indicating possible disease recurrence70. ctDNA has also been proven to have the capacity to 

provide an overall genetic profile that may represent the solid tumour69, 71. Mutated KRAS in 

ctDNA was detected in a significant proportion of metastatic CRC patients prior to surgery 

(41%) and was found to match the mutations within the resected primary tumour (53%)72. 

Studies have shown that patients with elevated ctDNA and high level of mutations are 

associated with poor outcomes and lower survival rate72.  

However, the limitation in clinical validity to suggest ctDNA as an indication for early 

stage of CRC was due to the amount of circulating ctDNA corresponding with the disease stage, 

thus making it difficult for patients with low disease burden69, 71, 72. This limited the sensitivity 

in detecting KRAS ctDNA mutations in early stage I CRC patients (24%) and stage II CRC 

patients (45%)72. Besides, studies also showed that there was a non-specific and relatively low 

correlation (45%) between KRAS mutations detected in ctDNA and the primary tumour72.  

1.2.3 Extracellular vesicles  

Extracellular vesicles (EVs) are cell-derived nano- and micro-size particles that are 

released into the blood and other bodily fluids and play key roles in several biological 

processes73. In recent years, EVs have come under the spotlight as a potential circulating 
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biomarker for CRC. They have also garnered much interest due to their potential utility as 

drivers of CRC metastasis. 

Comparatively with ctDNA and CTCs, EVs appear to have multiple advantages in 

terms of the quantity and stability. EVs are highly produced with abundant contents  and 

broadly distributed among the body fluids with considerable accessibility73. The structure of 

the EVs offer a stable mode of transport and protects the dynamic molecular cargo60, 73, 74. With 

these advantages, EVs were selected as the focus of this thesis.  

1.3 Extracellular Vesicle Biology 

1.3.1 Extracellular Vesicle Physiology  

It is evident that all living cells, including tumour cells, secrete different types of 

particles that aid in communication and other biological processes75. EVs have an outer lipid 

bilayer membrane that consists of multiple components such as phosphatidylserine, 

intercellular adhesion molecular 1 and various integrin receptors. These features help stabilize 

EVs and protect them from degradation in surrounding fluids and direct EVs to target cells76 . 

The binding of EVs to target cells take place either by the expression of specific receptors or 

binding directly onto the cell plasma membrane to undergo endocytosis (Figure 1.7)75-77. Upon 

binding and fusion, EVs facilitate inter-communication and cellular membrane modelling75, 77. 

EVs contain a diverse repertoire of proteins, RNA, lipids and metabolites that moderate 

signalling pathways in the recipient cells73, 78, 79.  
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Figure 1.7 – Schematic overview of extracellular vesicles signaling pathways for targeted recipient cell. 

EVs bind to specific corresponding receptors expressed on the target cell or directly onto the cell 

membrane to stimulate signals within the target cell (adapted from Abreu et al., 2016)80.  
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1.3.2 Types of Extracellular Vesicles 

The family of EVs are categorized into several different major categories based on their 

size, morphology and biogenesis and include apoptotic bodies, microvesicles and exosomes 

(Figure 1.8)77.  

 

 
Figure 1.8- Categories of extracellular vesicles (obtained from Gustafson et al., 2017)81. 
 

Apoptotic bodies 82 are the largest vesicles as compared to the other two subtypes with 

the size of 1000-5000nm83, 84. ABs are generated by all types of cells during the executive phase 

of the apoptotic process. ABs consist of a diverse molecular cargo that is once again highly 

consistent to the cell from which they originate85. Therefore, ABs have been one of the targeted 

vesicles for prognosis, diagnosis and treatment for many disorders77, 85.  

Microvesicles (MVs) are roughly 100-1000 nanometres (nm) and are released by cells 

via ectocytosis, which is the outward budding and fission of the membrane from the cell 

surface77, 85. The MVs have the potential to serve as an indicator of diagnosis and prognosis for 

a variety of health conditions as they contain bioactive molecules and proteins that may reflect 

where they originated77, 85. 
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Exosomes, are the smallest endosomal derived membrane vesicles amongst the group 

with the diameter ranging from 50-150nm77, 85. Exosomes are produced in the endosomal 

compartment of most eukaryotic cells and can be found in most body fluids. The formation of 

exosomes starts with the invagination of the limiting membrane of early endosomes, which 

then further matures into the multivesicular bodies, known as MVBs or late endosome77, 83, 86. 

During the formation, a small amount of cytoplasm, proteins and other nucleic acids is 

incorporated into the exosome. The MVBs are then either degraded by the lysosome or fuse 

with the plasma membrane and are released into the extracellular space77, 83, 86. Exosomes are 

functional vesicles that carry a complex cargo of proteins and are capable of delivering these 

proteins to a target site, which may ultimately reprogram the recipient cells. Therefore, 

exosomes represent a mode of intercellular communication such as immune response and 

signal transduction85-87.  

The formation and release of exosomes are regulated through the Endosomal Sorting 

Complexes Required for Transport (ESCRT) pathway88. The ESCRT pathway is the most 

extensively described pathway of the MVB biogenesis, responsible for the sorting of 

ubiquitinated proteins into membrane-bound intraluminal vesicles (ILVs)88. The ESCRT 

proteins including Alix, TSG101 and HSC70 are be found in exosomes regardless of the type 

of cell from which they originate88, 89. Proteins associated with the endosomal membrane, for 

example, tetraspanins CD9, CD63 and CD81, are often recognized to be conventional exosome 

markers and are thought to be ubiquitously present on exomes derived from various cellular 

sources, although studies showed that they could also be identified in MVs and apoptotic 

bodies84, 89.  

1.4 Extracellular vesicles in colorectal cancer  

1.4.1 Extracellular vesicles in metastasis development 

EVs promote CRC development and metastasis progression through the transfer of 

oncogenic cargo to other non-malignant cells73, 90. The human colon adenocarcinoma cell line, 

HCA-7, was shown to secrete EVs containing heparin–binding EGF-like growth factor (HB-

EGF), a ligand for EGFR, that can lead to enhanced invasiveness of tumour cells87, 91. CRC-

derived EVs have the capability to interact with the extracellular matrix (ECM) directly to 

transfer cargoes that will result in ECM degradation87, 91. For instance, CRC-derived EVs 

expressing a high level of CD96c and CD44 have the ability to bind to the hyaluronic acid on 

ECM and increase risk of invasiveness87, 91. CRC-derived EVs bind to fibroblasts and capable 
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of upregulating pro-invasive regulators of membrane protrusion and matrix-remodelling 

proteins, leading to metastasis via ECM87, 91.  

A study by Ji et al. analyzed the expression of ITGBL1 on EVs derived from CRC 

tissues in comparison to healthy controls and their contribution in driving CRC metastasis to 

distant organs. Results showed CRC tissues-derived EVs expressed high level of ITGBL1 

which correlates with site of metastasis60. ITGBL1 rich EVs can activate resident fibroblasts in 

remote organs, such as liver, and induce pre-metastatic niche formation by stimulating the level 

of pro-inflammatory cytokines (IL-6 and IL-8), and tissue matrix remodelling60, 89, 92.  

KRAS mutation have been intensively studied in CRC and EVs were found to enhance 

the invasiveness of metastasis by transfering tumour-promoting proteins, such as mutant KRAS 

and integrins93. CRC with KRAS mutation have observed to express high level of Rab13, a 

protein that is involved in endocytic recycling and trafficking of molecules between cell 

membranes94. Studies have discovered that Rab13 protein may participate in the regulation of 

the EVs secretion and the disruption of Rab13 trafficking can inhibit tumour cells proliferation 

and tumorigenesis94. The study by Hinger et al., focused on EVs derived from both KRAS-

mutant CRC cell lines, DKO-1 and DKs-8. It was reported that the EVs derived from these 

KRAS-mutant CRC cell lines have expressed high level of EGFR ligand and Rab13 mRNA. 

Both of these have shown to play a part in promoting cell proliferation and CRC metastasis. It 

was also reported that these EVs from KRAS-mutant CRC cell lines transfer mutant KRAS 

genes to neighbouring receipient KRAS-wild type cells and may induce cell growth via 

collagen promotion94, 95.  

EVs derived from KRAS-mutant CRC cell lines have shown to self-regulate their own 

composition and integrin expression93, 96, 97. For example, a decreased expression of ITGB1 and 

increased expression of ITGAV, ITGA6, ITGB4 was observed in KRAS-mutant HD6-4 CRC 

cell line. These integrin expressions were shown to correlate with progression to invasive 

carcinoma and promote metastates to distal organs93, 96, 97. Besides, EVs secreted by CRC cell 

lines with KRAS mutation have also been shown to activate an epithelial-to-mesenchymal 

transition (EMT). This phenomenon is characterised by a loss of epithelial characteristics such 

as E-Cadherin expression, cell polarity, cell adhesion while gaining mesenchymal features such 

as increased expression of Vimentin and enhanced migratory capacity93.  
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Taken together, CRC-derived EVs contain a variety of protein cargo that can alter a cell 

phenotype and induce an onset of invasive and pro-metastatic features to promote tumour 

progression and metastasis.  

1.4.2 Biomarker potential of EVs for CRC 

One of the most extensively studied classes of EV cargo has been mi-RNA73, 98, 99. mi-

RNA is a non-coding RNA molecule with around 22 nucleotides and can be packaged into EVs. 

Multiple plasma derived EV encapsulated miRNA were detected at an abnormal level in CRC 

metastatic patients in relative to healthy volunteers and CRC patients with no metastasis, 

indicating the EV encapsulated mi-RNAs could highly play a part in serving as reliable and 

specific tumour biomarker83, 98, 99. A recent study showed signficant upregulation of EV mi-

RNAs such as miR-23a, mi-R1246 and miR-21 in CRC patient plasma (n=77) in comparison 

to healthy controls (n=11)99. A downregulation of miR-548c and upregulation of miR-21 were 

observed in plasma EVs from CRC patients, which showed to positively correlate with the liver 

metastasis and relatively lower 5-year survival range86, 100, 101. Further, EV encapsulated miR-

320 was considered one of the most useful miRNA in differentiating metastatic from non-

metastatic CRC pateints102. The level of miR-320 in EVs was found to be highly upregulated 

in stage IV CRC pateints as compared to stage I-III, which was also found to play a role in 

regulating the metastasis promoting genes100, 102. Therefore, prognostically informative tumour 

derived mi-RNA could be a valuable marker for metastasis CRC detection.  

Aside from miRNA, studies have further explored the proteomic profiles of EVs to 

identify novel CRC-related biomarkers73. Studies determined that the concentration of EVs in 

plasma from CRC cases with distant metastasis (n=91, mean rank = 53.93) was statistically 

higher (p value= 0.002) than in healthy volunteers (n= 12, mean rank = 24.35)60, 103, 104.  

A comparative proteomic analysis between the EVs derived from primary CRC cells 

(SW480) and metastatic derivatives (SW620) identified almost 300 EV- related proteins as 

upregulated in both the primary and metastatic cancer cells98. Cell adhesion-related proteins 

such as integrin-associated proteins, adhesion-related proteins and junction proteins were 

found to be enriched in these tumour-derived EVs. In contrast, integrin-associated proteins 

such as ITGA2, ITGA3, ITGA6, ITGAV, ITGB2 ITGB4, and ITGB5 were overexpressed by 

metastatic SW620 cells, indicating that they may play role in CRC progression and function as 

diagnostic indicators of CRC metastasis98.  
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To sum up, many existing studies have strongly supported that EVs do upregulate or 

downregulate the expression specific protein cargos, miRNA and integrins to participate in 

driving cancer progression and the development of distant metastasis. Hence, it is believe that 

these signatures provide EVs with great potential to act as biomarkers for early metastasis 

detection.  

1.5 Integrins  

Integrins are frequently expressed on EVs with an important role in mediating cell 

adhesion105. Integrins are heterodimers made up of two integral membrane glycoprotein 

subunits, α and β, held together by disulphide bonds and with a range in size from 80 to 180kDa 

molecular weight (Figure 1.9)105, 106. As a part of adhesion, the globular head of the integrin 

protein projects outwards while having the C terminal tail of both subunits anchored on the 

actin cytoskeleton inside the EV105-107. The subunits, α and β, globular head binds to outer 

ligands while the integrin cytoplasmic tail binds to anchor proteins such as actin and filamin 

within the cell, providing a passage to facilitates unique bidirectional transmission of a signal 

across the EVs lipid membrane, “inside-out” and “outside-in” signalling106, 108. “Inside-out 

“signalling refers to the binding of talin and kindlin proteins, the two most significant 

intracellular activators, to the cytoplasmic domains of integrin β subunits107, 108. Conversely, 

“outside-in” signalling refers to the interactions between the globular head of the integrin with 

various ligands on the extracellular matrix 109. These bindings help in inducing a signal across 

the membrane and allow the cell to response correspondingly such as cell migration, spreading 

and survival107, 108.  

Integrins are composed of alpha and beta subunits such as α1-, α2-, α3-, α4-, α5-, α6-, 

αv-, β1-, β3-and β4106, 108. These subunits form heterodimers and bind to different extracellular 

matrix proteins; for example α1β1, α2β1 and α3β1 bind to laminin or collagen, α4β1, α5β1 and 

αvβ1 bind to fibronectin, α6β1 and α6β4 bind to laminin and αvβ3 and αvβ5 bind to 

vitronectin105, 106, 108.  
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Figure 1.9- Structure of integrin. The integrins perfom a bidirectional transmission of signal, “outside-in” 

and “inside-out” signalling by either binding to an outside ligand or intracellular talin and kindlin proteins 

(obtained from Shattil et al., 2010) 106. 

 

1.5.1 EV Integrins in cancer metastasis 

Tumour-derived EVs express different types of integrins that are instrumental in 

preparing a pre-metastatic tumour niche to specific organs. A landmark paper demonstrated 

that tumour-derived EVs home to specific sites under the influence of integrins109. EVs from 

sublines of MDA-MB-231 breast cancer cells (4175-LuT and 831-BrT) showed a significant 

difference between their accumulation in the lung and brain 109. For example, 4175-LuT- 

derived EVs overexpressed integrins subunit, ITGB4 and ITGB4, which were preferentially 

migrated to the lung whereas 831-BrT- derived EVs overexpressed integrins subunit ITGA2 

and ITGA3, where they favoured to localized to the brain109. The study conducted retro-orbital 

sinus injection of  fluorescently labeled EVs-derived from breast (MDA-MB-231) and 

pancreatic (BxPC-3 and HPAF-II) cancer cell lines onto nude mice, which later revealed that 

breast cancer patients with lung metastasis expressed a significant levels of integrins β4 on EVs 

while pancreatic cancer patients with liver metastasis expressed high levels of integrins αv- on 

EVs compared with controls109. With this, the study indicated that specific integrin subunits 
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expression on EVs highly correlates with the site of cancer metastases. For instance, tumour-

derived EVs with expression of integrins α6-, β1- and β4- are linked with lung metastasis 

whereas tumour-derived EV with expression of integrin subunit αv- and β5- are linked with 

liver metastasis109. This is because liver has been shown to contain multiple extracellular matrix 

components, including fibronectin, vitronectin and various types of collagen while laminin is 

the key protein in the basement membrane of the respiratory airways and alveolar epithelium109. 

As a consequence, integrin αvβ5 interacts with vitronectin, produced by the hepatocytes, and 

drives cell migration and cell adhesion while, integrins α2β1, α3β1, α6β1 and α6β4 interact 

with laminin and collagen of the respiratory system leading to pre-metastatic niche105, 109.  

There is a strong relationship between the type of integrins expressed by tumour-

derived EVs, extracellular matrix and the micro-environment of the site of metastasis. A study 

demonstrated that the upregulation of αvβ3 expression on EVs obtained from both prostate 

cancer cell line (PC3 and CWR22Pc) and tumour-bearing mice played divergent roles in 

tumour migration, fibronectin adhesion and invasion, which can result in the progression of 

bone metastasis110. EVs derived from these prostate cancer cell line have been shown to 

develop the ability to transfer αvβ3 integrin to both the tumorigenic cells (C4-2B cell line) and 

non-tumorigenic cells (BPH-1 cell line), resulting in cancer metastasis and tumour progression. 

Of relevance, αvβ3 was also detected as highly expressed on EVs of cases with melanoma and 

metastatic colorectal cancer111. It was later revealed that the inhibition of integrin αvβ3 

expressed on these prostate cancer cell line-derived EVs (PC3, C4-2B and BPH-1) showed 

significant results with substainally decrease tumour migration, invasion and bone 

destruction110.  Taken together, these findings all suggest that EVs from different cancer types 

may have a distinct integrin expression patterns that have potential as  predictors of pre-

metastatic niche formation and organ site-specific metastasis. 

1.6 Rationale  

Patients with CRC metastasis encounter higher mortality rate and lower quality of life 

as compared to patients with no metastasis. As such, there is a crucial need for a new CRC 

specific biomarker which can allow highly accurate and sensitive tumour prognostication for 

CRC pateints at an early stage. While there have been many recent investigations illustrating 

the potential of EVs and integrin expression as biomarker on various of types of cancer 

metastases, no studies have explored the clinical utility of EVs and integrins as biomarkers for 

early detection of CRC metastasis. Despite recent studies examining the mi-RNA in CRC-
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derived EVs to predict CRC metastasis have shown valuable signatures, there have been no 

studies investigating these mi-RNA expression without a well-developed EV-miRNA panel. 

