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Abstract 

New Zealand has one of the highest rates of colorectal cancer (CRC) in the world. 

Current strategies to diagnose CRC, including population level stool-based 

screening, are flawed due to poor sensitivity in early disease and limited 

participation. Patients have expressed a preference for a blood-based test, or ‘liquid 

biopsy’, if it were available. A liquid biopsy that has parity with, or outperforms 

current stool based screening would likely lead to earlier diagnosis of CRC and 

improved patient outcomes. Extracellular Vesicles (EVs) are produced in abundance 

by CRC cells, their contents also reflect their parent cell of origin. microRNA 

(miRNA) are small non-coding RNA molecules, which are dysregulated in CRC cells 

compared to normal cells. Identifying EV miRNA in the bloodstream of early stage 

CRC patients that are sufficiently different from healthy patients may enable 

identification of CRC from a liquid biopsy. Our study examined four miRNAs, miR-

19a, miR-23a, miR-183 and miR-1246, in both tumour tissue and plasma EVs that 

have previously been reported as dysregulated in CRC.  

miRNA expression of the candidate miRNAs was in examined in CRC tumour tissue 

vs normal colonic mucosa, and in plasma EVs of stage I and II CRC patients vs healthy 

controls, by RT-qPCR. Changes in expression in tissue were assessed to establish if 

they would translate to circulating EVs. Furthermore, any differences between the 

miRNA expression in plasma EVs were examined to assess for a capacity to 

differentiate early stage CRC patients from healthy controls and be useful as a liquid 

biopsy biomarker in CRC. 

From our results, miR-1246 and miR-183 were significantly overexpressed in 

tumour tissue compared to normal colonic mucosa. However, neither miRNA was 

consistently expressed in the circulating EVs. In the plasma analysis, miR-19a was 

significantly downregulated in EVs of CRC patients. It demonstrated significant 

differences even when stage I patients alone were compared against controls and it 

also had superior sensitivity to CEA in our cohort. This appears to be the first study 

to document a significant decrease in miR-19 in the EVs of early stage CRC patients. 

From our results, significant variance from the current literature was seen. Some 

possible factors for this variance may include differences in methodology and 

control selection.  
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Although, plasma EV miRNA display great promise as liquid biopsy biomarkers, 

there are a number of challenges in identifying a marker specific for CRC. 

Standardisation of methodology may help identify candidate miRNAs that offer the 

greatest potential. Finding a liquid biopsy biomarker for CRC that is equally 

effective, or outperforms, current faecal-based methods would likely increase 

uptake in screening. The subsequent effects would include decreased healthcare 

costs due to earlier diagnoses of CRC with improved patient outcomes for the 

growing millions of people who will suffer from this disease.   
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Chapter 1: Introduction 

1.1 Colorectal cancer 

Colorectal cancer (CRC) is a significant health issue, both internationally and in New 

Zealand. Globally, CRC is the third most common cancer with 1.8 million new cases 

diagnosed annually (1). Additionally, it is the second leading cause of cancer related 

mortality with 881,000 deaths estimated in 2018 (1). A decline in both incidence 

and mortality has been observed in some high-income countries (2), however the 

global burden of CRC is expected to increase significantly in coming decades. Given 

demographic projections, in just over a decade it is predicted that there will be an 

increase to more than 2.2 million new CRC diagnoses and 1.1 million deaths by 2030 

(3). 

New Zealand and Australia have some of the highest rates of CRC in the world (1). 

International trends are reflected in New Zealand where CRC is the second most 

common cancer after non-melanoma skin cancer, with approximately 3200 new 

cases diagnosed and 1200 deaths annually (4). Although, overall population rates of 

CRC have started to decline, it still places significant resource demands on our 

health system. Due to both population growth and aging, the numbers of new CRC 

diagnoses in New Zealand are likely to increase (4). Cases of CRC are forecast to 

increase by approximately 26% by the year 2026. This will likely lead to a 

proportional increase in demand for resources required for the diagnosis, treatment 

and follow up of CRC patients such as colonoscopy, surgery, chemotherapy, 

radiotherapy and outpatient appointments (4). The predicted yearly costs for CRC 

is expected to rise from $83.6 million in 2014 to $100 million in 2026 (4). As less 

intensive treatments are required for CRC if diagnosed at an earlier stage, measures 

that help increase the rate of diagnosis of early stage CRC may help to mitigate some 

of these expected cost increases. 

One of the most important predictors of survival in CRC is the extent of disease at 

diagnosis. The most widely used classification to quantify the extent of CRC is the 

tumour, nodes and metastases (TNM) classification (5). This measures the depth to 

which the tumour has invaded the bowel wall (T), presence and number of involved 

lymph nodes (N) and the presence of distant metastases (M) (see supplementary 
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Table S1 for further detail on TNM staging in CRC). In general, adjuvant or 

neoadjuvant treatments, in the form of chemotherapy and radiotherapy are 

reserved for patients with more advanced CRC. For the majority of patients 

diagnosed at a very early stage, surgery alone will be sufficient. In addition to 

requiring less intensive treatment, lower TNM stage is significantly associated with 

a benefit for most clinical outcomes including, lower rates of local or distant 

recurrence, improved disease free and overall survival (6-8).  

Early diagnosis is key to reducing CRC related mortality (9). Five-year survival for 

stage I colon cancer is 80%, which drops to 6% for stage IV disease (Table 1; 10). 

Prior to the introduction of a bowel-screening programme, New Zealand has lower 

rates of detection of early stage CRC when paralleled to some other comparable 

health systems that have established screening programmes. Stage I colon cancer 

only makes up 12% of diagnosed cases in New Zealand, in the UK rates of stage I 

diagnoses have been reported as high as 18% (4, 11). The proportion of stage IV 

disease for both colon (19%) and rectal (24%) cancers are higher in New Zealand 

compared to Australia (17-19%) and the UK (18%; 4, 11). This data further 

demonstrates that any strategies which aid earlier diagnosis of CRC should improve 

patient outcomes and reduce CRC related mortality. 
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 Colon Cancer Rectal Cancer 

 New 

diagnoses (%) 

Five-year 

survival (%) 

New 

diagnoses (%) 

Five-year 

survival (%) 

Stage I 503 (12%) 80% 

1066 (76%) 

(Stage I-III) 

65% 

(Stage I-III) 

Stage II 1139 (27%) 71% 

Stage III 1035 (25%) (N1) 63% 

(N2) 50% 

Non-
metastatic 

NOS 

228 (5%)    

Stage IV 991 (24%) 6% 271 (19%) 10% 

Unknown 297 (7%)  64 (5%)  

Total 4193 (100%)  1401 (100%)  

Table 1- Colon and rectal cancer rates of diagnosis by stage (4) and five-year survival 

by stage (10) in New Zealand. (N1 = Metastasis in 1-3 regional lymph nodes, N2 = 

metastasis in 4 or more regional lymph nodes, NOS = not otherwise specified).  

The PIPER project included 5667 patients from across New Zealand over a 3 year 

period. It provides an insight into the landscape for CRC in New Zealand prior to the 

introduction of screening. The average ages for colon and rectal cancer were 67.9 

and 71.4 years respectively (12).  In the total recorded population, 75% were 

diagnosed with colon cancer and 25% with rectal cancer (12). With regard to 

ethnicity, 8% were Māori, higher proportions of metastatic disease at diagnosis are 

observed in Māori and Pacific populations. Rates of diagnosis for stage IV colon 

cancer being 32% and 35%, and for rectal cancer being 29% and 22% for Māori and 

Pacific patients, respectively (4). In non-Māori, non-Pacific patients the rates of 

metastatic disease at diagnosis were 23% and 18% for colon and rectal cancer 

respectively. The emergency department (ED) was the initial mode of presentation 

for 34% of patients with colon cancer, which is again higher for Māori (44%) and 

Pacific patients (51%). In contrast, only 20% of CRC patients are diagnosed through 

an emergency presentation in the UK (13). Methods that aid in the earlier detection 
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of CRC that are easily accessible in a primary care setting may contribute to 

decreased rates of metastatic and emergency presentations of CRC. This may 

contribute to decreasing the overall morbidity and mortality of CRC in the 

population and addressing inequalities in healthcare. 

1.1.1 Presentation and diagnosis of colorectal cancer 

Currently, a diagnosis of CRC is made following symptomatic presentation, due to 

the bowel-screening programme, or as an incidental finding during investigations 

performed for unrelated reasons. Symptoms include weight loss, change in bowel 

habit, and perirectal bleeding; however, patients are often asymptomatic at early 

stages of the disease (14). Colonoscopy is the gold standard investigative and 

diagnostic tool in CRC. Patients in New Zealand currently have access to endoscopy 

through surveillance if they are at increased risk, if they are symptomatic of CRC or 

if they have a positive bowel-screening test.  

During colonoscopy, any suspicious precancerous polyps are removed, and should 

a cancer be found, biopsies can be taken for histological evaluation. Despites it’s 

obvious utility, colonoscopy has some limitations and disadvantages including: 

extensive pre-procedure preparation, patient discomfort, and high healthcare costs 

that hinder its universal application as a screening tool (15). Patients who undergo 

polypectomy may occasionally develop post-polypectomy haemorrhage, including 

from extremely low risk lesions that would be unlikely to ever cause harm, and 

which would not have been seen by other investigative modalities (16). New 

Zealand data on colonoscopy complications show a rates of post-colonoscopy 

bleeding requiring hospital presentation and perforation of 0.79% and 0.12% 

respectively (17). 

Ideally, a colonoscopy would only be performed on patients that stand to benefit 

from the procedure. However, due to its nature as an investigative tool, there are a 

significant number of entirely normal colonoscopies performed. Data from the 

National Bowel Cancer Screening Programme pilot study states that 45% of positive 

screening tests result in an entirely normal colonoscopy (17). These patients are 

unnecessarily exposed to some of the risks of colonoscopy in addition to consuming 

a limited resource. Any diagnostic test for CRC with increased specificity compared 
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to current methods may help decrease the number of these unnecessary 

colonoscopies and assist in more efficiently deploying finite resources. 