Hence, the expression of integrins and mi-RNA on CRC-derived EVs is yet to be fully 

elucidated. This study was designed to determine the value of identifying the level of EVs and 

integrin expression in CRC patients for distant metastases.  

1.6.1 Study aims and hypotheses 

The overall aims of this study is to investigate the potential of EVs as an early biomarker for 

CRC metastasis.  

The specific aims and hypotheses of this study are:  

1. To assess integrin expression of EVs in the CRC setting. It is hypothesised that EVs from 

specific CRC cell lines express unique and distinctive integrin signatures. 

2. To determine whether plasma EV concentration correlates with the development of distant 

metastasis in CRC patients. It is hypothesised that metastatic CRC patients express higher 

levels of EVs. 

3. To determine whether there is a unique microRNA signature in EVs from plasma of CRC 

patients with metastases compared to CRC patients without metastases. It is hypothesised 

that EVs from plasma of patients with CRC will harbor specific microRNA signatures that 

are predictive of CRC metastasis. 
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Chapter 2: Methods 

All experiments were performed at The University of Western Australia, except for 

Nanoparticle Tracking Analysis which was performed by Katherin Scholz Romero at The 

University of Queensland, and whole blood processing which was carried out at St John of God 

Subiaco research laboratory.  

2.1 Cell Culture  

The cell lines used in this project were adherent cell lines HT-29, SW620 and 

suspension cell line K562 (gifted from Professor Peter Leedman, Harry Perkins Institute of 

Medical Research) and MDA-MB-231 (gifted from Professor Katie Meehan, Chinese 

University of Hong Kong). All cell lines were grown in either Corning® 75 cm U-shape cell 

culture flask (Sigma Aldrich, Sydney, Australia) or Corning® 175 cm cell culture flask (Sigma 

Aldrich) depending on the cell growth and experimental needs.  All cells were grown using 

RPMI-1640 medium (Life Technologies, Carlsbad, United States) supplemented with 10% 

Fetal Bovine Serum (FBS) (Corning, New York, United States) and 10,000 U/mL Penicillin 

Streptomycin (Life Technologies, Carlsbad, United States ) at 37 oC in 5 % carbon dioxide.  

2.2 Patient cohort and clinical specimens 

18 patients were recruited at St John of God Subiaco Hospital WA from 2011 - 2013 

following ethical approval from the St John of God Health Care Human Research Ethics 

Committee (reference number SJOG HREC 1517) and University of Western Australia Human 

Research Ethics Committee (reference number RA/4/20/5958). The cohort was comprised of 

three groups of participants (6 patient per group) : (1) metastatic (Stage IV) colorectal cancer 

at time of primary tumour resection; (2) locally advanced colorectal cancer (Stage I-III) and 

had developed recurrent metastases after primary tumour resection; and (3) no evidence of 

recurrent metastasis within 5 years of primary tumour resection. All participants provided 

informed written consent prior to blood collection. Blood samples of around 9 mL were 

collected at the time of surgery.  

2.3 Preparation of plasma from whole blood 

Whole blood was collected using an antecubital venepuncture into a EDTA Vacutainer 

blood collection tubes (Greiner Bio-One, Kremsmünster, Austria) and processed within 2 hours 

of collection. Blood was centrifuged at 3000 x g for 10 minutes with brake on at room 
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temperature to separate the plasma fraction from the blood cells. The plasma samples were 

carefully aspirated and collected into 1 mL aliquots prior to storage at -80oC until further use.  

2.4 EV isolation from cell culture media 

Four flasks of each adherent cell line (HT-29, SW620 and MDA-MB-231) were seeded 

with an average cell count of 5.88 x 106 cells per T75 flask (Sigma Aldrich) and grown for 2 

days to 70% confluence in RPMI-1640 medium (Life Technologies) supplemented with 10% 

FBS (Corning) and Penicillin Streptomycin (Life Technologies) at 37 oC in 5 % carbon dioxide. 

Two flasks of the suspension cell line (K562) were seeded with an average cell count of 2.26 

x 107 and grown for 2 days to 70% confluence with the same growth medium as per adherent 

cell lines. Cells were washed with sterile Phosphate Buffered Saline (PBS) and cultured for an 

additional 24 hours in RPMI-1640 medium supplemented with 10% exosome-depleted FBS 

(System Biosciences, Palo Alto, United States). Following this, cell culture media was 

collected and clarified by centrifugation at 500 x g for 5 minutes and 2,000 x g for 20 minutes 

to remove dead cells and debris (see Figure 2.1). The clarified cell culture media was further 

ultracentrifuged at 12,000 x g for 30 minutes at 4oC prior to two rounds of ultracentrifugation 

at 110,000 x g for 60 minutes at 4oC using Type 70 Ti rotor in the OptimaTM L-90K 

Ultracentrifuge (Beckman Coulter, Brea, United States). The final EV pellet was resuspended 

in 150 µL cold PBS and stored at -20o C in 50 µL aliquots for downstream applications.  

 

 
 
 
 

Figure 2.1 – Flow diagram outlining the process of Differential Ultracentrifugation for cell line EV 

isolation.  
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2.5 EV validation  

     2.5.1 Micro-BCA Protein Quantitation Assay  

The Micro Bicinchoninic acid (BCA)TM Protein Assay Kit (Thermo Fisher Scientific, 

Waltham United States) provided an ultra-sensitive method to determine the total protein 

concentration of EVs and cell lysates. Protein (Bovine Serum Albumin) standards of known 

concentration were prepared according to manufacturer’s instructions (Table 2.1). Aliquots of 

standards (150 µL) were transferred in triplicate into a 96-well SpectraPlateTM (PerkinElmer, 

Melbourne, Australia). 150 µL EVs were lysed with 75 µL of radioimmunoprecipitation (RIPA) 

buffer (Sigma-Aldrich, St Louis, United States) and incubated on ice for 30 minutes. The lysed 

EVs were diluted 1/20 in PBS and 150 µL was transferred to individual wells in the 96-

wellplate. Working Reagent (WR) solution was prepared immediately prior to use by mixing 

the three Micro BCA reagents (A, B and C) in a 25:24:1 ratio. 150 µL of WR solution was 

added equally into each well containing the standards and lysed EV samples. The 96-well plate 

was incubated for 2 hours at 37oC. The plate was read at 562 nm using the Synergy HTX Multi-

Mode Reader (BioTek, Winooski, USA). The results were exported and analysed using 

Microsoft Excel. The absorbance of the standards was plotted against the known concentration 

to generate a standard curve that was used to determine the unknown protein concentrations.  
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Table 2.1- Protein standards for BCA assay 

Standard Volume of BCA (mL) Volume of PBS (mL) 
BCA concentration 

(µg / mL) 

1 0.5 4.5 200 

2 2 (from Standard 1) 8 40 

3 4 (from Standard 2) 4 20 

4 4 (from Standard 3) 4 10 

5 4 (from Standard 4) 4 5 

6 4 (from Standard 5) 4 2.5 

7 3.2 (from Standard 6) 4.8 1 

8 4 (from Standard 7) 4 0.5 

9 0 8 0 

 

     2.5.2 Western Blot  

EV lysates were mixed in 4x Laemmli Sample Buffer (Bio-Rad, Hercules, United 

States) prior to denaturing at 95oC for 5 minutes. Precision Plus Protein Western CTM Standards 

(Bio-Rad) and 50 µL maximum volume of samples were loaded into Mini Protean TGX 8-16% 

Stain-Free TM Precast Gels (Bio-Rad) and electrophoresed at 200 volts (V) for 30 minutes using 

the Mini Protean TM Tetra Vertical Electrophoresis Cell (Bio-Rad). Immuno-Blot 

Polyvinylidene fluoride (PVDF) membrane (Bio-Rad) was soaked in 99.8% Methyl Alcohol 

ACS graded reagent (Sigma Aldrich) for at least one minute before rinsing with water and 

transferred to transfer buffer.  Proteins were transferred onto the soaked PVDF membrane using 

a wet tank transfer system at 100 V for 1 hour. The membrane was blocked with 5% skim milk 

(Woolworths, Bella Vista, Australia) in Tris-Buffered saline (TBS) for 1 hour to prevent non-

specific binding of antibodies. Primary antibodies were diluted in 5% milk in tris-buffered 

saline with 0.05 % Tween20 (TBST) as per Table 2.2 and incubated with the membrane for up 

to 18 hours at 4oC with gentle rocking. The membrane was washed 3x with 0.05% TBST for 5 

minutes per wash. Secondary antibodies were prepared as per Table 2.3 by diluting 1:2000 
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with 0.05% TBST buffer and 1 µL Precision Protein StrepTactin- HRP was added along with 

the secondary antibodies incubation to increase chemiluminescent detection of the samples. 

The membrane was incubated for 1 hour. The membrane was again washed 3x with 0.05% 

TBST for 5 minutes per wash to remove excess secondary antibodies. An additional and final 

wash was performed with fresh TBS to remove tween residue. ClarityTM Western ECL Blotting 

Substrate (Bio-Rad) was incubated with the membranes using plastic wrap for 5 minutes in 

dark. Excess reagent was removed by gently blotting the edge of the membrane on a KimWipe 

(Sigma Aldrich). Signals were visualized and imaged using ChemiDoc TM XP Imaging System 

(Bio-Rad) with Chemi Hi resolution and Auto exposure for faint bands. 

Table 2.2- Primary antibody dilutions for western blot 

Antibodies Dilutions in 5% milk TBST 

Mouse anti- human calnexin 

(clone AF18, Thermo Fisher Scientific) 

1 in 1000 

Mouse anti-human CD9 

(clone MM2/57, Thermo Fisher Scientific) 

1 in 1000 

Mouse anti-human CD63 

(clone H5C6, Bio-Rad) 

1 in 1000 

Rabbit anti-human TSG101 

(clone EPR7130, Abcam, Melbourne, Australia) 

1 in 50 
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Table 2.3- Secondary antibody dilutions for western blot 

Antibodies Dilutions in 0.05% TBST 

Goat anti-mouse IgG- horseradish peroxidase (HRP) conjugated 

(Thermo Fisher Scientific) 

1 in 2000 

Goat anti-rabbit IgG- horseradish peroxidase (HRP) conjugated 

(Thermo Fisher Scientific) 

1 in 2000 

 

     2.5.3 Transmission Electron Microscopy  

10µl of EV sample was fixed in 2.5% glutaraldehyde prior to loading onto glow 

discharged 200 mesh Formvar-carbon coated grid (ProSciTech, Kirwan, Australia). Glow 

discharging of the carbon-coated grids was performed by 6 second exposure using the GaLa 

Instrumente Plasma Prep 5 (GaLa Instrumente GmbH, Bad Schwalbach, Germany) at the 

UWA Centre of Microscopy, Characterisation and Analysis (CMCA). After loading, the grids 

were incubated at room temperature for 20 minutes prior to washing twice with deionised water. 

EVs were counterstained with 2% uranyl acetate for 2 minutes and air dried for 15 minutes at 

room temperature. EVs were visualised using the TITAN G2-80-200 TEM/STEM electron 

microscope (Thermo Fisher Scientific) at an operating voltage of 120 kiloVolts. The images 

were captured through a high resolution Gatan Ultrascan 2k x 2k CCD camera (Gatan, 

Pleasanton, USA).   

     2.5.4 Nanoparticle Tracking Analysis  

EV samples were isolated using Size Exclusion Chromatography by Katherin Scholz 

Romero (Nanoparticle Tracking Analysis (NTA)-trained Research Assistant in Exosome 

Biology Laboratory, University of Queensland), and analysed by Associate Professor Carlos 

Salomon Gallo (Associate Professor in Exosome Biology Laboratory, University of 

Queensland, Brisbane, Australia). EV samples (100 µL) were diluted with 1x sterile PBS and 

injected into the analysis chamber of the NanoSight NS500 Instrument (Malvern Panalytical, 

Malvern, UK) for particle size detection and concentration analysis. The NTA is equipped with 

a 405 nm laser and a sCMOS camera to track the Brownian motion of the light-scattering 
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particles through a glass prism. A convectional microscope is fitted to the camera and aligned 

according to the laser beam axis to collect light scatter from particles. Sample analysis was 

performed at camera level of 10 and gain of 250, with a detection threshold of 10 pixels. All 

settings for blur, minimum track length and minimum expected size were set to ‘auto’. All 

samples were recorded as a video for 60 seconds and 30 frames per second in triplicate at a 

constant temperature of 25oC. All post-acquisition settings were kept constant between 

samples. All data obtained was analysed using NTA software v3.0. The video captured was 

analysed to produce details of particle size (nm) and concentration (particle/mL solution) for 

each EV sample, which were downloaded as a report that also included quality control analysis. 

The raw observational data was exported into Microsoft Excel (Microsoft, Redmond, USA) as 

a comma-separated values (CSV) file.  

      2.5.5 EV mi-RNA isolation  

The mi-RNA isolation and sequencing were completed by Associate Professor Carlos 

Salomon Gallo (Associate Professor in Exosome Biology Laboratory, University of 

Queensland, Brisbane, Australia). EV RNA was extracted using the RNeasy Mini Kit 50 

(Qiagen, Australia) and TRIzol LS Reagent (Life Technologies, Australia). The manufacturers’ 

protocol was followed, with slight modifications in accordance with a protocol used 

previously112. A spectrophotometer (SPECTROstar Nano Microplate Reader, BMG 

LABTECH) was used to quantify RNA concentration. Following a cleanliness check and blank 

measurement using RNase-free water, 2 uL of sample was pipetted on to each microdrop well 

on an LVis plate. RNA concentration was measured using MARS Data Analysis microplate 

reader software.    

 

     2.5.5.1 Next generation sequencing 

Sequencing libraries were generated using the TruSeq® SmallRNA Library Prep Kit, 

according to the manufacturer’s instructions. A total of 1 µg RNA or 100 to 300 ng of exosomal 

RNA was used as input for library preparation. These RNA samples were barcoded by ligation 

with unique adaptor sequences to allow pooling of samples in groups of 24. Subsequently, 

these ligated samples were reverse transcribed, PCR amplified, and size selected using gel 

electrophoresis. Finally, the DNA libraries were eluted from the gel pieces overnight in 200 µl 

nuclease free H2O. The elution containing the pooled DNA library was further processed for 
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cluster generation and sequencing using NextSeq 500 High Output kit 75 cycles and Illumina 

NextSeq 500 sequencing platform, respectively. 

 

2.6. EV characterisation 

    2.6.1 AMNIS Imaging Flow Cytometry 

All samples were acquired on an AMNIS ImageStreamX Mark II imaging flow 

cytometer (AMNIS ISX MKII) with INSPIRE version 4.1 acquisition software (AMNIS 

Luminex Corporation, Seattle, USA). Excitation lasers used for analysis included: 488 nm laser, 

561 nm laser and 642 nm laser. A 785 nm laser was used to provide a side scatter (SSC) 

measurement. Digital images were captured using a 60x objective without extended depth of 

field (EDF). All quantitative data were obtained using the lowest flow rate with maximal 

sensitivity and analysed with IDEAS v6.2 imaging software.  

     2.6.1.1    BODIPY Labelling  

10mM PM546 BODIPY stock solution (provided by Alysia Hubbard, Centre for 

Microscopy, Characterisation and Analysis) was prepared by pre-diluting with 1 x sterile PBS 

buffer to 1/10 working solution and stored in dark prior to use. Three dilutions of PM546 

BODIPY (A, B and C) were added with 5.7 µg/ml purified EVs into clean 1.5 mL Clear-view™ 

Snap-Cap microtubes (Sigma Aldrich) (Table 2.4). The tubes were incubated for 30 minutes at 

room temperature in the dark before analysis. All samples were acquired on the AMNIS ISX 

MKII for 5 minutes. Confirmation of EVs detection and micelles formation were verified by 

addition of detergent (0.5% Triton X-100), followed by an additional 30 minutes incubation at 

room temperature prior to imaging. Other controls included: Buffer only without EVs, Buffer 

with PM546 BODIPY only and EVs with PM546 BODIPY staining only.  
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Table 2.4- PM546 BODIPY dilutions  

Samples PM546 Volumes  Buffer Volumes  Total volumes Final Dilutions 

Working 

solution   

2 µL  

(From stock solution) 
18 µL 40 µL 1/10 

A 

1.3 µL  

(From working solution) 
38.7 µL 40 µL 1/300 

B 

0.67 µL 

(From working solution) 
39.3 µL 40 µL 1/600 

C 

0.5 µL 

(From working solution) 
39.5 µL 40 µL 1/800 

 

   2.6.1.2   Tetraspanin Markers Labelling  

20 µg/mL purified EVs were added into clean 1.5 mL Clear-view™ Snap-Cap 

microtubes (Sigma Aldrich, Sydney, Australia) and placed on ice before analysis. All 

antibodies were centrifuged at 17,000 x g for 10 minutes and passed through a 0.22 µm filter 

prior to use to remove aggregates. Antibodies were diluted using 1x cold filtered PBS as per 

Table 2.5. Combination antibody cocktails, for instance, CD63-PE with CD9-PE and CD63-

PE with CD9-FITC, were added to EVs and incubated for 30 minutes at room temperature in 

the dark. Equivalent concentrations of the respective isotype antibody controls were prepared 

as per Table 2.6 to determine any non-specific binding of antibodies. All samples were acquired 

on the AMNIS ISX MKII for 5 minutes. Confirmation of EV detection was verified by addition 

of detergent (0.5% Triton X-100), followed by an additional 30 minutes incubation at room 

temperature prior to imaging. Other controls included: Buffer only without EVs, Buffer with 

antibody only and EVs with single antibody staining. 
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Table 2.5- Tetraspanin marker antibody dilutions  

Antibodies 
Stock 

Concentrations 

Dilutions in 

PBS 

Final 

Concentrations 

PE Mouse Anti-Human CD63  

(clone H5C6, BD Pharmingen, 

Sydney, Australia) 

25 µg/ml 1 in 25 1 µg/ml 

PE Mouse Anti-Human CD9 

(clone M-L13, BD Pharmingen) 
5 µg/ml 1 in 10 0.5 µg/ml 

FITC Mouse Anti-Human CD9 

(clone M-L14, BD Pharmingen) 

5 µg/ml 1 in 20 0.25 µg/ml 

 

Table 2.6- Isotype control dilutions for Tetraspanin marker assessments. 