Once a diagnosis of CRC is made, it is necessary to promptly stage the disease. This 

includes a full medical history and physical examination including digital rectal 

examination and rigid sigmoidoscopy for rectal cancer. Blood tests including 

complete blood count, liver and renal function tests, and carcinoembryonic antigen 

(CEA) are performed. Radiological imaging including a Computed Tomography (CT) 

scan of the chest, abdomen and pelvis, in addition to Magnetic Resonance Imaging 

(MRI) of the pelvis for rectal cancer. The management of CRC is guided by both 

patient and disease factors. It is recommended that all patients with CRC are 

discussed in a colorectal multidisciplinary meeting (MDM) (18). At that stage a 

decision is made regarding planning of treatment (Figure 1).  

 

Figure 1- Simplified current diagnosis and treatment pathway for non-metastatic 

(stage I-III) CRC in New Zealand. 

If the disease is non-metastatic (stage I-III), surgical resection is the standard of 

treatment in colon cancer. For those diagnosed with rectal cancer, there is a 

possibility of neoadjuvant treatment in the form of either radiotherapy alone or 

chemo-radiotherapy in order to downstage the disease prior to surgery. The 

decision to choose neoadjuvant therapy depends on many factors including both the 

extent of disease at diagnosis and the patients’ suitability to undergo treatment. 

Less advanced rectal cancer is less likely to require neoadjuvant treatment. 
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Similarly, adjuvant chemotherapy is given to selected patients following surgery 

that are thought to be at increased risk of recurrence due to more advanced TNM 

staging. Methods that assist in the earlier diagnosis of CRC may lower the numbers 

of patients requiring neoadjuvant and adjuvant treatment and help decrease the 

overall cost of treating this disease while also improving patient outcomes. 

1.1.2 Bowel Cancer Screening 

Population level bowel cancer screening programmes have been demonstrated to 

decrease mortality from CRC (19, 20). Additionally, screening programmes have 

also been found to identify CRC at an earlier stage, which leads to decreased costs 

as less intensive treatments are required (21). The New Zealand Ministry of Health 

is currently implementing the National Bowel Screening Programme (NBSP). This 

will be introduced to District Health Boards on a staged basis, and is planned to be 

in place nationally by 2021. Screening programmes have been shown to be either 

cost effective or cost saving wherever they have been implemented (22). Recent 

data on the Australian bowel-screening programme has predicted that CRC-related 

mortality and overall healthcare costs can both be decreased with any increase in 

the screening participation rate (23). While colonoscopy has been adopted as an 

effective first line screening tool in a number of countries, issues with resources and 

invasiveness, as discussed in the previous section, have precluded its universal 

adoption (24). An increasing number of countries, including New Zealand, have 

instead opted for stool-based screening methods (24).  

Stool-based population screening programmes have been adopted in at least twelve 

countries (24). Stool-based testing includes Faecal Occult Blood Testing (FOBT) and 

Faecal Immunochemical Testing (FIT). FOBT is a guaiac based test that detects 

occult blood in the stool, FIT are immunoassays specific for human haemoglobin 

(25). FIT is preferable over FOBT for population based screening due to its higher 

sensitivity (79% vs. 71.2%) and comparable specificity (94% vs 93.6%) for CRC 

detection (26-29). The major limitation of FIT as a screening tool is its limited 

sensitivity for detection of adenomas and early stage CRC. FIT has a higher rate of 

false-negative results for carcinoma in situ and T1 cancer when compared to more 

advanced CRC, with a test sensitivity as low as 66.7% for these early lesions (30). A 

diagnostic or screening test with improved sensitivity compared to FIT may 
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increase pick-up rates of early stage CRC and thus contribute to both decreased CRC-

related mortality and decreased overall healthcare expenditure. 

While the adoption of population based screening is a positive step toward reducing 

CRC-related mortality, screening uptake is not universal and in New Zealand will 

only be available between the ages of 60-74 (24). A considerable number of patients 

with CRC are either not eligible or do not participate in screening, likely only being 

diagnosed after becoming symptomatic following progression of disease (31). 

Uptake rates of stool-based screening have been reported at only 41-57% (17, 32, 

33) and research suggests that there is a patient preference for blood-based, 

compared to faecal-based, screening if it were available (34). From a recent NBSP 

pilot study, a participation rate of 56.9% was seen in a New Zealand population (35). 

A study from 2012 found that 78% of those surveyed would prefer to give a blood 

sample for CRC screening over a faecal-based test (34). These findings are 

compounded by recent data from Australia suggesting that if the screening 

participation rate were to rise from 40% to 60% there would be significant 

decreases in CRC-related mortality as well as significant healthcare cost savings 

(23). Were a blood-based screening test, or ‘liquid biopsy’, available it may serve to 

increase participation rates and thus take advantage of some of these potential 

benefits. 

1.2 Liquid Biopsies 

The concept of a liquid biopsy stems from the discovery that cancer cells secrete 

molecules into the circulation that contain signature markers of their cell of origin 

(36, 37). The advantages of blood-based screening include minimal invasiveness, 

repeatability, and possible improved uptake compared to stool based methods (34). 