Isotype Antibodies  
Stock 

Concentrations 

Dilutions in 

PBS 

Final 

Concentrations 

PE Mouse IgG1 K Isotype Control 

Antibody  

(clone MOPC-21, BD Pharmingen) 

50 µg/ml 1 in 100 0.5 µg/ml 

FITC Mouse IgG1 K Isotype 

Control Antibody (clone MOPC-21, 

BD Pharmingen) 

50 µg/ml 1 in 200 0.25 µg/ml 
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    2.6.1.3 Integrin Labelling  

Integrin antibody was prepared using similar techniques as the tetraspanin marker 

assessments. Briefly, integrin antibody was centrifuged at 17,000 x g for 10 minutes and 

prepared using a 0.22 µm filter to remove antibody aggregates. Both integrin and isotype 

control antibodies were diluted in 1x cold sterile filtered PBS to appropriate dilutions as per 

Table 2.7 and 2.8, respectively. Integrin antibody was added to EV samples and incubated in 

the dark for 30 minutes at room temperature. Samples were acquired on the AMNIS and data 

was recorded for a period of 5 minutes. Validation of EV detection was determined using 

detergent lysis controls (0.5% Triton X-100) post-labelling, followed by an additional 30 

minutes incubation at room temperature prior to imaging. Other controls included for the 

analyses of EVs involved buffer only without EV samples, buffer with antibody only and EV 

samples with single antibody staining.  

Table 2.7- Integrin antibody dilution 

Integrin 
Stock 

Concentration 
Dilution in PBS 

Final 

Concentration 

AlexaFluor 647 Anti-Human/Rat 

CD51 Antibody (Clone P1F6, 

Biolegend, San Diego, United 

States) 

100 µg/ml 1 in 20 5 µg/ml 

 

Table 2.8- Isotype antibodies dilution for integrin assessment 

Isotype Control 
Stock 

Concentration 
Dilution in PBS 

Final 

Concentration 

AlexaFluor 647 IgG1 K Isotype 

Control (Clone MOPC-173, 

Biolegend) 

25 µg/ml 1 in 5 5 µg/ml 

 

 

 



	 48	

Chapter 3: Validation of Extracellular Vesicle Analyses 

3.1 Introduction 

EVs have gained significant interest recently as potential diagnostic biomarkers for 

CRC. However due to the limited number of EV studies, multiple EV validation techniques 

required optimisation for the identification of EVs as informative biomarker. The work 

described in this chapter for western blot (Section 3.2.1) and TEM (Section 3.2.2) were 

performed using CRC cell lines (HT29 and SW620) and breast cancer cell line (MDA-MB-

231) (Chapter 2; Section 2.2), while the work undertaken for NTA (Section 3.2.3) was 

performed on EVs extracted from plasma samples collected from 4 groups of participants. The 

participants were comprised of 4 groups including healthy controls, patients with no CRC 

metastasis at time of surgery (Group B), patients who developed metastasis within 5 years post-

surgery (Group C), and patients with CRC metastasis at time of surgery (Group D) (Chapter 2; 

Section 2.2).  

The overarching aims of this chapter are to: 

1) Validate successful isolation of EVs from cell lines and plasma using western blotting, 

TEM and NTA; 

2) Evaluate the size of EVs different participant groups; and  

3) Evaluate the concentration of EVs different participant groups; and  

4) Correlate EV size and concentration disease status.  
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3.2 Extracellular Vesicle Validation 

3.2.1 Western blot 

Western blot, also known as protein blotting, is an effective and sensitive technique 

used for the detection of proteins based on molecular weight through gel electrophoresis. 

Western blot analysis was conducted to demonstrate the successful isolation of EVs based on 

adherence to the internationally accepted Minimal Information for studies of Extracellular 

Vesicles (MISEV) guidelines113.  

3.2.1.1 Loading Optimisation 

Initially, 5 µg of cell lysate and 1.05 µg EV lysate was loaded onto SDS-PAGE gels. 

This was the maximal amount of EV lysate that could be loaded into each lane of the gel based 

on the concentration of EV proteins extracted from cell lines and the volume limit of the well. 

The concentration of cell lysate was markedly higher relative to the EV lysate (Figure 3.1A). 

A strong CD63 smear was observed for the cell lysate that appeared to mitigate the signal of 

the EV lysate. Based on these results, it was decided to lower to loading concentration of cell 

lysates 2 µg. This resulted in a clear, strong CD63 smear for both the cell and EV lysate.  

 

 

 

 

 

 

 

 

Figure 3.1 – Validation of EVs isolated from SW620 colorectal cancer cell line.  (A) Representative 

image of unoptimised results showing 5 µg cell lysate and 1.05 µg EV lysate.  (B) Representative image 

of optimised result showing 2 µg cell lysate with 1.05 ug EV lysate. Expected bands for both CD63 and 

CD9 markers were seen on 30-60 kDa and 24 kDa, respectively, according to the Western Standard 

(left).    

A	 B	

CD63	

CD9	

60	kDa	

24	kDa	
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With optimised total protein loaded in the lanes for cell (2 µg) and EV (1.05 µg) lysates, 

EVs isolated from MDA-MB-231 (breast cancer cell line), SW620 and HT29 (colorectal cancer 

cell lines) successfully demonstrated the expression of TSG101, CD63, CD9 markers and 

absence of the negative control marker, calnexin (Figure 3.2).  As a reference and molecular 

weight guide, 2.5 µL of Precision Plus Protein Western standard was loaded between the lanes. 

Strong signals were detected at 47 kDa, 60 kDa and 24 kDa which correspond with the expected 

molecular weights for TSG101, CD63 and CD9 respectively.  

 

 

 

 

 

 

 

 

 

Figure 3.2 – Optimised validation of EV isolation. Cell lysates and EVs isolated from MDA-MB-231 

(breast cancer), HT29 and SW620114 cell lines were studied. Each lane was loaded with 2 µg of cell 

lysates and a balance in exposure and contrast with similar dark band observed for the corresponding 

EV lysates.  

 

Plasma EVs from healthy control participants were used to optimise the western 

blotting method prior to using colorectal cancer patient samples. Initially, 5 µg of total plasma 

EV protein was used for western blot analyses. In contrast to the cell culture results, no 

significant protein bands were detected in the expected size range for the antibodies being 

tested (Figure 3.3 A). It was suspected that there were insufficient EV specific proteins loaded 

and therefore were unable to be detected. When isolated by ultracentrifugation, plasma derived 

EVs are notorious for co-purifying with highly abundant serum proteins such as albumin, 

immunoglobulin and complement.  As such, it was suspected that the 5 µg of total plasma EV 

proteins were largely attributed to highly abundant serum proteins rather than EV specific 

Calnexin	90	kDA	

47	kDA	 TSG101	

CD9	

CD63	
60	kDA	

24	kDA	
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proteins. To overcome this issue, the amount of plasma EV proteins loaded into the gel was 

increased to 15 µg (Figure 3.3 B). Following this, visible bands were observed indicating that 

EVs were successfully isolated from control plasma. 

 

 

 

 

 

 

 

 

Figure 3.3 – Validation of plasma EV isolation. (A) Representative image showing 5 µg of plasma EV 

lysate loaded into the gel and the subsequent absence of protein detection. (B) Representative image 

showing the optimised method where 15 µg of plasma EV lysate was loaded and successful detection 

of a dark smeared band for CD63 (30 - 60 kDa) and a dark band for CD9 (27 kDa).  

 

3.2.1.2 Antibody optimisation 

Most antibodies had been optimised previously by past laboratory members. However, 

TSG101 required further optimisation. The manufacturer recommended that this antibody be 

used at 1:1000 dilution but testing revealed that this concentration of antibody was unable to 

detect TSG101 within plasma EV lysates (Figure 3.4). The amount of plasma EV lysates was 

assumed to be sufficient based on the successful detection of other well establish EV proteins 

(CD63, CD9) at equivalent concentrations loaded. Therefore, more concentrated antibody 

suspensions (1:500 and 1:50) were tested (Figure 3.4). Although very concentrated, the 1:50 

titre successfully detected a 47 kDa protein which is the expected molecular size of TSG101. 
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Figure 3.4 – Primary antibody TSG101 optimisation on both EV and cell lysate. Different dilutions 

from 1:1000 (left) to 1:50 (right) were optimised for TSG101. Faint positivity and non-specific double 

bands were detected using the 1:1000 and 1:500 dilutions whereas a clear dark band of the correct 

molecular weight (43 – 47 kDa) was observed using a 1:50 dilution.  

 

3.2.2 Transmission Electron Microscope 

EVs were prepared and analysed by TEM as per Chapter 2 with the following 

exceptions. Initially, eight washing steps were performed, and 1% uranyl acetate was used for 

staining. However, no EVs were visualised (Figure 3.5 A). It was expected that a possible 

reason for this particular issue may be due to excessive washing steps causing EVs to be over 

diluted and 1% uranyl acetate concentration may have been too low based on previous 

publications115.  Based on this issue, carbon-coated grids were glow discharged prior to loading 

EVs. Glow discharge treatment allows the surface of the carbon-coated grid to be hydrophilic 

and negatively charged, which allows easy fixation of aqueous sample such as EVs. 

Incorporation of glow discharge reduced washing and increase uranyl acetate concentration (as 

described in Section 2.4.3) resulted in clear visualisation of EVs of the correct size range (50 - 

150 nm) with the expected cup-shaped morphology (Figure 3.4 B-D). 

 

 

 

	43	–	47	kDa	
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Figure 3.5 – Validation of EV isolation using TEM. Electron micrographs demonstrate successful 

isolation of EVs around 100 nm with an identifiable lipid membrane (white ring) as indicated with 

yellow arrows. A) Electron micrograph shows no EVs and low contrast due to high level of washing 

and low concentration of staining. B) Electron micrograph illustrate successful staining of HT29 EV 

nanoparticles. C) Electron micrograph illustrate successful staining of SW620 EV nanoparticles. D) 

Electron micrographs illustrate successful staining of healthy control plasma EV particles with cup-

shaped morphology (yellow arrows).   
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3.2.3 Nanoparticle Tracking Analysis (NTA) 

NTA is a technique used to provide real time visualisation and analyse particle size 

range from 10-1000 nm in liquid based on Brownian motion116. NTA was performed by a 

collaborator at the University of Queensland, Associate Professor Carlos Salomon. An 

NanoSight NS500 Instrument (Malvern Panalytical, Malvern, UK) was used as described in 

Chapter 2. The results are presented in Tables 3.1, 3.2 and 3.3. The mean EV concentration 

isolated from plasma of CRC patients was 4.38 x 1011 particles/mL plasma (range 1.75 x 1011 

– 6.40 x 1011 particles/mL plasma) and the mean EV size was 163 nm (range 18 - 1000 nm).  

Healthy controls had a highest mean EV concentration of 4.65 x 1011 particles/mL 

plasma (range 3.40 x 1011 – 5.84 x 1011 particles/mL plasma) relative to all CRC patients, with 

or without metastasis. CRC patients with no metastasis was detected with a mean EV 

concentration of 4.38 x 1011 particles/mL plasma (range 3.68 x 1011 – 5.72 x 1011 particles/mL 

plasma while CRC patients with metastasis within 5 years post-surgery had mean EV 

concentration of 4.43 x 1011 particles/mL plasma  (range 1.75 x 1011 – 6.31 x 1011 particles/mL 

plasma) and CRC patients with metastasis at point of surgery was detected with mean EV 

concentration of 4.32 x 1011 particles/mL plasma (range 3.04 x 1011 – 6.40 x 1011 particles/mL 

plasma). Findings showed lowest EVs level expressed in CRC patients with metastasis in 

relative to CRC patients with no metastasis. However, the mean concentration of EVs not 

statistically significant between the groups (p value = 0.9, Figure 3.6).  

In regard to mean EV particle size, EVs isolated from healthy controls plasma was detected 

highest with 165.40 mean EV particle size while EVs isolated from CRC patients with no 

metastasis, CRC patients with metastasis within 5 years post-surgery and CRC patients with 

metastasis at point of surgery were detected with 160.41 nm, 164.39 nm and 164.66 nm, 

respectively. Again, the size of EVs was not statistically significantly different between groups 

(p value = 0.7, Figure 3.7). Video analysis of light scattering particles was used to detect EV 

particles within the solution and predict the EV particle size distribution between the different 

patient cohorts. Similar peaks were identified indicating that all isolated EV particles from the 

4 patient groups were within the range of 100 – 150 nm (Figure 3.8).  These results were also 

confirmed to be consistent with multiple previous studies on cancer EVs117, 118. Taken together, 

all results presented have suggested that there was no significant association between EVs 

concentration and EV size in the different CRC patient groups relative to each other or healthy 

controls.  
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Table 3.1 -Results of NTA for healthy controls plasma EV  

Patient ID 

Raw [] 1 
(Particles 

/mL 
solution)* 

Raw [] 2 
(Particles 

/mL 
solution)* 

Raw [] 3 
(Particles 

/mL 
solution)* 

Mean raw []  
(Particles 

/mL 
solution)* 

Particle size 1 
(nm) 

Particle size 1 
(nm) 

Particle size 1 
(nm) 

Mean size 
(nm) 

HC-001 3.77E+09 4.24E+09 3.98E+09 4.00E+09 163 162.1 165.2 163.4333 

HC-002 6.76E+09 6.60E+09 4.16E+09 5.84E+09 167.4 164.6 170 167.3333 

HC-003 5.51E+09 5.55E+09 5.07E+09 5.38E+09 154.7 161.3 151.1 155.7 

HC-004 3.76E+09 3.04E+09 4.00E+09 3.60E+09 172.9 185.4 172 176.7667 

HC-005 3.55E+09 3.28E+09 3.38E+09 3.40E+09 155.3 166.7 166.8 162.9333 

HC-006 6.15E+09 5.45E+09 5.39E+09 5.66E+09 155.9 162.5 167 161.8 
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Table 3.2 - Results of NTA for plasma EVs derived from CRC patients with no metastasis  

Patient ID 

Raw [] 1 
(Particles 

/mL 
solution)* 

Raw [] 2 
(Particles 

/mL 
solution)* 

Raw [] 3 
(Particles 

/mL 
solution)* 

Mean raw []  
(Particles 

/mL 
solution)* 

Particle size 
1 (nm) 

Particle size 
1 (nm) 

Particle size 
1 (nm) 

Mean size 
(nm) 

Particle size 
SD 

P-006 2.41E+09 3.32E+09 3.38E+09 3.04E+09 188.1 170 174 177.37 10 

P-008 3.59E+09 2.71E+09 3.98E+09 3.43E+09 173 182.4 171.4 175.6 6 

P-009 3.63E+09 6.91E+09 7.22E+09 5.92E+09 170.9 155.3 155.6 160.6 9 

P-013 6.94E+09 5.33E+09 6.94E+09 6.40E+09 162.2 163.4 160.2 161.93 2 

P-014 3.12E+09 4.51E+09 3.06E+09 3.56E+09 177.1 159 176 170.7 10 

P-018 3.94E+09 3.67E+09 4.23E+09 3.95E+09 144.4 154.1 140.1 146.2 7 
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Table 3.3- Results of NTA for plasma EVs derived from CRC patients who developed metastasis within 5 years post-surgery  

Patient ID 

Raw [] 1 
(Particles 

/mL 
solution)* 

Raw [] 2 
(Particles 

/mL 
solution)* 

Raw [] 3 
(Particles 

/mL 
solution)* 

Mean raw []  
(Particles 

/mL 
solution)* 

Particle size 
1 (nm) 

Particle size 
1 (nm) 

Particle size 
1 (nm) 

Mean size 
(nm) 

Particle size 
SD 

P-003 5.98E+09 6.21E+09 4.77E+09 5.65E+09 158.8 165.7 167.1 163.87 4 

P-004 5.05E+09 3.79E+09 6.22E+09 5.02E+09 164.5 171.6 163.2 166.43 5 

P-007 3.52E+09 3.25E+09 2.77E+09 3.18E+09 151.6 146.7 164.8 154.37 9 

P-015 4.00E+09 4.89E+09 5.16E+09 4.68E+09 172.2 167.4 173.3 170.97 3 

P-016 6.30E+09 6.94E+09 5.68E+09 6.31E+09 156.9 156.8 158.7 157.47 4 

P-017 1.88E+09 1.54E+09 1.83E+09 1.75E+09 156.9 156.8 158.7 157.47 1 
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Table 3.4- Results of NTA for plasma EVs derived from CRC patients with metastasis at point of surgery 

Patient ID 

Raw [] 1 
(Particles 

/mL 
solution)* 

Raw [] 2 
(Particles 

/mL 
solution)* 

Raw [] 3 
(Particles 

/mL 
solution)* 

Mean raw []  
(Particles 

/mL 
solution)* 

Particle size 
1 (nm) 

Particle size 
1 (nm) 

Particle size 
1 (nm) 

Mean size 
(nm) 

Particle size 
SD 

P-001 4.43E+09 4.16E+09 4.05E+09 4.21E+09 158.4 166.4 163.9 162.9 4 

P-002 3.15E+09 4.37E+09 3.92E+09 3.81E+09 171.5 171.8 170.9 171.4 0 

P-005 3.03E+09 4.85E+09 5.23E+09 4.37E+09 165 155.1 150.6 156.9 7 

P-010 3.27E+09 4.76E+09 4.36E+09 4.13E+09 176.4 172.1 176 174.83 2 

P-011 6.06E+09 3.98E+09 7.13E+09 5.72E+09 152.3 156.4 147.6 152.1 4 

P-012 3.70E+09 4.06E+09 3.29E+09 3.68E+09 165 170.2 169.5 168.23 3 
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Figure 3.6 - Distribution of EV concentration (particles/mL plasma) between healthy controls (n= 6), 

CRC patients with no metastasis (n=6), CRC patients who developed metastasis within 5 years post-

surgery (n= 6) and CRC patients with metastasis (n= 6) (P value > 0.5).  

Abbreviation: Mets = Metastasis. 
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Figure 3.7 - Mean EV size (nm) amongst CRC patients with no metastasis (n=6), CRC patients who 

developed metastasis within 5 years post-surgery (n= 6), CRC patients with metastasis (n= 6) and 

healthy controls (n= 6) (P value > 0.5).  

Abbreviation: Mets = Metastasis. 

 

Figure 3.8- Size distribution of 4 patient cohorts generated from NTA particle videos. CRC patients 

with no metastasis (n=6), CRC patients who developed metastasis within 5 years post-surgery (n= 6), 

CRC patients with metastasis (n= 6) and healthy controls (n= 6).  

Patient	
Cohorts	
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3.3 Discussion  

EVs in plasma have gained wide-spread interest due to their capability in transferring 

signalling molecules for communication and have great potential as circulating biomarkers for 

the detection of cancer119. However, limited studies have been done on CRC to explore the 

possibility of EV as biomarkers for assessment of metastatic risk. Here, this study explored the 

biomarker potential by analysing EV concentration and size among patients with different 

stages of CRC relative to healthy controls.  

Multiple EV validation techniques (western blot, TEM and NTA) were performed to 

validate the successful isolation of EVs from cell lines supernatants and plasma. HT29 and 

SW620 CRC cell lines were well-known to express high level of tetraspanin markers (CD63 

and CD9) and ESCRT proteins (TSG101) with absence of Calnexin marker, which commonly 

used for EV validation84. After various optimisation steps, successful EV isolation was verified 

by western blot based on the presence of various well established EV markers (CD63, CD9 

and TSG101) and absence of negative EV markers (Calnexin). The results also showed that 

the protein composition of EVs differed between cell lines (HT29, SW620 and MDA-MB-231) 

and patient plasma. Besides, it was observed from the presented western blot results (Figure 

3.2) that HT29 cell line produced higher concentration of EVs in relation to SW620 and MDA-

MB-231 cell lines, as seen with darker bands. These results were consistent with previous 

reports showing that EV composition and cargo vary and depend on their cell and environment 

of origin120-122. Despite high level of EVs detected in cell lines, EVs can be present in low 

concentrations when obtained from highly complex biofluids, for instance plasma123, 124. A 

study by Palviainen et al., discussed the complexity of proteins expressed on plasma EVs 

relative to other bodily fluid such as serum EVs, which correlated with the extensive dark band 

observed in Figure 3.3 and the optimisation concentration of plasma EVs loaded onto the 

western blot as compared to cell line EVs (Figure 3.3)125.  

To further confirm the isolated particles, TEM also known as the gold standard for EV 

identification has been used to determine the physical properties, such as size, structure, and 

morphology of nanoparticles. Results revealed that the size of these isolated particles derived 

from both CRC cell lines and healthy control plasma ranges from 50 - 150 nm with a white 

bilipid membrane and well-studied cup-shaped morphology, which strongly confirmed that the 

isolated particles to be EVs 126. Although these EV morphology results from healthy control 

plasma were found consistent with other studies, it was observed that the TEM image of cell 
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line EVs (Figure 3.5 B-C) showed a clean background relative to the plasma EVs (Figure 3.5 

D). These results correlated with a study done by Dong et al., reporting on the high expression 

of various types of proteins in plasma samples and that non-EV particles such as protein 

aggregates can be observed with TEM127. Taken together, these results all correlated with the 

high level of protein expression shown in the western blot with plasma samples (Figure 3.3). 

Besides validation, another key aim of this Chapter was to identify the potential EV 

levels as a measure of metastasis risk in CRC patients at early stage. Plasma samples were 

obtained from CRC patients with or without metastasis and the concentration and size of EVs 

were quantified and compared. Multiple studies have reported that EV levels may correlate 

with cancer progression, which supported the hypothesis of EV levels would increase with 

cancer progression and promote metastasis128, 129. Although the range of EV expression level 

was found highest in CRC patients with metastasis within 5 years of post-surgery relative to 

healthy controls and CRC patients with no metastasis, results in this Chapter showed no 

significant relationship between EV size or concentrations and metastasis and interestingly, 

these results were found consistent with previous EV studies. A study by Rupp et al., compared 

the EV levels in healthy controls with both the breast cancer patients with and without 

metastasis130. It was reported that there was higher level of EV expression in breast cancer 

patients (n= 96) than healthy controls (n=14), however, these results were found not significant 

between primary breast cancer patients and patients with metastasis130. The study by Melo et 

al., also showed that up to 75% breast cancer patients (n=32) were found with higher EV levels 

than healthy controls but no correlation between patients with different breast cancer stages 

was performed131. Altogether, findings in this study matched the previous studies done on 

breast cancer EVs and NTA results indicated that EV concentrations or size are currently not 

useful biomarkers for CRC progression and metastasis risks.  
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Chapter 4: Development of Imaging Flow Cytometry Assessment of Extracellular 

Vesicles 

4.1 Introduction 

EVs played a major role in mediating intercellular communication processes with 

tetraspanin markers and integrins. However due to small size and heterogeneity, there are still 

challenges to define the most accurate and specific method for EV analysis. By combining 

recent advancement, Imaging flow cytometry (IFCM) has been recently introduced into the 

field for the phenotypic analysis of single EVs by labelling with specific antibody conjugated 

with fluorescent dye. The work described in this chapter was performed using CRC cell lines 

(HT29 and SW620) and leukaemia cell line (K562) (Chapter 2; Section 2.2).  

The overarching aims of this chapter are to: 

1) Determine PM546 (BODIPY) as effective staining for EV identification; 

2) Evaluate the optimal loading concentration for EVs; and  

3) Evaluate the optimal tetraspanin markers concentration for EVs; and  

4) Evaluate optimal gating strategies to reduce background noise and improve EV analysis; 

and  

5) Evaluate the expression of dual tetraspanin markers (CD63 and CD9) on cell line EVs 

population; and 

6)  Evaluate the expression of CD51 on CRC cell line EVs population; and 

7) Evaluate the expression of both CD51 and tetraspanin markers labelling on CRC cell 

line EVs population. 

 

         4.2 PM546 (BODIPY) labelling of lipid membranes 

PM546, a laser-grade boron-dipyrromethene (BODIPY) dye, was initially included in 

the process of EV characterisation as a non-specific label for all EVs irrespective of surface 

marker expression. PM546 has been used to stain cells and EVs for flow cytometric analyses 

as it binds strongly to lipid membrane and has been shown to exhibit excellent photostability 

with bright emission132, 133. 10mM PM546 was titrated (1/300, 1/600 and 1/800) to determine 

the optimal concentration to stain the 5.7 µg/mL EV populations derived from SW620 CRC 



	 64	

cell line. The positive event count and Mean Fluorescence Intensity (MFI) were measured for 

each sample.  

The control samples of buffer with different concentrations of BODIPY showed 

similarly high levels of positive fluorescence counts with relatively high MFI values. 1546 

counts (MFI = 1162.21) were detected in 1/300 PM546, 1442 counts (MFI = 973.03) in 1/600 

PM546 and 946 counts (MFI = 984.18) in 1/800 PM546, respectively (Figure 4.1 H). The data 

indicated that PM546 BODIPY can develop self-binding, resulting in micelles and produced 

false-positive signals (Figure 4.1 B-D). With the addition of EVs, the positive counts and MFI 

were increased but the high number of micelles still resulted in false positive results (Figure 

4.1 E-G). Counts detected in EV sample with 1/300, 1/600 and 1/800 PM546 have increased 

to 1847 counts (MFI = 1492.42), 2366 counts (MFI = 1169.85) and 1049 counts (MFI = 

1175.35), respectively.  
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Figure 4.1. Evaluation of PM546 BODIPY staining concentration in a representative sample of SW620 

CRC cell line to obtain an optimal concentration for low micelles and high EV positive events. (A) All 

events were identified based on the Brightfield standard mask (M01) image (Gradient 

RMS_M01_Brightfield) and ‘Exclude Bead Dust’ gate was applied to remove bead dust signal. (B-D) 

Bivariate plots of PM546 BODIPY fluorescence intensity ([488] _520/80_PM546]) vs SSC 

fluorescence ([785]_762/35_SSC) at different dilutions, 1/300, 1/600 and 1/800, to observe BODIPY 

micelles. (E-G) Bivariate plots of 5.7 µg/mL EV samples stained with PM546 BODIPY at similar 

dilutions. (H) Counts for each gated population and the MFI, showing the level of antibody expression 

and the changes in fluorescence intensity. Counts and MFI for PM546 alone (B-D) were found to be 

high across the three dilutions, indicating micelles formed from self-binding. After addition of EVs, 

counts and MFI increased and demonstrated a higher background noise of PM546 BODIPY-labelling 

EV signals. Data includes: PM546 BODIPY fluorescence excited with 488nm laser and emission 

collected with 520/80 filter on the x axis; and SSC fluorescence excited with 785nm laser and emission 

collected with a 762/35 filter ([785] _762/35_SSC) on the y axis. 

 

 

To determine if a specific EV marker would separate true EVs from the PM546 micelle 

signals, tetraspanin CD63, a qualified EV marker, conjugated with fluorescent phycoerythrin 

(PE) was added to observe the separation in populations and detection of positive EV signals 

(Figure 4.2)134. It was hypothesized that positive fluorescent signals would decrease with the 

titration of PM546 BODIPY while a clear EVs population with double staining of CD63-PE 

and PM546 would be observed. However, with the addition of 1 µg/mL CD63-PE tetraspanin 

  Exclude Bead Dust 

  (B) (C) (D) 

PM546 BODIPY in 
Buffer 

Counts 1546 1442 946 

MFI 1162.21 973.02 984.18 

  (E) (F) (G) 

Cell line EV samples 
Counts 1847 2366 1049 

MFI 1492.42 1169.85 1175.35 

H	
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marker, positive fluorescent signals detected from each sample with titrated PM546 BODIPY 

were increased with 4681, 5262, and 6291 counts, respectively (Figure 4.2 B-D). There was no 

separation between the populations observed, and the number of micelles and true EV signals 

were still indistinguishable across the multiple dilutions. As a result, due to the high number of 

PM546 BODIPY micelles present across the titrated samples, as evidenced in the Buffer with 

PM546 BODIPY controls (Figure 4.1 B-D)), as well as the lack of ability to specifically 

distinguish EVs with the addition of CD63-PE tetraspanin marker, PM546 BODIPY was not 

included in further analyses. 

 

 

 

 

 

Figure 4.2 - Detection of EVs in a representative sample of SW620 CRC cell line stained with PM546 

BODIPY and 1 µg/mL CD63-PE tetraspanin marker. (A) An ‘Exclude Bead Dust’ strategy was applied 

to remove bead dust signal. EV samples isolated from SW620 cell lines were stained with 1 µg/mL 

CD63-PE antibody and three different dilutions of PM546 BODIPY; (B) 1/300, (C) 1/600 and (D) 

1/800. Bivariate plots of the Exclude Bead Dust population displayed CD63-PE fluorescence intensity 

([561] _577/35_PE) vs PM546 BODIPY fluorescence intensity ([488] _520/80_PM546]) to observe 

the separation of micelles and EVs (CD63-PE+PM546+). Counts and MFI of CD63-PE+ PM546+ 

population were displayed on bivariate plots. Data includes: PE conjugated antibody fluorescence 

excited with 561nm laser and emission collected with a 577/35 filter ([561] _577/35_PE) on the x axis; 

and PM546 BODIPY fluorescence excited with 488nm laser and emission collected with 520/80 filter 

on the y axis ([488] _520/80_PM546]). 
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     4.3 Determination of the optimal loading concentration for EVs 

Initially, the starting EV volume assessed in each sample was 5 µL, which was 

equivalent to the concentration of 5.7 µg/mL. This concentration was adapted with previous 

optimisation work and studies135-137. 

5.7 µg/mL of EVs were analysed by imaging flow cytometry stained with the 

manufacturer’s recommended concentration of the antibody (1 µg/ml) but insufficient EVs 

signal (29 counts) were detected, as seen in Figure 4.3 B. Based on the limited positive signals, 

the EV concentration was increased to 20 µg/mL, which was the maximum EV concentration 

isolated from cell lines. Here, both the counts and MFI for 20 µg/mL EVs demonstrated an 

increase in fluorescently labelled EV counts (71 counts, MFI = 1228.6) in comparison to 5.7 

µg/mL EVs concentration (29 counts, MFI = 1156.26) (Figure 4.3 B-C) while the MFI 

remained stable. The increased EV count with increasing concentration, coupled with stable 

MFI indicated all single EVs were stained and detected.   

 

 

 

 

 

 

 

 

Figure 4.3 - Evaluation of optimal EVs concentration (5.7 µg/mL or 20 µg/mL) in a representative 

sample from the SW620 CRC cell line using 1 µg/mL CD63-PE. (A) An ‘Exclude Bead Dust’ strategy 

was applied to remove bead dust signal. (B-C) Bivariate plots of CD63-PE fluorescence intensity ([561] 

_577/35_PE) vs SSC fluorescence ([785] _762/35_SSC) to detect 5.7 µg/mL (B) and 20 µg/mL (C) 

CD63-PE labelled EVs. 29 positive counts were detected in 5.7 µg/mL CD63-PE labelled EVs in 

relative to 71 positive counts in 20 µg/mL CD63-PE labelled EVs. The MFI was higher in 20 µg/mL 

CD63-PE labelled EVs (MFI = 1228.6) as opposed to 5.7 µg/mL CD63-PE labelled EVs (MFI = 

1156.26). Data includes: PE conjugated antibody fluorescence excited with 561nm laser and emission 

collected with a 577/35 filter ([561] _577/35_PE) on the x axis; and SSC fluorescence excited with 

785nm laser and emission collected with a 762/35 filter ([785] _762/35_SSC) on the y axis. 
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     4.4 Gating and Strategies for EVs population optimization 

Fluorescent SpeedBeads are essential in AMNIS imaging flow cytometry to monitor 

and synchronize the flow of samples as well as maintaining focus detection threshold and core 

tracking138, 139. However, these SpeedBeads are larger in size and exhibit much higher 

fluorescence intensities, which can cause difficulty in data compensation for nanoparticles such 

as EVs 139. A fluorescence intensity histogram based on the intensity of side scatter was initially 

included to provide an overview of the population (All Events) along with any events with high 

fluorescence such as the SpeedBeads (Figure 4.4 A). As demonstrated, SpeedBeads fluoresce 

brightly due to the size and refractive indices and these fluorescent signals were observed to be 

in the FITC and PE channels, resulting in false positive signals for EV tetraspanin antibody 

staining (Figure 4.4. B-D). Bivariate plots on All Events showed brighter fluorescence signals 

for the SpeedBeads (MFI = 1822.11) than the EVs (MFI = 1164.76) (Figure 4.4 B-D). Despite 

the addition of CD63-PE antibody, there was no clear separation in populations observed 

within the FITC or PE gate to specifically distinguish SpeedBead signal from EV signals.  