If an effective liquid biopsy biomarker were established it might have a role in 

augmenting, or replacing, the current stool-based screening strategies. 

Currently, no liquid biopsy markers are routinely used for screening or diagnosis of 

CRC. CEA is commonly used to monitor for recurrence; however, issues with 

sensitivity and specificity negate its use in diagnosis or screening (38). The US Food 

and Drug Administration has recently approved a blood-based marker that 

measures methylated Septin9 DNA by real-time polymerase chain reaction (PCR) 
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for CRC screening. While early case-control studies of this test reported a 70% 

sensitivity and 90% specificity for CRC detection, testing in an asymptomatic cohort 

found only 35% sensitivity with 91% specificity for the detection of stage I CRC. This 

would hinder its viability for population-based screening for early stage cancers 

(39-41). Another blood-based marker in CRC is the neutrophil-to-lymphocyte ratio 

(NLR), increased NLR at diagnosis has been significantly associated with poorer 

tumour differentiation and overall survival and it may have a role as a prognostic 

marker (42, 43). For any potential liquid biopsy biomarker to replace current stool-

based screening methods, it would need to have at least comparable sensitivity and 

specificity to strategies already in use. 

The development of liquid biopsy biomarkers with higher sensitivity for early 

detection of CRC has the potential to improve rates of CRC-related mortality in 

addition to possible cost-saving benefits. Novel diagnostic and screening strategies 

may be used either in conjunction with, or as a replacement for, current stool-based 

screening programmes. Various molecules have been identified as having potential 

as liquid biopsy markers. These include circulating tumour cells that originate from 

primary or metastatic sites, circulating cell-free tumour DNA, as well as microRNA 

(miRNA) which can be free in the circulation or encapsulated in extracellular 

vesicles (EVs) (44, 45). 

A significant amount of ongoing research is focused on the rapidly developing field 

of EV biomarkers. EVs are stable in the circulation and under various storage 

conditions (46, 47). The contents of EVs are protected in the circulation by 

encapsulation within a membrane; in addition, EV contents reflect the unique 

profile of their cell of origin (46, 47). There has been increasing interest in 

examining the non-coding RNAs within these EVs, particularly miRNA, as 

candidates for liquid biopsy biomarkers. 

1.2.1 Extracellular Vesicles 

EVs are a diverse group of membrane bound particles released from all human cells 

(48). They have become of particular interest to cancer biomarker researchers due 

to the ability of tumour cells to secrete large amounts of EVs in comparison to 

normal cells, which also contain protected tumour-specific cargo (49-51). EVs also 
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have a role as functional mediators of cancer cell biology. They can act in a paracrine 

fashion locally within the tumour microenvironment, and in an endocrine manner 

at distal sites via the circulation (46, 52, 53).  

EVs are divided into 3 main classes based on biogenesis: exosomes (~40-100nm) 

originate in multivesicular bodies from the cell’s endosomal system; microvesicles 

(or ectosomes/microparticles; 100nm-1µm) are formed from outward budding of 

the plasma membrane (54-56); and, apoptotic bodies (1-5µm) arise from dying cells 

undergoing apoptosis (57-59). In addition to these classes, some cancer-specific 

subtypes of EVs have been identified. Oncosomes (100-400nm) are produced by 

non-transformed cells and their contents can produce oncogenic effects (60, 61), 

whereas large oncosomes (1-10µm) arise from malignant cells and are more 

atypical in morphology (62-64).  

 

Figure 2- Origin of Extracellular Vesicles (EVs) demonstrating the formation of EVs 

from the parent cell and the encapsulation of their contents, including miRNA, within 

a membrane in the circulation  (adapted from de Jong et al., 2019 (65)). 

EVs contain a range of contents including proteins, lipids, and RNA that directly 

reflect the parent cell of origin (Figure 2; 46, 47). EVs are robust within the 

circulation, thus their unique contents offer an attractive target as a possible liquid 

biopsy biomarker. It also appears that cancer EVs contain higher amounts of certain 

molecules such as miRNA compared to EVs from other cell types (66). Additionally, 
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within tumour cell EVs it has been observed that pre-miRNA can be processed to 

mature-miRNA, a feature that is not present in EVs from non-cancerous cells (66). 

This may further add to the differentiation and specificity of the unique constituents 

of tumour cell EVs that adds to their potential as biomarkers in CRC. 

1.2.2 Extracellular Vesicle miRNA 

miRNA are single stranded, non-coding RNA molecules of approximately 18-22 

nucleotides that have been implicated in a host of normal biochemical processes 

including cell differentiation, proliferation, and apoptosis (67-70). miRNA levels are 

significantly dysregulated in CRC tumour tissue compared to normal colonic 

mucosa (71). These abnormally expressed miRNAs may play a role in tumour 

suppression, tumorigenesis and progression (72, 73). As the profile of miRNA that 

is produced by tumour cells is significantly different to healthy cells they offer an 

attractive target as possible liquid biopsy biomarkers. 