To overcome the high fluorescence intensities caused by SpeedBeads, the fluorescence 

intensity histogram was used to refine EVs signal by excluding any events with high 

fluorescence. (Figure 4.4 E). A new analysis strategy was examined to eliminate excess bead 

signals using a ‘Not Beads’ gate based on bead SSC fluorescence intensity (Figure 4.4 F-H). 

This gating strategy improved EVs detection by separating the high florescence intensity 

SpeedBead signals and demonstrated a low background noise. Both positive counts and MFI 

detected in the antibody gates were reduced. With the ‘Not Beads’ strategy, counts within the 

CD63-PE antibody gate were reduced to 684 counts (MFI = 992.71), the CD9-PE antibody 

gate were reduced to 655 counts (MFI = 1021.2) and the CD9-FITC antibody gate were reduced 

to 13136 counts (MFI = 13.42) (Figure 4.4 M). The decrease counts suggested that the majority 

of SpeedBead signals have been excluded from the populations. However, low numbers of 

bead dust were still visible within the bead dust gate and not fully eliminated from background 

with the ‘Not Beads’ gating strategy (Figure 4.4 F-H). Bead dust are debris shed by the 

SpeedBeads that are likely caused by friction between the beads causing some of their surface 

to break off. These very small particles can still fluoresce and as seen in Figure 4.4 F-H result 

in reduced sensitivity of true EV signal detection.  



	 69	

To exclude the bead dust and improve EV assessments for determination of true EV 

signals, an ‘Exclude Bead Dust’ strategy was applied based on the Gradient Root Mean Square 

(RMS) contrast feature of the brightfield image to remove potential bead dust signal by 

excluding events with high fluorescence (Figure 4.4 I). As displayed, there was a clear 

discrimination of bead dust from the background noise. Counts in each antibody gate CD63-

PE, CD9-PE and CD9-FITC were reduced with ‘Exclude Bead Dust’ strategy; 97 counts, 70 

counts and 71 counts respectively (Figure 4.4 J-M). Taken together, bivariate plots with 

‘Exclude Bead Dust’ strategy showed a clean background for EVs signal detection relative to 

plots with All Events and ‘Not Beads’ strategy. This strategy was then utilised for all 

subsequent EV assessments. Gating analyses were standardised across all samples with 

appropriate corresponding compensation controls. 
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Figure 4.4 - Optimization of imaging flow cytometry gate strategy for analysis of EVs in a representative sample from the SW620 CRC cell line stained with 

CD63-PE (B,F,J), CD9-PE (C,G,K) or CD9-FITC (D,H,L). (A) Histogram of ‘All Events’ with Intensity of the side scatter (SSC) Masks Combined (MC) 

fluorescence (Intensity_MC_SSC) for a sample of SW620 EVs showing large peaks of the SpeedBeads and large debris. (B-D) Bivariate plots of ‘All Events’ 

for EV samples stained with either CD63-PE (B), CD9-PE (C) or CD9-FITC (D) with SSC ([785] _762/35_SSC). Plots are annotated with gates showing PE+ 

or FITC+ antibody labelled EVs. (E) A ‘Not Beads’ gate was applied to eliminate excessive bead events and reduce background noise on SSC. (F-H) Flow-

cytometric analyses of single antibody staining on cell line EV samples with Not Beads strategy applied. Gating on SSC-Not Beads events vs CD63-PE (F), 

CD9-PE (G) or CD9-FITC (H) to detect single antibody-labelled EVs and exclude background bead events with high fluorescence. (I) An ‘Exclude Bead Dust’ 

   All Events Not Beads Exclude Bead Dust 

   (B) (F) (J) 

CD63-PE PE antibody gate 
Counts 720 684 97 

MFI 1222.03 992.71 1163.94 

   (C) (G) (K) 

CD9-PE PE antibody gate 
Counts 660 655 70 

MFI 1164.76 1021.2 1019.35 

   (D) (H) (L) 

CD9-FITC FITC antibody gate 
Counts 69144 13136 71 

MFI 13.8 13.42 13.5 
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gate was applied as an alternative strategy to eliminate beads with a histogram of the Gradient RMS feature, which captured in focus images of EVs identified 

with high normalised pixel intensity gradient (RMS values) derived from the Brightfield standard mask (M01) image (Gradient RMS_M01_Brightfield). (J-L) 

Flow-cytometric analyses of single antibody staining on cell line EV samples with Exclude Bead Dust strategy applied. Gating on Exclude Bead Dust events 

vs CD63-PE (J), CD9-PE (K) or CD9-FITC (L) to detect single antibody-labelled EVs and exclude background bead events with high fluorescence. (M) Table 

showed counts and MFI for each antibody gate. Comparison of Exclude Bead Dust strategy with All Events and Not Beads strategies demonstrated a lower 

background and higher resolution of antibody-labelling EV signals. Data includes: PE conjugated antibody fluorescence excited with 561nm laser and emission 

collected with a 577/35 filter ([561]_577/35_PE); or FITC conjugated antibody fluorescence excited with 488nm laser and emission collected with a 528/65 

filter ([488]_528/65_FITC) on the x axis; and SSC fluorescence excited with 785nm laser and emission collected with a 762/35 filter ([785]_762/35_SSC) on 

the y axis. 
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         4.5 Determination of the optimal tetraspanin markers concentration for EVs  

The tetraspanin markers, CD63 and CD9, have been well studied as markers for EV 

characterisation134. Both markers have been used in this study as a strategy to fluorescently label EVs 

for imaging flow cytometry assessment. Multiple fluorophore-antibody combinations (PE-labelled 

anti-CD63, PE-labelled anti-CD63 and FITC-labelled anti-CD9) were included to determine 

expression on EVs from each cell line. With positive results from western blot validation of EV 

samples (Chapter 3; Section 3.2.1.2), CD63 and CD9 antibodies were titrated to determine an optimal 

concentration for staining 20 µg/mL cell line EVs. The recommended dilution of each tetraspanin 

antibody was determined by the manufacturer based on whole cell staining assays relative to both the 

expected antigen density on the cell surface and the concentration of cells in the assay140. Since EVs 

are nanoparticles, the optimal concentration for staining needed to be determined for each antibody 

used. Three different concentrations for each individual tetraspanin antibody were tested on 20 µg/mL 

cell line EVs to determine the maximal EV positive counts (Figure 4.5). As well as EV positive counts, 

the MFI was monitored across the concentrations to determine the level of tetraspanin marker 

expression on the EVs population.  

Utilising the ‘Exclude Bead Dust’ gating strategy, both EVs positive counts and MFI were 

observed to increase with antibody concentration for all CD63 and CD9 antibodies (Figure 4.5 A-C). 

EVs isolated from SW620 cell line stained with either 0.5 µg/mL, 0.75 µg/mL or 1 µg/mL CD63-PE 

antibody concentration were detected with 22 counts (MFI = 836.65), 46 counts (MFI = 972.48) and 

177 counts (MFI = 1005.73), respectively (Figure 4.5 A). The highest concentration of 1 µg/mL 

CD63-PE antibody was found to stain the largest number of EVs with the highest MFI, hence 

suggesting sufficient staining of CD63 on EVs surface with optimal concentration of 1 µg/mL CD63-

PE.  

The titrations of 0.1 µg/mL, 0.25 µg/mL and 0.5 µg/mL CD9-PE antibody concentration 

detected 48 counts (MFI = 934.23), 72 counts (MFI = 954.13) and 80 counts (MFI = 971.99), 

respectively (Fig 4.5 B). 0.5 µg/mL CD9-PE antibody concentration was selected as optimal 

concentration with the highest EV counts and MFI.  

The titrations of 0.05 µg/mL, 0.1 µg/mL and 0.25 µg/mL CD9-FITC antibody concentration 

detected 18 counts (MFI = 7.96), 45 counts (MFI = 9.16) and 55 counts (MFI = 9.41), respectively 

(Fig 4.5 C). All antibody titrations were repeated with multiple experiments to observe the population 

pattern and also to increase specificity. Based on the repeated titration experiments, the optimal 

antibody dilutions achieved were: 1 µg/mL for CD63-PE, 0.5 µg/mL for CD9-PE and 0.25 µg/mL for 
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CD9-FITC (Figure 4.5). These antibody dilutions for nanoparticle analysis were much lower in 

relation to the dilution (5 µg/mL) for cells recommended by the manufacturer.  

Antibody-mediated background such as antibody aggregates have been a challenge in imaging 

flow cytometry assessments141, 142. Non-EV controls such as buffer only, isotype and detergent lysis 

controls allowed the validation of imaging flow cytometry assessments135. Specific antibodies and 

matched isotype control antibodies in buffer solution were used as negative controls to determine non-

specific binding (Figure 4.6 A-B). Both CD63-PE and CD9-FITC antibody aggregates were detected 

in buffer only samples at less than 30 counts, while both isotypes IgG1K-PE and IgG1K-FITC were 

detected with less than 10 counts. Single staining of EV samples with CD63-PE or CD9-FITC staining 

were added as positive controls to compare the difference between EVs samples stained with isotype 

IgG1K-PE or IgG1K-FITC to demonstrate antibody binding specificity (Figure 4.6 C-D). Counts 

detected in both CD63-PE and CD9-FITC in EV samples were increased, 77 and 71 counts, 

respectively, while isotypes samples remained lower than 10 counts. To further evaluate the nature of 

EVs in comparison to non-vesicular particles such as antibody aggregates, detergent lysis control was 

performed in EV samples stained with single tetraspanin marker or isotype antibody. Following the 

detergent lysis, the counts for CD63-PE and CD9-FITC were both reduced (Figure 4.6 E-F) indicating 

that the detergent successfully lysed all EVs counts within the sample by dissolving the EVs lipid 

membrane.  
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Figure 4.5 - Evaluation of antibody staining concentrations in a representative sample of SW620 CRC cell line 

stained with CD63-PE, CD9-PE or CD9-FITC to obtain an optimal concentration for low aggregates and high 

positive events. Counts for each gated population was listed along with the MFI, showing the level of antibody 

expression and the shift in fluorescence intensity. (A) Bivariate plots of EVs stained with CD63-PE at different 

concentrations, includes 1 μg/mL, 0.75 μg/mL, and 0.5 μg/mL. Counts and MFI has increased with antibody 

concentration. 0.5 μg/mL CD63-PE was detected with 22 positive counts and MFI of 836.65 while increased 

concentration 1 μg/mL CD63-PE was detected with 177 positive counts and MFI of 1005.73. (B) Bivariate 

plots of EVs stained with CD9-PE at different concentrations, includes 0.5 μg/mL, 0.25 μg/mL, and 0.1 μg/mL. 

Serial titration showed counts increased with antibody concentration but without notable changes in measured 

MFI. (C) Bivariate plots of EVs stained with CD9-FITC at different concentrations, includes 0.25 μg/mL, 0.1 

μg/mL, and 0.05 μg/mL. Counts and MFI were also observed to increase with antibody concentration. 0.05 

μg/mL CD9-FITC was detected with 18 positive counts and MFI of 7.957 while increased concentration 0.25 

μg/mL CD63-PE was detected with 55 positive counts and MFI of 9.414. Data includes: PE conjugated 

antibody fluorescence excited with 561nm laser and emission collected with a 577/35 filter ([561] 

_577/35_PE); or FITC conjugated antibody fluorescence excited with 488nm laser and emission collected with 

a 528/65 filter ([488]_528/65_FITC) on the x axis and SSC fluorescence excited with 785nm laser and emission 

collected with a 762/35 filter ([785]_762/35_SSC) on the y axis. 
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Figure 4.6 - Validation of EV detection by imaging flow cytometry using buffer, isotypes, and detergent lysis controls with a representative sample of EVs from 

the SW620 CRC cancer cell line. (A) Antibody in PBS buffer control containing 1 μg/mL PE-labelled CD63 or 0.25 µg/mL FITC labelled CD9 antibodies only 

as negative controls to ensure low aggregates. (B) Isotype antibody in PBS buffer control containing 1 μg/mL IgG1k isotype PE or 0.25 µg/mL IgG1k isotype 

FITC antibodies only as negative controls to ensure low aggregates. (C) EVs stained with CD63-PE or CD9-FITC antibodies. (D) EVs stained with isotype 

antibody controls (IgG1K-PE or IgG1K-FITC) to detect non-specific binding. (E-F) Stained EV samples from C and D after detergent lysis (0.5% TritonX-100). 

Data includes: PE conjugated antibody fluorescence excited with 561nm laser and emission collected with a 577/35 filter ([561] _577/35_PE) on the x axis; 

and FITC conjugated antibody fluorescence excited with 488nm laser and emission collected with a 528/65 filter ([488] _528/65_FITC) on the y axis. 
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         4.6 Development of dual tetraspanin marker labelling for EVs population  

Although EVs were known to be enriched with tetraspanin surface markers, it is 

crucial to acknowledge that not all EVs express all tetraspanins, such as CD63 and CD9143-

145. Therefore, optimisation protocols including staining EVs with multiple different 

fluorochrome-labelled tetraspanin antibodies were performed in this study. The 

combination of tetraspanin markers were included to increase the likelihood that all EV 

particles within the sample would be stained and detected with at least one tetraspanin 

(Figure 4.7).  

SpeedBeads were excluded from Figure 4.7 A-C, using the previously identified 

‘Exclude Bead Dust’ gating strategy to allow detection of fluorescently labelled EVs in 

dual stained samples. Two EV samples from SW620 cell line were stained with the 

combination of either CD63-PE and CD9-PE antibodies (Figure 4.7 B) or CD63-PE and 

CD9-FITC antibodies (Figure 4.7 C) to compare the total EV counts. Two different 

fluorochrome-labelled CD9 antibodies (PE or FITC) were used in the dual staining to 

compare the population pattern of EVs within the plots and also to confirm that the 

combination of antibodies did not result in steric hindrance, preventing one of the 

antibodies from binding, or fluorescence energy transfer between the FITC and PE 

fluorochromes146, 147. Total EV counts were expected to be similar between the plots of the 

two different antibody combinations if all EVs were successfully stained with both 

antibodies. If one antibody prevented the binding of the second antibody (steric hindrance) 

or the fluorochromes transferred energy, then the EV count would decrease for one 

population146. 

Total EV count detected for CD63-PE and CD9-FITC was 3043 counts (Figure 4.7 

B) while CD63-PE and CD9-PE antibodies was detected with 3382 counts (Figure 4.7 C). 

These results showed no significant change in total EV counts detected with fluorochrome-

labelled CD63-PE and CD9-PE antibodies (Figure 4.7 C) in relation to fluorochrome-

labelled CD63-PE and CD9-FITC antibodies (Figure 4.7 B), indicating no steric hindrance 

or fluorescence energy transfer. Taken together, fluorochrome-labelled antibodies CD63-

PE and CD9-FITC were preferred for further analyses as two separated EV populations 

were clearly visible within the bivariate plot. Representative images captured from the 
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population within the dual antibodies staining gate of bivariate plots B and C demonstrated 

positive signals with no visible bead signal in brightfield images (Figure 4.7 E). This 

suggested that the positive signals detected were true EVs.  
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Figure 4.7 - Evaluation of dual antibody staining on a representative sample from the SW620 CRC 

cell line. (A) All events were identified based on the Brightfield standard mask (M01) image 

(Gradient RMS_M01_Brightfield) and ‘Exclude Bead Dust’ gate was applied to remove bead dust 

signal. (B) Bivariate plot of dual antibody staining with CD63-PE and CD9-FITC antibodies. (C) 

Dual antibody staining with CD63-PE and CD9-PE antibodies. (D) Table with counts and MFI for 

each population within bivariate plots. Data includes: PE conjugated antibody fluorescence excited 

with 561nm laser and emission collected with a 577/35 filter ([561] _577/35_PE) on the x axis; and 

FITC conjugated antibody fluorescence excited with 488nm laser and emission collected with a 

528/65 filter ([488]_528/65_FITC) on the y axis. (E) Images obtained within the PE+ FITC+ gate 

of bivariate plots E and F with Exclude Bead Dust strategy applied. 

 

         4.7 Detection of integrin expression on EVs 

Following the validation of dual tetraspanin marker staining on EVs, integrin 

expression was tested to investigate if the integrin alpha v (CD51) was positively expressed 

in EVs from the HT29 and SW620 CRC cancer cell lines. Integrin alpha v has been shown 

to be highly related with liver metastasis in multiple cancers148, 149. As the K562 cell line 

has been studied and found to be negative for integrin alpha v expression, EVs from K562 

cells were included as a negative control for this assay84. Isotype controls and non-EV 

containing samples were also added to detect non-specific antibody binding (Figure 4.8 A). 

Further controls of CD51 antibody single stained EV samples and detergent lysed were 

included to precisely gate the positive EVs population and exclude any debris or 

aggregates. (Figure 4.8 B-C).  

Each cell line (HT29, SW620 and K562) was single stained with 5 μg/mL anti-

CD51-AF647 antibody. 168 counts (MFI = 13.78) were detected in HT29 CRC cell line 

and 112 counts in SW620 CRC cell line (MFI = 27.9). As expected, the negative control 

K562 cell line was found with the lowest positive counts (62 counts with MFI = 14.75) 

(Figure 4.8 B).  
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Figure 4.8 - Detection of integrin alpha v (CD51) expression on EVs from multiple cell lines, 

including two CRC cell lines (HT29 and SW620) and a leukaemia cell line (K562). (A) Antibody 

in PBS buffer control contained either 5 μg/mL AF647-labelled CD51 antibody only or 5 μg/mL 

IgG1k- AF647 isotype control antibody only as negative controls to ensure low aggregates. (B) EVs 

from different cell lines stained with 5 μg/mL CD51-AF647 antibody only. (C) Stained EV samples 

from section B after detergent lysis (0.5% TritonX-100). Data includes: SSC fluorescence excited 

with 785nm laser and emission collected with a 762/35 filter ([785] _762/35_SSC) on the x axis; 

and AF647 conjugated antibody fluorescence excited with 642nm laser and emission collected with 

702/85 filter ([642] _702/85_AF647]) on the y axis.  

Counts:	3	

MFI:	-	
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  4.8 Assessment of integrin and tetraspanin marker labelling on EVs population 

With the previous optimized results showing the validation of EVs with dual 

tetraspanin or CD51 staining, these three antibodies were combined to further evaluate 

whether the fluorescent signals detected in Figure 4.8 were true EV signals (Figure 4.9). 

EVs stained with both CD63-PE and CD9-FITC antibodies were clearly visible in the PE+ 

gate and FITC+ gate (Figure 4.9 A-C). The overall EV population of the three cell lines 

were identical to previous results (Figure 4.7 B-C and Figure 4.9 A-C). 

To optimize a gating strategy for triple staining (CD63-PE, CD9-FITC and CD51-

AF647), dual antibody EV samples containing CD63-PE and CD9-FITC were displayed 

with CD63-PE fluorescence intensity vs AF647 fluorescence intensity (Figure 4.9 D-F) 

and CD9-FITC fluorescence intensity vs AF647 fluorescence intensity (Figure 4.9 G-I). 

This is to determine any fluorescence overlap between channels and also to specifically 

gate the EVs population. 

SW620 cell line EVs had the highest CD63-PE count (15706 counts, MFI = 382.23) 

compared to both HT29 (1956 counts, MFI = 901.7) and K562 (4717 counts, MFI = 

919.89) (Figure 4.9 A-C). For CD9-FITC staining, 24199 counts (MFI = 1009.88) were 

detected in SW620 cell line, followed by 625 counts (MFI = 605.08) found in HT29 cell 

line and 205 counts (MFI = 398.79) for K562 cell line (Figure 4.9 D-F). Both the counts 

and MFI indicated that SW620 cell line have a higher number of EVs expressing CD9 and 

CD63 relative to HT29 and K562 cell lines. A representative image captured from the 

population within the PE+ gate of SW620 bivariate plots B and E demonstrate the positive 

EV signals with no visible bead signal in brightfield images was (Figure 4.7 G).  
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Figure 4.9 - Optimization of imaging flow cytometry gate strategy for analysis of EVs with 

representative sample of EVs from multiple cell lines, including two CRC cell lines (HT29 and 

SW620) and a leukaemia cell line (K562). Bivariate plots display EV samples from HT29 (A), 

SW620 (B) and K562 (C) stained with CD63-PE ([561] _577/35_PE) and CD9-FITC ([488] 

_528/65_FITC). Plots were annotated with gates showing PE+ or FITC+ antibody labelled EVs. 

Bivariate plots displayed the dual staining sample (CD63-PE and CD9-FITC) for cell line EV 

samples detected with CD63-PE fluorescence intensity ([561] _577/35_PE) vs AF647 fluorescence 

([642] _702/85_AF647]). (G-I) Plots with dual staining EV samples (CD63-PE and CD9-FITC) 

were displayed with CD9-FITC fluorescence intensity ([488] _528/65_FITC) vs AF647 

fluorescence ([642] _702/85_AF647]). (J) Image obtained within the PE+ FITC+ gate of SW620 

bivariate plot B supported dual staining of EVs. Data includes: PE conjugated antibody 

fluorescence excited with 561nm laser and emission collected with a 577/35 filter ([561] 

_577/35_PE); or FITC conjugated antibody fluorescence excited with 488nm laser and emission 

collected with a 528/65 filter ([488] _528/65_FITC) on the x axis; and AF647 fluorescence excited 

with 642nm laser and emission collected with a 702/85 filter ([642] _702/85_AF647]) on the y 

axis. 
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To better understand the expression of tetraspanin markers and integrin alpha v 

across the EVs derived from the cell lines, a combination of tetraspanin markers (CD63-

PE and CD9-FITC) along with the integrin marker (CD51-AF647) were used to stain EVs 

from each cell line to validate the presence of integrin alpha v expressed on CRC cell line 

derived EVs (HT29 and SW620) and the CD51 negative K562 leukaemia cell line (Figure 

5.0).  

SW620 cell line EVs were detected with the highest counts for CD63-PE as seen 

in the both the CD63-PE and CD63-PE+ CD51-AF647+ gates (8169 counts) and highest 

counts for CD9-FITC in both the CD9-FITC and CD9-FITC+ CD51-AF647+ gates gate 

(28,433 counts), followed by HT29 cell line and K562 cell line, respectively (Figure 5.0 

A-C and Table 4.1). Interestingly when comparing the expression of EV tetraspanin marker 

within each individual cell line, results demonstrated that both HT29 and K562 cell line 

EVs expressed higher CD63-PE than CD9-FITC while SW620 cell line EVs expressed 

higher CD9-FITC than CD63-PE (Figure 5.0 A-F and Table 4.1). These expression patterns 

also correlated with the previous dual staining results, as showed in Figure 4.9. Aside from 

counts, MFI between the two figures were also compared to determine whether the 

additional of CD51 marker would disturb the binding of tetraspanins CD63 and CD9 with 

EVs. The PE and FITC MFI detected for HT29 and SW620 cell line in Figure 5.0 was 

similar to the PE and FITC MFI detected in the dual staining samples, as shown in Figure 

4.9 D-I. This strongly suggested that the addition of CD51 marker did not interrupt the 

binding of CD63 and CD9 tetraspanin markers on cell line EVs.  

Notably, a strong, positive linear EVs signal stained with CD63-PE and CD51-

AF647 was detected in the CD63-PE+ CD51-AF647+ gate for both the SW620 and HT29 

cell lines (Figure 5.0 A & B) as opposed to K562 cell line (Figure 5.0 C). This type of 

signal usually denotes inadequately compensated data however the horizontal linear EVs 

signal in the K562 cell line indicates that the compensation was accurate150. This data 

showed that the HT29 and SW620 EVs were positive for both CD63 and CD51 while K562 

EVs were only positive for CD63.  

Consistently, SW620 cell line EVs were found to have the highest CD51 counts, as 

seen in the CD63-PE+ CD51-AF647+ gate, when stained with CD63-PE (1160 counts) and 
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CD9-FITC (469 counts) relative to HT29 (755 counts and 166 counts) and K562 (89 counts 

and 28 count) EVs, shown in Table 4.1.  

However, the percentage of each EVs expressing the combination of either CD63 

or CD9 tetraspanin marker, with CD51 was found highest in the HT29 EVs not the SW620 

cell line. 29% of HT29 cell line EVs were found to express both CD63 and CD51 and 17% 

of HT29 cell line EVs were found to express both CD9 and CD51 (Table 4.1). In contrast, 

only 14% and 1.65% of SW620 cell line EVs were found to express CD51 with CD63 or 

CD9 markers, respectively. Taken together, these results suggested a higher proportion of 

the total HT29 cell line EVs expressed both CD51 with tetraspanin marker, CD63 or CD9 

relative to the proportion of SW620 total EVs.  

Since the three fluorochrome-labelled antibodies were detected in three different 

channels (Ch02, Ch03 and Ch11), a new gating strategy was included for this analysis. To 

further evaluate whether HT29 and SW620 EVs were positive for all three antibody 

markers, a fluorescence intensity histogram based on the population in the CD63-PE+ 

CD51-AF647+ gate was generated to determine for CD9-FITC positive EV signals (Figure 

5.0 G & H). Hence, a FITC positive gate was applied to facilitate a clear separation of 

CD9-FITC positive EVs from CD9-FITC negative EVs and determine what proportion of 

EVs within the dual staining CD63-PE+ CD51-AF647+ were also CD9-FITC positive. 

Results showed 154 counts were detected FITC positive within the HT29 EV population 

of CD63-PE and CD51-AF647 dual staining while 208 counts were FITC positive in 

SW620 EV samples (Figure G-H). Overall, 5.9% of EV expressing three markers (CD63, 

CD9 and CD51) was detected in HT29 cell line while only 2.5% of EVs were detected in 

SW620 cell line (Table 4.1). To confirm the triple positive antibodies EVs detected, a 

representative image (Figure 5.0 I) was obtained from the dual staining CD63-PE+ CD51-

AF647+ gate of HT29 bivariate plot (Figure 5.0 A). It was confirmed that HT29 EVs were 

triple positive for CD63, CD9 and CD51 markers.  
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Figure 5.0 - Evaluation of triple antibody staining for analysis of EVs with representative sample 

of EVs from multiple cell lines, including two CRC cell lines (HT29 and SW620) and a leukaemia 

cell line (K562). (A) Bivariate plot of CD63-PE fluorescence intensity for Exclude Bead Dust 

([561] _577/35_PE) vs CD51-AF647 fluorescence intensity ([642] _702/85_AF647]) to determine 

the population of both CD63-PE labelled and CD51-AF647 labelled EVs in HT29 CRC cell line. 

(B) Bivariate plot of CD63-PE fluorescence intensity for Exclude Bead vs CD51-AF647 

fluorescence intensity to determine the antibodies labelled EVs population in SW620 CRC cell 

line. (C) Bivariate plot of CD63-PE fluorescence intensity for Exclude Bead vs CD51-AF647 

fluorescence intensity to determine the antibodies labelled EVs population in K562 leukaemia cell 

line. (D) Bivariate plot of CD9-FITC fluorescence intensity for Exclude Bead vs CD51-AF647 

fluorescence intensity to determine the antibodies labelled EVs population in HT29 CRC cell line. 

(E) Bivariate plot of CD9-FITC fluorescence intensity for Exclude Bead vs CD51-AF647 

fluorescence intensity to determine the antibodies labelled EVs population in SW620 CRC cell 

line. (F) Bivariate plot of CD9-FITC fluorescence intensity for Exclude Bead vs CD51-AF647 

fluorescence intensity to determine the antibodies labelled EVs population in K562 leukaemia cell 

line. Both ‘FITC Positive’ and ‘FITC Negative’ gate was applied to determine whether EVs were 

FITC positive in the ‘PE+ AF647+’ gate from the triple staining samples. (I) Representative image 

obtained within the PE+ AF647+ gate of SW620 bivariate plot B with FITC positive signals. Data 

includes PE conjugated antibody fluorescence excited with 561nm laser and emission collected 

with a 577/35 filter ([561] _577/35_PE); or FITC conjugated antibody fluorescence excited with 

488nm laser and emission collected with a 528/65 filter ([488] _528/65_FITC) on the x axis; and 

AF647 conjugated antibody fluorescence excited with 642nm laser and emission collected with a 

702/85 filter ([642] _702/85_AF647]) on the y axis.  

 

Triple	Staining	Antibodies	Staining	(CD63-PE/CD9-FITC/CD51-AF647)	
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Table 4.1 presented the positive counts and MFI values for the gates in Figure 5.0. 

 Population Counts 

Cell Line CD63-
PE+ 

CD63-
PE+ 

CD51-
AF647+ 

Total 
EVs 

% of 
EVs 

expresse
d CD63 

and 
CD51 

CD9-
FITC+ 

CD9-
FITC+ 
CD51-

AF647+ 

Total 
EVs 

% of 
EVs 

expresse
d CD9 

and 
CD51 

HT29 1848 755 2603 29 % 797 166 963 17 % 

SW620 7009 1160 8169 14 % 27,974 469 28,443 1.65 % 

K562 
(Negative 
control) 

5001 89 5090 - 241 28 269 - 

 

 
MFI 

Cell Line 
CD63-PE+ CD63-PE+ CD51-

AF647+ CD9-FITC+ CD9-FITC+ 
CD51-AF647+ 

MFI PE MFI AF647 MFI FITC MFI AF647 

HT29 902.3 1441.8 624.71 501.46 

SW620 399.52 1372.28 1115.14 723.16 

K562 (Negative 
control) 906.61 1249.57 381.83 469.08 
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4.9 Discussion 

The greatest challenge in the EV research field is to identify the specific roles of 

CRC derived EVs and to exploit their great biomarker potential for early CRC metastasis. 

Despite recent studies focusing on EVs as a biomarker for early CRC metastasis detection, 

methodology limitations coupled with a lack of EV standards and the high background 

noise mean that this is still unresolved135. Therefore, a high-resolution imaging flow 

cytometry analysis based on fluorescence intensity was developed in this study to enable 

the detection of cell line EVs by using a specific combination of labelled antibodies and 

new gating strategies to minimize the potential false positive signals. Imaging flow 

cytometry has facilitated multi-colour analyses and provided multiple key features that 

allows sensitive EVs detection135. Several new gating strategies, and further defined 

population gates were evaluated in this study to eliminate excessive SpeedBead events, 

reduce background noise, and increase the contrast of positive EV signals.  

This study aimed to evaluate the distinctive integrin expression on CRC-derived 

EVs to act as a potential biomarker for early CRC metastasis detection. Tetraspanin 

markers, CD63 and CD9, are well-known surface markers for EVs that have been studied 

in other cancers such as prostate and breast cancer151. The study by Gorgens et al., 

demonstrated that fluorescently labelled antibody markers are highly suitable references 

that bind specifically to EVs better than calibration beads for EVs detection135.  

The results presented in this study showed that CRC-derived EVs stained by 

different fluorescence- labelled antibodies can be analysed in a multiparametric manner. 

Aside from tetraspanin markers, the expression of integrins on cancer EVs has also been 

studied recently152. CD51, also known as integrin alpha v, was found to be highly expressed 

on EVs and appeared to be one of the most significant determinants for organ specificity 

in CRC metastasis152, 153. Despite the limited number of studies on the functional role of 

integrin alpha v expression on CRC EVs, a study on breast cancer by Altei et al., reported 

that EVs derived from breast cancer cell line (MDA-MB-231) do expressed integrin alpha 

v152. MDA-MB-231 is a poorly differentiated adenocarcinoma breast cancer cell line with 

high risk for metastasis and this study showed that MDA-MB-231 cell line EVs expressed 

a high level of integrin alpha v which played a part in promoting breast cancer metastasis152. 
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Therefore, it was suggested that CRC cell line EVs with similar high expression of integrin 

alpha v will behave similarly as MDA-MB-231 in promoting CRC distant metastasis. 

Integrin alpha v has been reported to mediate organ-specific metastasis by binding 

to a ligand at specific target site and promotes cancer cell migration through cell 

communication152. Based on this theory, this study has combined multiple fluorescence-

labelled tetraspanins and integrin alpha v to evaluate whether CRC cell lines express 

integrin alpha v. The K562 leukaemia cell line was included as a negative control for 

integrin alpha v. Results showed that both the CRC cell lines HT29 and SW620 EVs do 

express integrin alpha v but there was a higher proportion of HT29 cell line EVs found to 

express integrin alpha v relative to SW620 cell line EVs. The HT29 cell line used in this 

study was derived from a primary tumour while the SW620 cell line was derived from a 

lymph node CRC metastasis154. Interestingly, this may indicate that CRC primary tumour 

cells produce EVs with higher expression of integrin alpha v compared to EVs from 

metastatic CRC cells. As discussed in Chapter 1 (Section 1.5), integrin alpha v binds 

specifically to vitronectin and fibronectin, which are found in liver tissues155. This was 

further supported by a study done on HT29 CRC cell line by Enns et al., which showed the 

high association of integrin alpha v expressed on CRC primary tumour cells with CRC 

liver metastasis155.  

Aside from liver metastasis, recent CRC studies have also discovered that CRC 

EVs can express other integrins involved in lung metastasis156. Integrins, such as beta 3, 

have been found to participate in binding to collagen in lungs and in a study by Sato et al., 

was found to be highly expressed in CRC patients with lung metastasis as compared to 

those with no lung metastasis156. Available results have presented a strong correlation 

between the type of integrins expressed and organ-specific CRC metastasis. Hence, 

integrins have presented great potential as a unique predicting tool for detecting the pattern 

of early metastasis in CRC patients.  

This study has highlighted the successful characterisation of integrin alpha v on 

CRC cell line EVs with tetraspanin markers, CD63 and CD9, by using the ‘Exclude Bead 

Dust’ strategy. This study also demonstrated that EVs from different sources can express 

a unique and distinctive integrins signature, which serve as a promising novel biomarker. 
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The high expression of integrin alpha v in the HT29 cell line successfully demonstrated 

that integrin alpha v can be detected in cell lines, however, further testing would be required 

on primary CRC patient samples to identify the correlation of the integrin alpha v 

expression and liver metastasis. Moreover, studies are underway to identify the diagnostic 

value of other integrins expressed on CRC EVs 84.  