In addition to dysregulation in tumour tissue, accumulating research points to the 

existence of unique miRNA signatures in body fluids that may function as diagnostic 

and prognostic biomarkers for cancer (74-76). Circulating miRNAs remain stable in 

serum or plasma under a host of unfavourable conditions including extreme 

temperatures and repeated freeze-thaw cycles (77, 78). The stability of miRNAs in 

the circulation is due to a number of factors protecting them from degradation by 

RNAses, this includes their encapsulation in EVs (Figure 2), in addition to their 

association with carrier molecules such as Argonaute-2 and lipoprotein complexes 

(78-80). This notable stability increases the appeal of these molecules as potential 

biomarkers in CRC and other diseases. 

There is some evidence that EV-specific miRNA may be of greater utility with regard 

to developing a liquid biopsy in CRC compared to total circulating miRNA levels.  

This is based on the theory that EV miRNA profiles are more specific for tumour-

derived signatures than total circulating miRNA due to the large volume of EVs 

released by tumour cells (81). While sources of circulating EVs include platelets, red 

blood cells, and immune cells, in addition to tumour cells (82), CRC tumour cells 

have been shown to release EVs in abundance in-vitro (83). This data suggests that 

EV miRNAs have significant potential as liquid biopsies due to both their robustness 
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in the circulation and subsequent storage in addition to the specificity of their 

contents in reflecting the genetic makeup of their cell of origin. 

1.3 EV-miRNA in colorectal cancer 

EV-miRNA are dysregulated in numerous cancers and have recently become the 

focus of an extensive amount of work aiming to identify novel biomarkers of disease 

(71, 81, 84). There have been a substantial number of circulating miRNAs suggested 

as potential CRC biomarkers; examples include miR-1246, miR-19a, miR-23a and 

miR-183 (85-87). Studies have focused mainly on EV-miRNA derived from primary 

CRC tissue culture, in-vitro CRC cell lines, serum or plasma. Focusing specifically on 

EV miRNA that become dysregulated in stage I and II CRC may have greater clinical 

relevance to developing a blood-based test for diagnostic or screening purposes. 

The earlier CRC can be detected the lower the overall mortality as well as overall 

healthcare expenditure.   

1.3.1 miR-1246 

miR-1246 has attracted interest as a possible biomarker in CRC. EV miR-1246 levels 

have been shown to be elevated in serum, plasma and CRC cell lines, but with 

conflicting results in tumour tissue (81, 85, 86, 88-91). miR-1246 may have a role in 

promoting tumour progression. Yamada et al. have demonstrated that miR-1246 

and transforming growth factor (TGF-β) are transported in microvesicles from CRC 

cells to endothelial cells. Their subsequent effect on Smad 1/5/6 signalling 

modulates the tumour environment to promote angiogenesis and tumour growth 

(90).  

miR-1246 in tissue and CRC cell culture 

miR-1246 has been observed to be both elevated and suppressed in CRC tumour 

compared to normal colonic tissue (90, 91). Scarpati and colleagues (2014) 

examined CRC tissue from 57 CRC patients, of which 24 were stage I and II, 

compared to normal stroma. Their results found miR-1246 to be upregulated 

relative to normal colonic tissue, with a 2.12 fold change (p<0.0001; 91). Yamada et 

al. (2014) conversely, demonstrated a mild decreased expression of miR-1246 in 

tumour tissue compared to normal colonic tissue in 33 CRC patients of which 13 
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were stage I and II (90). Methodology differed in the processing of tissue samples 

between these studies. Scarpati and colleagues (2014) liberated tissue samples 

from formalin-fixed, paraffin-embedded (FFPE) slides, whereas Yamada et al. 

(2014) immediately froze the CRC tissue in liquid nitrogen (90, 91). This may be a 

possible reason for conflicting findings.  

Yamada and colleagues also examined EVs isolated from CRC culture media from 

DLD-1, WiDr, SW480 and COLO201 cell lines (90). Their findings demonstrated a 

significant enrichment in expression of miR-1246 within the EVs when compared 

to intracellular levels (p<0.01; 90).  A further study also observed a similar pattern, 

miR-1246 was found to be elevated in CRC cell culture media EVs when isolated 

from the LM1863 cell line when compared to the cell lysate (88). The findings of 

these studies suggest that miR-1246 may be packaged into EVs and subsequently 

released from CRC cells. This finding offers promise that miR-1246 may be elevated 

in EVs in the bloodstream. 

miR-1246 in plasma and serum EVs 

EV miR-1246 has been observed to be elevated in stage I and II CRC in both serum 

and plasma in a number of studies (81, 85, 86, 90). Serum EV miR-1246 was found 

to be elevated 2.23 fold in a cohort of 209 patients, of which 107 were stage I and II, 

when compared to 28 healthy controls (85). Serum EV levels have also been 

observed to decrease following resection of CRC tumours (86). Additionally, 

significantly elevated serum EV levels have also been associated with liver 

metastases in patients with CRC compared to healthy controls (85). 

In a study by Ogata-Kawata et al. (2014) examining serum EV levels of miR-1246 to 

differentiate 88 CRC patients of all stages from healthy controls found a 95.5% true 

positive and 9% false negative rate. Using Receiver Operating Characteristic (ROC) 

curves, a corresponding Area Under the Curve (AUC) of 0.948 was demonstrated. A 

further small validation cohort in the same study demonstrated a 90% sensitivity 

for differentiating stage I CRC patients alone from healthy controls (86).  

In addition to dysregulation in serum, altered plasma EV miR-1246 levels have also 

been observed. Plasma EV miR-1246 was significantly elevated when comparing 46 

stage II CRC patients to 50 healthy controls (p<0.0001; 81). Additionally in murine 
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models transfected with human CRC, elevation of plasma EV miR-1246 was 

demonstrated in 61% of samples (90). Circulating EV miR-1246 has been 

demonstrated to be dysregulated in both serum and plasma. In addition it appears 

to have an ability to discriminate early stage CRC patients from healthy controls, its 

role as a possible liquid biopsy biomarker warrants further examination. 

1.3.2 miR-19a 

A growing body of research is establishing the functional role miR-19a has to play 

in the development of CRC. Functional markers that become more dysregulated 

along with progression of disease are another possible target for potential liquid 

biopsy biomarkers. miR-19a is part of the miR-17-92 cluster consisting of six miRNA 

genes, miR-17, miR-18a, miR-19a, miR-20a, miR-19b and miR-92a (92).  

Among the miRNAs within the miR-17-92 cluster, miR-19a is an important 

oncogenic miRNA (93). Elevated expression of miR-19a has been associated with 

activation of the Wnt/β-catenin pathway. This activation appears to have an effect 

on tumour proliferation, invasion, progression and angiogenesis that has been 

demonstrated in a number of studies (94-96).  However, a recent study by Chen et 

al. (2018) has contradicted these findings and suggested that overexpression of 

miR-19a inhibits CRC angiogenesis and thus progression by inhibiting KRAS (97). 

Whilst the exact role of miR-19a remains to be fully defined, it can be seen from the 

current data that altering its expression has an effect on CRC tumours. 

miR-19a in CRC cell culture and tissue 

miR-19a has been observed to be enriched in EVs isolated from CRC cell culture 

models. It appears to be upregulated in A33 positive EVs isolated from culture from 

the LM1863 CRC cell line (88). It has been found to be upregulated in tissue samples 

from CRC liver metastasis when compared to primary stage I and II CRC tumours 

(98). The current data on miR-19a in tissue appears to be limited and may merit 

further assessment. 

miR-19a in serum EVs 

Serum EV miR-19a is upregulated in both early and late stages of CRC (85, 99). It 

was able to discriminate 107 stage I and II CRC patients from 16 healthy controls 
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(p<0.001; 85). Elevated levels of serum EV miR-19a were associated with serosal 

invasion, lymphatic invasion, lymph node and liver metastasis, in addition to higher 

TNM stage and poorer overall survival (85). It has also been observed by Chen et al. 

(2013) to be significantly increased in serum of CRC patients resistant to FOLFOX 

chemotherapy when compared to patients with a good response (p=0.009; 99). 

The current evidence suggests that miR-19a is dysregulated in the serum EVs of 

early stage patients. It may have a role in tumour development, as well as the 

response to chemotherapy. miR-19a appears to play an important functional role in 

CRC and may be a promising candidate for a liquid biopsy biomarker.  

1.3.3 miR-23a 

miR-23a has been observed to be dysregulated in CRC tissue and cell culture, 

additionally altered expression has been seen in EVs in both cell culture media and 

from the circulation (36, 86, 100-102). There is an increasing body of data regarding 

its possible role as a biomarker and it appears to be a potential candidate for a liquid 

biopsy. miR-23a forms a cluster with miR-27a and miR-24-2 (103). It has been 

suggested that 23a may promote the migration and invasion of CRC cells and also 

appears to have a role in promoting resistance to chemotherapy agents such as 5-

FU in at least two studies (103-105). 

miR-23a in tissue and CRC cell culture 

miR-23a has been shown to be upregulated in CRC tissue samples from patients of 

all stages in a number of papers, with at least a 2 fold change in expression, when 

compared to matched normal colonic mucosa (100-102). These findings have been 

reflected in CRC cell lines (DLD-1, HCT116, SW620, WiDr and SW480) where miR-

23a has been found to be overexpressed compared to the normal colonic tissue cell 

lines CCD18Co, FHC and CCD-841 CoN (101, 102). Furthermore, its presence has 

been found in EVs isolated from LIM1863 CRC cell culture media (88). 

Interestingly, it appears that miR-23a may be preferentially upregulated in earlier 

stage CRC tumour tissue. miR-23a had increased expression in CRC tissue from 

stage I and II patients when compared to both adenomas and carcinoma in 

situ (p=0.0001). Elevated miR-23a expression was specific to early stage CRC tissue, 
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as tissue from stage III and IV patients had lower miR-23a levels (p=0.0001; 103). 