Overall, the new gating strategy of ‘Exclude Bead Dust’ successfully excluded 

most SpeedBeads with high fluorescence intensities and bead dust to reduce false positive 

EV signals. This strategy can be confidently employed in further EV studies to detect and 

quantify EV populations in various experimental contexts, for instance assessment of CRC 

patient plasma derived EVs.  
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Chapter 5: EVs Encapsulated micro-RNA Data Analysis 

5.1 Introduction  

Recent research has focused on assessing EV encapsulated mi-RNA as an ideal 

candidate to serve as a biomarker for cancer detection.  While many studies have 

demonstrated a correlation between mi-RNA expression in primary tumour tissue or 

plasma with disease progression, there is currently limited knowledge on how EV 

encapsulated mi-RNA are involved in promoting metastasis. Therefore, the potential of EV 

encapsulated mi-RNA as novel biomarker for early CRC metastasis detection remains 

undetermined157, 158.   

The overarching aims of this chapter are to: 

1) Examine the biomarker potential EV encapsulated mi-RNA from plasma of CRC 

patients; 

2)  Evaluate EV mi-RNA expression from plasma of CRC patients associated with 

metastasis; and  

3) Evaluate the target genes of EV mi-RNA associated with CRC progression 

 

5.2 Analysis of EV mi-RNA from plasma of patients with CRC 

The work undertaken in this chapter was performed on EV encapsulated mi-RNA 

extracted from plasma samples collected from 4 participant groups. These included healthy 

controls (n=6), patients with no CRC metastasis at time of surgery (n=6), patients who 

developed metastasis within 5 years post-surgery (n=6) and patients with CRC metastasis 

at time of surgery (n=6) (Chapter 2; Section 2.2). Untargeted mi-RNA sequencing was 

performed to determine the expression of mi-RNA encapsulated in EVs. After filtering out 

reads that failed to meet quality control thresholds, normalised data revealed a total of 166 

miRNAs were confidently identified out of all known miRNA species (~2,000). De-

regulated EV mi-RNA’s were analysed using two different Bioconductor R packages, 
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Limma-Voom and EdgeR via the Degust platform159. The criteria used to define significant 

differential expression of EV mi-RNA was a p-value of < 0.05 with log2-fold change > 1.   

Twelve candidate EV mi-RNA’s were identified from Limma-Voom and EdgeR 

when comparing healthy control and CRC patients (regardless of metastatic status) (Table 

5.1, Figure 5.1 and 5.2). Out of the 12 EV mi-RNA, it is noted that the hsa-mir-224-5p 

displayed the greatest log2-fold change (decreased in CRC by 4.47 log2-fold change 

relative to healthy controls, p-value 0.0002) with a low false discovery rate (FDR) of 0.04. 

Besides this, two EV mi-RNAs, hsa-mir-21-5p (log2-fold change 1.14, p-value 0.02) and 

hsa-mir-143-3p (log2-fold change 1.21, p-value 0.01), were also detected by independent 

algorithms (Limma-Voom and EdgeR). The FDR for most EV m-RNAs were higher than 

anticipated, which suggests that these results may be false positives. However, due to the 

small sample size tested it was decided to include these miRNAs for consideration and 

discussion in this thesis.  
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Table 5.1 - EV encapsulated mi-RNAs expression associated with CRC patients relative to heathy 

controls (Analysed with Limma-Voom and EdgeR).  

 Limma-Voom EdgeR 

mi-RNA name Log2-FC FDR p-value Log2-
FC FDR p-value 

hsa-mir-143-3p 1.21 0.32 0.01 2.42 0.62 0.01 

hsa-mir-21-5p 1.14 0.32 0.02 1.66 0.62 0.03 

hsa-mir-146a-5p 1.01 0.32 0.02 - - - 

hsa-mir-181a-1-5p 1.12 0.32 0.02 - - - 

hsa-mir-181a-2-5p 1.12 0.32 0.02 - - - 

hsa-mir-16-1-5p 1.03 0.32 0.04 - - - 

hsa-mir-16-2-5p 1.03 0.32 0.04 - - - 

hsa-mir-224-5p - - - -4.47 0.04 0.0002 

hsa-mir-125a-3p - - - -2.73 0.62 0.03 

hsa-let-7i-5p - - - -1.62 0.62 0.03 

hsa-mir-181b-2-5p - - - -1.69 0.62 0.03 

hsa-mir-181d-5p - - - -1.69 0.62 0.03 
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Figure 5.1- EV encapsulated mi-RNA expression level in healthy controls and CRC patients 

(Analysed with Limma-Voom). *, p < 0.05; **, p < 0.01.  

 

Figure 5.2- EV encapsulated mi-RNA expression level in healthy controls and CRC patients 

(Analysed with EdgeR).    *, p < 0.05; **, p < 0.01.  
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5.2.1 Analysis of EV mi-RNA expression within CRC patient groups 

To further explore the expression of EV mi-RNAs, comparisons were made 

between various CRC patient groups (patient with no metastasis (n=6) , patients who 

developed metastasis within 5 years post-surgery (n=6)  and patients with metastasis at 

time of surgery (n=6)) and healthy controls (n=6) (Figure 5.3, Table 5.2- 5.5). Four EV mi-

RNAs were detected and include; hsa-224-5p, hsa-125a-5p, hsa-mir-21-5p and hsa-mir-

423-5p. Hsa-mir-224-5p was significantly downregulated in in CRC patients with no 

metastasis (log2-fold change -4.46, p-value 0.01), CRC patients who developed metastasis 

within 5 years post-surgery (log2-fold change -4.46, p-value 0.01) and CRC patients with 

metastasis at time of surgery (log2-fold change -4.46, p-value 0.01) relative to healthy 

controls (Table 5.3 and Figure 5.3). However, the FDR was 0.73, which is high and may 

indicate a false positive resultThe expression level of hsa-125a-5p was also significantly 

downregulated in both CRC patients with no metastasis and CRC patients with metastasis 

at time of surgery (log2-fold change -2.94, p-value 0.03) relative to healthy controls. 

However, the expression of this miRNA was similar between CRC patients who developed 

metastasis within 5 years post-surgery and healthy controls (log2-fold change -0.04, p-

value 0.03).  

Aside from the downregulation of EV hsa-mir-224-5p and hsa-125a-5p, the 

expression level of EV hsa-mir-21-5p was significantly upregulated in CRC patients who 

developed metastasis within 5 years post-surgery (log2-fold change 1.09, p-value 0.05) and 

CRC patients with metastasis at time of surgery (log2-fold change 1.59, p-value 0.05) 

relative to healthy controls (Table 5.2 and Figure 5.3). However, the expression level of 

hsa-mir-21-5p was not significantly different in CRC patients with no metastasis as per the 

log2-fold change was 0.64 (p-value 0.05) (Table 5.2).  
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Table 5.2 - EV encapsulated mi-RNAs expression associated with each CRC patient groups (patient 

with no metastasis, patients who developed metastasis within 5 years after surgery and patients 

with metastasis at time of surgery) in relation to healthy controls (Analysed with Limma-Voom).  

 p-value FDR 

CRC patient with 

no metastasis 

CRC patients who 

developed 

metastasis within 5 

years post-surgery 

CRC patients with 

metastasis at time 

of surgery 

Log2-FC Log2-FC Log2-FC 

hsa-mir-21-5p 0.05 0.7 0.64 1.09 1.59 

hsa-mir-423-

5p 
0.01 0.7 1.41 -0.31 -0.93 

 

Table 5.3 - EV encapsulated mi-RNAs expression associated with each CRC patient groups (patient 

with no metastasis, patients who developed metastasis within 5 years after surgery and patients 

with metastasis at time of surgery) in relation to healthy controls (Analysed with EdgeR).  

 p-value FDR 

CRC patient with 

no metastasis 

CRC patients who 

developed 

metastasis within 5 

years post-surgery 

CRC patients with 

metastasis at time 

of surgery 

Log2-FC Log2-FC Log2-FC 

hsa-mir-423-5p 0.001 0.24 1.69 0.13 -0.74 

hsa-mir-224-5p 0.01 0.73 -4.46 -4.46 -4.46 

hsa-mir-125a-

5p 
0.03 0.73 -2.94 -0.04 -2.94 
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Figure 5.3 - EV encapsulated mi-RNAs expression level of each CRC group in relation to healthy 

controls (Analysed using both Limma-Voom and EdgeR).  The groups were as follows: healthy 

controls (n=6); CRC patients with no metastasis (n=6); CRC patients who developed metastasis 

within 5 years post-surgery (n=6); CRC patients with metastasis at time of surgery (n=6). *, p < 

0.05; **, p < 0.01. 

Interestingly, while there was a significant increase in expression of the EV 

encapsulated hsa-mir-423-5p in CRC patients with no metastasis (log2-fold change 1.41, 

p-value 0.01) relative to healthy controls (Table 5.2 and 5.3), this miRNA was also 

statistically significant downregulated in CRC patients who developed metastasis within 5 

years post-surgery (log2-fold change -1.91, p-value 0.003) and CRC patients with 

metastasis at time of surgery (log2-fold change -2.41, p-value 0.003) relative to CRC 

patients with no metastasis at time of surgery (Table 5.4 and 5.5).  

Moreover, three other EV mi-RNAs, hsa-mir-125a-5p, hsa-mir-125b-1-5p and hsa-

mir-125b-2-5p, were detected as significantly differentially expressed. Hsa-mir-125a-5p 

was significantly upregulated CRC patients who developed metastasis within 5 years post-

surgery (log2-fold change 2.90, p-value 0.03) while both hsa-mir-125b-1-5p and hsa-mir-

125b-2-5p were significantly upregulated CRC patients with metastasis at time of surgery 
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(log2-fold change 2.43, p-value 0.05) when compared with CRC patients with no 

metastasis at time of surgery (Table 5.5). 

Table 5.4 - EV encapsulated mi-RNAs expression associated with each CRC metastasis patient 

groups (patients who developed metastasis within 5 years post-surgery and patients with metastasis 

at time of surgery) in relation to CRC patients with no metastasis (Analysed with Limma-Voom).  

      p-value FDR 

CRC patients who 

developed 

metastasis within 5 

years post-surgery 

CRC patients with 

metastasis at time of 

surgery 

Log2-FC Log2-FC 

hsa-mir-423-5p 0.003 0.57 -1.91 -2.41 

 

Table 5.5 - EV encapsulated mi-RNAs expression associated with each CRC metastasis patient 

groups (patients who developed metastasis within 5 years post-surgery and patients with metastasis 

at time of surgery) in relation to CRC patients with no metastasis (Analysed with EdgeR).  

 p-value FDR 

CRC patients who 

developed metastasis 

within 5 years post-

surgery 

CRC patients with 

metastasis at time of 

surgery 

Log2-FC Log2-FC 

hsa-mir-423-5p 0.003 0.47 -1.57 -2.44 

hsa-mir-125a-5p 0.03 0.67 2.90 0.00 

hsa-mir-125b-1-5p 0.05 0.67 0.00 2.43 

hsa-mir-125b-2-5p 0.05 0.67 0.00 2.43 
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5.2.2 Analysis of EV mi-RNA expression associated with CRC metastasis 

To appreciate whether these EV mi-RNA species could be helpful for early CRC 

metastasis detection, their expression level was further compared between all CRC patients 

with and without metastasis (Table 5.6 and Figure 5.4). Five EV-encapsulated mi-RNAs 

were detected as significantly downregulated.  Results showed EV-encapsulated hsa-mir-

423-5p (log2-fold change -2.20, p-value 0.002) and hsa-mir-92a-1-3p (log2-fold change -

1.44, p-value 0.03), hsa-mir-92a-2-3p (log2-fold change -1.38, p-value 0.03), hsa-mir-1246 

(log2-fold change -2.32, p-value 0.02) and hsa-mir-26b-5p (log2-fold change 2.62, p-value 

0.05) were identified with a significant downregulation in CRC patients with metastasis in 

relation to CRC patients with no metastasis (Table 5.6). Of the five EV mi-RNA, hsa-mir-

423-5p (log2-fold change -2.20, p-value 0.002) was detected to be expressed significantly 

in both independent algorithms (Limma-Voom and EdgeR) with lowest FDR (0.3).  

Table 5.6 - EV encapsulated mi-RNAs expression associated with all CRC metastasis patient in 

relation to CRC patients with no metastasis (Analysed with Limma-Voom and EdgeR).  

 Limma-Voom EdgeR 

mi-RNA name p-value FDR Log2 FC p-value FDR Log2 FC 

hsa-mir-423-5p 0.002 0.30 -2.20 0.001 0.24 -1.91 

hsa-mir-92a-1-3p 0.03 0.98 -1.44 - - - 

hsa-mir-92a-2-3p 0.03 0.98 -1.38 - - - 

hsa-mir-1246 - - - 0.02 0.69 -2.32 

hsa-mir-26b-5p - - - 0.05 0.69 2.62 
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Figure 5.4 - Comparison of EV-encapsulated mi-RNAs expression in CRC patients with and 

without metastasis. *, p < 0.05; **, p < 0.01. 

5.3 Overexpression of EV packaged hsa-mir-21-5p and hsa-mir-143-3p associated 

with CRC  

Ualcan is an online tool designed to analyse gene expression using the TCGA 

dataset was as an independent method to verify the upregulated expression of candidate 

miRNA (Table 5.5)160. Ualcan showed that hsa-mir-21-5p was upregulated in stages I to 

IV in tumours of patients with CRC  relative to non-cancer tissues (Figure 5.5 A, p-value 

< 0.001)160. This generally correlates with the upregulated pattern of hsa-mir-21-5p 

observed among the CRC patient groups that have been presented in this thesis (Figure 

5.1).  Similarly, the expression of hsa-mir-143-3p (Figure 5.5 B) found upregulated in 

stages I to IV CRC tissues relative to non-cancer tissues (p-value 0.01). Hsa-mir-143-3p 

was most highly expressed in stage IV CRC tissues but was not significantly different to 

stages I (p-value 0.19), II (p-value 0.48) and III (p-value 0.98)160. This corresponds with 

the upregulated pattern observed in for EV-encapsulated hsa-mir-143-3p among CRC 

patients compared to healthy controls in Figure 5.1 and 5.2.  
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Figure 5.5 - mi-RNA expression level in colon adenocarcinoma stratified on stage.  (A) Hsa-mir-

21-5p expression level (B) Hsa-mir-143-3p expression level160. 

TargetScan is an online tool designed to predict the biological targets of specific 

mi-RNA161. Here, TargetScan was used to predict the target genes that may be regulated 

by the candidate EV encapsulated mi-RNAs (Table 5.7). Hsa-mir-21-5p was found to 

target up to 55 genes in CRC including TGFB1, SMAD7, PDCD4 and CHL1, which are 

known to play important roles in regulating the progression of metastasis 161. Hsa-mir-143-

3p was predicted to target up to 66 genes including the ITGA6 and ASAP3 genes, which 

are known to be involved in cell communication, inflammation, and cell function161.  

 

 

 

 

 

 

A	 B	
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Table 5.7 - Representative target genes of hsa-mir-21-5p, hsa-mir-143-3p and hsa-mir-224-5p by 

TargetScan analyses 161. The most functionally relevant target genes have been shown.  

mi-RNA gene Target genes Description 
Up-/Down- 

Regulated 

Hsa-mir-21-5p 

TGFB1 Transforming growth factor beta-induced Up 

SMAD7 SMAD family member 7 Down 

PDCD4 Programmed cell death 4 Down 

CHL1 
Neural cell Adhesion molecule L-1 like 

protein 
Down 

Hsa-mir-143-3p 

ITGA6 Integrin subunit alpha 6 Up  

ASAP3 

ArfGAP with SH3 domain, ankyrin 

repeat and PH domain 3 

 

Up 

 

5.4 Deregulated expression of EV packaged hsa-mir-423-5p and hsa-mir-224-5p 

associated with CRC metastasis 

The level of hsa-mir-423-5p was upregulated in EVs from plasma of CRC patients 

with no metastasis but was downregulated in plasma of patients with metastasis relative to 

healthy controls, shown in Figure 5.3. These results were contradictory to the Ualcan 

analyses160.  Ualcan showed that the expression of hsa-mir-423-5p was significantly 

downregulated in tumour tissue of CRC patients with stages I to IV relative to non-cancer 

tissues (Figure 5.6 A, p-value < 0.01)160. Importantly, Ualcan showed a similar expression 
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pattern of hsa-mir-423-5p in CRC tissues regardless of stage (metastases)160. Moreover, 

TargetScan showed that hsa-mir-423-5p was predicted to target 40 genes in total including 

upregulation of several genes involved in cell death (CASP3, CASP8 and CASP9) (Table 

5.8). 

Although the data presented by this thesis showed that hsa-mir-224-5p was one of 

the most downregulated in CRC patients as compared to healthy controls, Ualcan generated 

conflicting results (Figure 5.6 B). That is, Ualcan showed upregulation of hsa-mir-224-5p 

in stage I (p-value < 0.0001), II (p-value < 0.0001) and III (p-value < 0.0001) relative to 

healthy controls (Figure 5.6 B)160. The different observations obtained from Ualcan in 

relation to this thesis may be attributed to the different sample source and sample size. 

Ualcan used CRC tumour tissues whereas this study used circulating EV-encapsulated EVs 

from plasma of patients with CRC160. 