While a biomarker which is elevated in early stage disease is promising, if it were to 

decrease again in late stage disease this may affect its utility as a liquid biopsy for 

screening as patients presenting with more advanced cancers may be missed. 

miR-23a in serum and plasma 

miR-23a has also been found to be elevated in EVs in CRC from the circulation (36, 

85, 86, 88). Plasma and serum EV levels have been shown to be upregulated in stage 

I and II CRC and to decrease post resection (36, 86). In addition, serum EV miR-23a 

appears to have potential in differentiating CRC from healthy controls with an AUC 

of 0.953, when comparing 88 CRC patients of all stage, of which 40 were stage I and 

II, against 11 healthy controls (86). miR-23a was found to be elevated 2.7 fold by 

Matsumara et al. (2015) when comparing serum EV-miRNA from a group of 209 

CRC patients, of which 107 were stage I and II, against 28 controls (85). 

A number of studies have demonstrated miR-23a may be dysregulated in early stage 

CRC. Furthermore, the literature has suggested it may have an ability to differentiate 

early stage CRC patients from healthy controls; this makes it an attractive target 

possible for a liquid biopsy. Although, a caveat of its use include the possibility of it 

decreasing in later stage disease.  

1.3.4 miR-183 

miR-183 has been demonstrated to promote proliferation and invasion of CRC in in-

vitro models (106). It has also been found to be overexpressed in CRC types with 

mismatch repair (MMR) deficiency (107). With regard to clinical outcomes, it has a 

correlation with elevated TNM stage, lymph node and distant metastasis, in addition 

to an association with decreased disease free survival and overall survival (108, 

109). It appears to be consistently dysregulated in tissue, but a role as a possible 

circulating EV biomarker does not appear to have been thoroughly investigated. 

miR-183 in tissue and CRC cell lines 

A study by Nagy et al. (2017) found miR-183 to be overexpressed in both colonic 

adenoma and CRC compared to normal colonic tissue (110). Other studies have 

demonstrated a significant elevation in CRC tissue compared to normal mucosa in 
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studies examining 94, 42 and 48 patients of all stages respectively (108, 109, 111). 

Its presence in EVs from CRC cell culture does not appear to have been established. 

miR-183 in the circulation 

miR-183 levels have been found to be significantly elevated in total plasma of CRC 

patients when compared to controls. It has been shown to decrease following 

resection and is associated with tumour recurrence (87). miR-183 appears to be 

consistently dysregulated in CRC tissue and its total levels in the circulation also 

appear to be elevated in the context of CRC. However, levels of expression in EVs in 

CRC does not appear to have been examined thoroughly. It is possible that miR-183 

may have potential as a novel EV miRNA biomarker.  

1.3.5 miR Panels 

An obstacle in finding a single EV miRNA that can function as a liquid biopsy 

biomarker is that all of the EV miRNAs discussed have been implicated in multiple 

pathologies, both malignant and benign. Increased levels of circulating miR-1246 

have been found in other cancers including oesophageal squamous cell carcinoma, 

metastatic cervical cancer and multiple myeloma (112-115). Dysregulation of miR-

19a is observed in oesophageal, bladder and gastric cancers, in addition to asthma 

and rheumatoid arthritis (116-120). The miR-23a~27a~24 cluster has been 

associated with acute leukaemia, bladder, hepatocellular, gastric, and pancreatic 

cancers (121-125). Furthermore, miR-183 has been implicated in a host of diseases 

including Acute Myeloid Leukaemia, Parkinson’s disease as well as a number of 

malignancies (126-128). From this data, it appears that many miRNA are involved 

in a host of different diseases. Another consideration is that, by its nature, CRC 

tumorigenesis is not an organised process. There may be significant diversity of EV 

miRNA profiles produced by different CRC tumours. Therefore, it is possible that 

finding a single EV miRNA marker that is both sensitive and specific for CRC will 

prove difficult. Combining a number of markers in a panel of EV miRNAs have been 

employed to attempt to mitigate against these factors.  

A number of studies that have examined a panel of miRNA together. This is to 

establish if their capacity to act as a liquid biopsy is superior when combined to any 

single miRNA alone. Yuan et al. (2016) developed a six EV miRNA panel that 
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compared 100 CRC patients (25 for each stage I-IV) as well as 50 controls. Their 

panel was able to differentiate CRC from healthy controls with an AUC of 0.68 and 

0.77 for stages I and II, respectively. This was superior to any lone EV miRNA (129). 

Similarly, Ogata-Kawata and colleagues (2014) studied seven EV miRNA panel, all 

were elevated in serum EVs from 88 CRC patients, of which 20 each were stage I and 

stage II, compared to 11 controls (86). Combined use of this panel did not show 

more diagnostic power than two miRNA alone, miR-1246 and miR-23a, which had 

AUC values of 0.948 and 0.953 for all stages of CRC respectively (86). While the 

concept of an miRNA panel is promising, data from the above studies is not 

definitive. Further examination of a different combination of EV miRNA markers 

may provide a route to an effective liquid biopsy. 
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1.4 Summary 

The global burden of CRC is set to increase significantly over the next decade. 

Although New Zealand has one of the highest prevalence of CRC in the world, it 

appears to underperform internationally when it comes to diagnosing CRC at an 

early stage. The earlier a diagnosis of CRC is made, the better the patient outcomes 

and lower overall cost of treatment. Screening improves pick-up rates of earlier 

cancers with a corresponding decrease in the rates of more advanced cancers. 