Finally, hsa-mir-224-5p was found to impact the downstream expression of 16 

genes known to regulate cell migration and motility including BTRC and SMAD7, which 

were found to be involved in the Wnt/b-catenin pathway and the signaling of tumour 

necrosis factor-alpha (TNF-α), which were critical mediators for colon tissue homeostasis 

(Table 5.8)160. 
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Figure 5.6 – mi-RNA expression level in CRC tissues stratified by stage (p-value < 0.05). (A) Hsa-

mir-423-5p (B) hsa-mir-224-5p expression level160. 

 

Table 5.8 - Representative target genes of EVs encapsulated hsa-mir-423-5p. 

mi-RNA gene Target genes Description 
Up-/Down- 

Regulated 

hsa-mir-423-5p  

CASP3 Caspase 3 Up  

CASP8 Caspase 8 Up  

CASP9 Caspase 9 Up  

hsa-mir-224-5p 
BTRC 

Beta-Transducin Repeat 
Containing E3 Ubiquitin Protein 

Ligase 

 

Down  

SMAD7 SMAD family member 7 Down 

 

A	 B	
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5.5 Discussion 

The importance of mi-RNA in EVs has been acknowledged and is widely 

recognised162, 163. mi-RNA are an abundant class of small RNA molecules that regulate 

gene expression by binding to a specific site of a messenger RNA (mRNA)163. mi-RNA 

can act as either oncogenic or tumour suppressor depending on the type of cell they 

originate from. Amongst other molecular cargo, EVs appear to be specifically packaged 

with mi-RNA which have been shown to play a role in the onset and progression of various 

cancers including breast, prostate, lung and colorectal164-167.   

Previous studies have shown that multiple mi-RNAs are encapsulated in EVs. Hsa-

mir-21-5p is one of the most well-known mi-RNA found in EVs168-170. Various studies 

have shown that hsa-mir-21-5p plays a crucial role in driving cancer progression by 

targeting TGF-β and programmed cell death-4 (PDCD4)171-173. Hsa-mir-21-5p orchestrates 

changes in these genes to promote cell invasion and cancer metastasis which is consistent 

with its overexpression in metastatic CRC shown in this chapter173. Other studies have 

shown that increased levels of hsa-mir-21-5p positively correlates with expression of 

tumour necrosis factor-alpha (TNF-α), which indirectly upregulates TGFB1, a protein that 

triggers signal for cell activities such as regulating proliferation, maturation and 

apoptosis174. Besides, hsa-mir-21-5p also downregulates a negative regulator of TGF- β1, 

SMAD7, which limits its ability to regulate TGF- β1. The overexpression of TGF- β1 

promotes epithelial-mesenchymal transition175. Significantly, the integrin alpha v (as 

discussed in Chapter 4, Section 4.9) has also been known to involved in the cycle of EMT 

responsible for the progression and development of metastasis by binding to the integrin 

binding motif, arginine-glycine-aspartic acid, of TGF- β1176.  

Further, a study done by Yu et al., on CRC also reported that hsa-mir-21-5p target 

gene CHL1, one of the putative tumour suppressors that played a role inhibiting colon 

cancer progression177. Recently, it has been identified that overexpression of hsa-mir-21-

5p was associated with enhanced CRC cell invasion by targeting the TGF- β-dependent 

fibroblast to myofibroblast differentiation and the deregulation of genes involved in 

morphogenesis, tissue repair and remodelling178. Consistent with this, a previous study by 

Wu et al., reported that the expression of hsa-mir-21-5p was 3.45-fold higher in CRC 
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tissues compared with healthy controls. This trend was further supported by the in silico 

analyses (Ualcan) which identified a mean fold change greater than 2 in colon 

adenocarcinoma tissues (p-value < 0.01) compared with non-cancer tissue179. Aside from 

being detected in tissues, hsa-mir-21-5p has also been identified in both serum and 

plasma180. The study by Qu et al., discovered that the level of circulating hsa-mir-21-5p in 

serum correlated with the level detected in pancreatic tumours with high specificity and 

sensitivity180. Circulating hsa-mir-21-5p in serum was tested as a stable mi-RNA that 

produced relatively high diagnostic accuracy for pancreatic cancer patients180. Taken 

together, hsa-mir-21-5p was highly expressed in CRC plasma samples and can potentially 

identified to play a role in promoting CRC. 

 Aside from hsa-mir-21-5p, hsa-mir-143-3p has also been studied in many cancer 

types such as breast, ovarian and CRC181, 182. Hsa-mir-143-3p tumour suppressor 

characteristics and can regulate the cell cycle. Findings from Ualcan showed that hsa-mir-

143-3p was highly expressed in stage IV colon cancer tissues, which correlated with the 

results reported in this thesis (hsa-mir-143-3p was most upregulated in CRC patients with 

metastasis relative to those without metastasis). Previous studies have shown that the 

downregulation of hsa-mir-143-3p in CRC tumours tissues was associated with better 

prognosis and improved survival183, 184. Besides, a study by Yamano et al., also reported 

that hsa-mir-143-3p was found upregulated in the plasma of familial adenomatous 

polyposis patients, an inherited gastrointestinal disorder, but was not significantly 

expressed in other types of CRC patients185.  

Hsa-mir-143-3p, predicted to drive an increase in the expression of the ITGA6 in 

CRC tissues, was thought to contribute to the progression of CRC metastasis186. ITGA6, a 

transmembrane glycoprotein-adhering receptor, mainly mediates tumour cell adhesion and 

promotes cell migration and tumour invasion186, 187. Studies have shown that 

overexpression of ITGA6 also promotes CRC progression through upregulating TGF-β 

signalling186. Aside from ITGA6, the ASAP3 gene is also upregulated by hsa-mir-143-3p186. 

This gene acts as an oncogenic driver and is associated with the activation of the nuclear 

factor-κB (NF-κB) signalling pathway involved in inflammation, cell function and has 

been implicated in the process of CRC metastasis186, 188 29. High expression of ASAP3 was 



110	
	

also shown to be associated with enhanced CRC tumour stage and metastasis188. Therefore, 

although current studies are yet to focus on EV encapsulated hsa-mir-143-3p, these 

collective results suggest that tissue-derived hsa-mir-143-3p and its relationship with 

ITGA6 and ASAP3 underscore the potential of this miRNA as a marker to predict risk of 

metastasis. 

Among the three focused EV encapsulated mi-RNA identified, hsa-mir-224-5p was 

the only mi-RNA found downregulated in CRC patients relative to healthy controls with 

significant low FDR. Limited studies have focused on the role of hsa-mir-224-5p in the 

progression of CRC, hence its clinical significance remains unclear. While a 

downregulated level of EV encapsulated hsa-mir-224-5p expression was detected in this 

study, a reverse trend of hsa-mir-224-5p level observed upregulated with the progression 

of CRC was reported in Ualcan, as well as multiple CRC studies189-191. A CRC study by 

Zheng et al., have reported an upregulation of hsa-mir-224-5p in CRC tissues and cell lines, 

HCT-116 and DLD-1190. The study showed the upregulation of hsa-mir-224-5p play a part 

in targeting genes, such as BTRC, that regulate crucial aspects of cell fate determination, 

DNA repair, cell migration in the cell cycle, invasion, and metastasis190. BTRC gene acts 

as a negative regulator in the Wnt/b-catenin pathway by directly targeting b-catenin and 

inhibiting the b-catenin accumulation, that is associated with metastasis192. Another study 

by Ling et al., also showed increase level of hsa-mir-224-5p in tissue samples of CRC 

patients with advanced stage (p-value < 0.05)189. Besides, hsa-mir-224-5p was detected to 

target and downregulate SMAD7 gene, similarly as hsa-mir-21-5p189. Aside from these 

targeted genes in CRC, hsa-mir-224-5p was also being studied in breast, and hepatocellular 

cancer193, 194. Interestingly, hsa-mir-224-5p was found upregulated in both breast and 

hepatocarcinoma and was reported to target CASP9, ADAM17 and HOXA5 genes, which 

known to regulate cell proliferation, maintaining cell apoptosis and the signaling of TNF- 

α193, 194.  

Taken together, hsa-mir-224-5p was only detected with significant abberant 

expression in CRC patients in relation to healthy controls while above findings indicated 

that there was an association between the expression level of hsa-mir-224-5p and the 

clinical development and progression of CRC. Therefore, hsa-mir-224-5p might contribute 



111	
	

as a possible novel biomarker for early CRC detection. However, due to the inconsistency 

results of the hsa-mir-224-5p expression in CRC, the specific relationship of hsa-mir-224-

5p with CRC progression and metastasis still appears unclear and further work is needed 

to substantiate this claim.  

Additionally, the expression of hsa-mir-423-5p was observed downregulated in 

EVs from plasma of CRC patients with metastasis. As previously mentioned, hsa-mir-423-

5p was overexpressed in CRC patients with no metastasis but downregulated with the 

development of CRC metastasis (Figure 5.2). Hsa-mir-423-5p has been reported to display 

different expression patterns in various cancer types, for instance ovarian and breast cancer, 

and may participate in distinct functions such as cell proliferation, cell cycle, cell apoptosis 

and tumour metastasis195, 196 197. The significantly reduced expression of hsa-mir-423-5p in 

ovarian cancer patients with metastasis relative to no metastasis (p-value < 0.01) 

underscores its promising potential a biomarker for CRC metastasis detection195. There are 

limited studies in CRC that have focused on hsa-mir-423-5p and its specific role in CRC 

metastasis is unknown. Studies in other diseases, for instance, lung adenocarcinoma have 

identified that hsa-mir-423-5p directly targets metastasis suppressor 1 (MTSS1) to 

stimulate colony formation, cell migration, clonogenicity and invasion198. A recent study 

by Ke et al., focused on hsa-mir-423-5p in 13 different cancer types, such as lung, 

hepatocellular and prostate cancer etc, and discovered that this mi-RNA in CRC does 

correlates with tumour progression197. Hsa-mir-423-5p was shown to target the expression 

of caspases 3, 8 and 9, thereby influence cell proliferation and migration197 199.  Besides, 

EVs encapsulated hsa-mir-423-5p  in gastric cancer was found  to target the expression of 

suppressor of fused protein (SUFU) which suggested to play a role in lymph node 

metastasis197 199.’ This suggests that EVs encapsulated hsa-mir-423-5p may carry potential 

to serve as a novel biomarker for vaarious cancers and paves the way for future studies in 

CRC. 

The expression and function of mi-RNA is complex and may vary depending on 

the type of CRC and bio-specimen assayed185. It appears that only one study has compared 

the expression of mi-RNA in plasma and tissues from patients with CRC. This study 

reported that the expression of mi-RNA in plasma and tissues only partially overlaps. 
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Beyond this, the correlation between EV-encapsulated miRNA in plasma and matched 

CRC tissues is poorly defined. CRC plasma derived mi-RNA may be detected with lower 

fold-change in relation to CRC tissues due to variation of pre-analytical factors associated 

with processing blood verses tissue samples200. It has been suggested that the expression 

of mi-RNA difference in the plasma relative to the tissues may originate from distant 

metastatic sites, co-morbidities or other cell types such as immune cells201. Therefore, 

further studies of mi-RNA are required to interrogate the correlation between the mi-RNA 

expressed in tissue and plasma samples and ratify the clinical relevance of this molecular 

species.  

To conclude, differential EV encapsulated mi-RNA expression may play a crucial 

role in cancer progression, invasion, and metastasis.  The overexpression level of hsa-mir-

21-5p and hsa-mir-143-3p and reduced expression of hsa-mir-423-5p and hsa-mir-224-5p 

in CRC suggests that these EV encapsulated mi-RNA may be promising informative 

biomarkers for CRC metastasis. However, future studies on the potential clinical 

performances of these EV encapsulated mi-RNAs in CRC metastasis should be validated 

in a larger cohort of patient samples and further in prospective cohort studies.   
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Chapter 6: Summary and Conclusion 

 

This study has highlighted the value of EVs as a potential novel biomarker for early 

detection of CRC metastasis. While much remains to be elucidated regarding the precise 

role of EVs, tumour-derived EVs have been reported as important contributors to the 

development and progression of metastasis through cell-to-cell communication and 

initiating or suppressing various signalling pathways in recipient cells202. Studies have 

reported that tumour-derived EVs may express unique cargo and protein molecules that 

reflects the intracellular status of the primary tumour, such as oncogenic mi-RNAs and 

integrin markers, to target specific sites and promote tumour progression for distant 

metastasis203. Furthermore, many studies hinted that EVs have great potential as cancer 

biomarkers122, 204.  

This study included the use of two CRC cell lines (HT29 and SW620) and CRC 

plasma samples to explore the correlation of EV concentration with the development of 

CRC metastasis, assess the type of integrins expressed on EVs and identify unique  EV 

encapsulated mi-RNA signatures.  

As expected, EVs were  enriched with tetraspanin markers, mainly CD9, CD63 and CD81, 

and other proteins such as TSG101. These markers are often utilised as specific EV markers 

for EV identification. However, studies have shown that not all EVs express all type of 

tetraspanins and protein markers, which not only complicates EV identification but also 

the quantitative evaluation of EVs in samples143. The results discussed in Chapter 3 

suggested that there was no significant difference in the level of EVs between the CRC 

patients (patients with or without CRC metastasis) and the healthy controls, which is 

supported by previous studies. Overall, the results in this chapter suggest that total, host-

derived EV levels are not an accurate measure of disease progression. However, this 

hypothesis was tested in a small patient cohort and the results should be verified  by a larger 

study. As new EV isolation methods emerge, it would be valuable to also explore the 

significance of specific sub-populations of EVs rather than crude preparations tested here.  
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This study also focused on the expression of specific EV integrins as drivers for 

CRC distant metastasis. Integrins are cell adhesion molecules expressed not only in cells 

but also in EVs and are known to govern a wide range of normal physiology205. EV integrin 

expression has been shown to facilitate establishment of the premetastatic niche by binding 

to specific ligands, such as collagen, fibrinogen and vitronectin, in order to mediate tumour 

cell migration109. Studies showed integrins with different subunits can largely reflect the 

the site of metastasis. Integrin alpha v was focused on this CRC study as recent findings 

showed the integrin alpha v was prominently associated with distant metastasis in breast 

and CRC206. Study by Enns et al.,  provided preliminary evidence that integrin alpha v  

specifically binds to vitronectin and fibronectin, which are  commonly expressed in the 

liver155. Population-based studies have shown that about 25% CRC patients will develop 

CRC metastasis and up to 70% of the CRC metastasis patients will develop liver 

metastasis48, 207. Hence, it was hypothesized that integrins expression on CRC EVs may 

contribute to the further understanding of CRC progression and risk of distant metastasis. 

Imaging flow cytometry successfully demonstrated the presence integrin alpha v 

expression in both CRC cell lines, HT29 and SW620, with additional confirmation of 

double staining tetraspanin markers, CD63 and CD9. Despite the data showing successful 

detection of integrin alpha v on cell line derived EVs, further investigation using CRC 

patient samples is needed to fully elucidate the value and role of integrin alpha v in CRC 

metastasis.  

This final arm of this study focused on the clinical relevance and potential roles of 

EV encapsulated mi-RNA in CRC metastasis. EV encapsulated mi-RNA appears to carry 

great potential as future biomarker for CRC metastasis. Unlike previous mi-RNA studies 

that have used a pre-selected mi-RNA panel, this study used untargeted mi-RNA 

sequencing. Of the 2000 EV encapsulated mi-RNA species identified, 166  met quality 

control metrics. The mi-RNAs were compared across the three CRC patient groups (no 

CRC metastasis at time of surgery, developed metastasis within 5 years post-surgery, CRC 

metastasis at time of surgery), and healthy controls. Three EV encapsulated mi-RNAs; hsa-

mir-21-5p, hsa-mir-143-3p and hsa-mir-224-5p were identified as deregulated in CRC 

patients in relation to healthy controls. Hsa-mir-224-5p was found with the greatest log2-

fold change in relation to other downregulated EV mi-RNAs while hsa-mir-21-5p and hsa-
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mir-143-3p were upregulated. EV mi-RNA were also compared across the three CRC 

patient groups to identify the relationship of EV mi-RNA with CRC progression and 

metastasis. Of the five EV encapsulated mi-RNAs detected, only hsa-mir-423-5p was 

found downregulated in the CRC metastasis patients groups (patients who developed 

metastasis within 5 years post-surgery and patients with metastasis at time of surgery) 

relative to the CRC patients with no metastasis using independent algorithms. It was 

predicted that the aberrant expression of these EV encapsulated mi-RNAs may play a 

crucial role in enhancing CRC progression and metastasis by targeting specific genes and 

pathways, thus indicating EV mi-RNAs are potentially useful biomarker in future clinical 

setting. However, further studies with larger patient samples are necessary to substantiate 

these results.  

Although this study has demonstrated several significant results on EV integrin 

expression and EV encapsulated mi-RNA as potential biomarkers for predicting early CRC 

metastasis, the need for validation on these hypotheses in a prospective cohort study should 

be required in the future. Besides, a larger patient samples would be needed to increase the 

power for analysis and reduce any potential of sampling errors. Nevertheless, the work 

undertaken in this thesis has provided reasonable evidence that EV integrin expression and 

EV encapsulated mi-RNA have potential value worthy of further explorative research.  
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