However, current stool based screening methods are not without issue, including 

limited sensitivity in early stage disease, in addition to sub-optimal participation 

rates. A blood-based screening test in the form of a liquid biopsy is an attractive 

proposition that may help address these concerns. 

EVs are robust in the circulation and are produced in abundance by CRC cells. The 

contents of EVs directly reflect their cell of origin and examining these contents, 

such as miRNA, may provide a good target for a liquid biopsy. Identifying EV-miRNA 

within the circulation that are both sensitive and specific for CRC could help develop 

a blood-based screening test in the form of a liquid biopsy. This may contribute to 

earlier diagnosis of CRC, which could significantly help with decreasing both the 

overall morbidity and healthcare costs of this very common disease. 
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1.5 Aims and Hypothesis 

1.5.1 Aims 

The overall aim of this study is to establish whether the microRNA miR-1246, miR-

19a, miR-23a and miR-183 can be used to differentiate early stage CRC from 

controls in both tissue and plasma EVs. This study will be performed in a well-

defined cohort of stage I and II CRC patients with matched CRC tumour tissue and 

normal colonic mucosa from the same patient. Plasma samples will include all 

patients in which tissue is examined in addition to further stage I and II patients for 

whom only plasma is available. Control plasma EVs will be sourced from a matched 

cohort of patients who have had an entirely normal colonoscopy to rule out any 

polyps or other colonic abnormalities that may affect expression of the candidate 

miRNAs. If these microRNAs are differentially expressed in tissue and circulating 

EVs then they may have utility as liquid biopsy biomarkers. 

The specific aims are: 

1. To determine whether there is differential expression of miR-19a, miR-23a, miR-

183 and miR-1246 in tumour tissue from stage I and II CRC patients compared to 

matched normal colonic mucosa from the same patients. 

2. To determine if there is differential expression of miR-19a, miR-23a, miR-183 and 

miR-1246 in plasma EVs from the above stage I and II patients in addition to further 

patients from whom only plasma is available, when compared to plasma EVs from 

healthy controls who have had an entirely normal colonoscopy. 

1.5.2 Hypothesis 

We hypothesise that the microRNAs miR-19a, miR-23a, miR-183 and miR-1246 will 

be differentially expressed in tumour tissue in stage I and II CRC patients when 

compared to matched normal colonic mucosa from the same patients. That miR-19a, 

miR-23a and miR-183 will demonstrate increased expression in tissue as shown in 

previous research, and miR-1246, which has been shown to be both over and 

underexpressed in tissue, will demonstrate dysregulation in either direction. 

Subsequently, changes in CRC tissue will lead to altered expression in plasma EVs 

released from CRC cells into the circulation when compared to plasma EVs from 
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healthy controls. Furthermore, we expect that this difference between the miRNA 

expression in the EVs of stage I and II CRC patients will differentiate CRC patients 

from healthy controls and be useful as a blood-based liquid biopsy biomarker in 

CRC. 
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Chapter 2: Methods 

2.1 Patient Recruitment 

Patients were recruited for donation of blood and tissue for the Surgical Cancer 

Research Group (SCRG) CRC Biobank under ethical approval by Health and 

Disability Ethics Committee (‘Establishment of human tissue bank of surgical 

cancers for future unspecified research, ref: 15/CEN/143). MicroRNA measurement 

for the proposed study was approved by the Health and Disability Ethics Committee 

(‘Molecular biomarkers in colorectal cancer’, ref: 18/CEN/138). Consultation was 

also undertaken with the Ngāi Tahu Research Consultation Committee for this 

project. All work was performed in accordance with the Declaration of Helsinki and 

all patients provided written informed consent at the time of recruitment.  

The CRC biobank was created in October 2016, patients continue to be recruited on 

an ongoing basis. Data collected up to June 2019 was used. Patient demographic 

data was collected including; age, gender, ethnicity, presenting symptoms as well as 

co-morbidities and medications.  Information relating to their diagnosis and 

treatment of CRC was also collected. This included colonoscopy results, biopsy 

findings, imaging, surgical operation notes and pathology reports. Study data was 

collected and stored using REDCap data capture system hosted by Otago University 

in a secure database (130).  

Inclusion criteria for the CRC group were patients over the age of 18 who were being 

treated for CRC at Wellington Hospital. Patients were diagnosed on endoscopy at 

Wellington Hospital, or were referred to Wellington Hospital following diagnosis in 

Hutt Valley or Wairarapa Hospitals.  

Exclusion criteria were patients who had their surgery performed in a private 

hospital, those who were under the age of 18, emergency presentations and patients 

who had significant cognitive impairment that precluded them from providing 

informed consent.  

Recruitment of patients and collection of samples was carried out by a team of 

researchers at the University of Otago, Wellington. Recruitment involved 

identification of patients, consent, data entry, database audit, blood collection, and 
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assistance with collecting tissue at time of surgery. Suitable patients were found 

through MDMs, outpatient clinics and elective theatre lists. The author was 

responsible for patient identification, recruitment, blood sample collection and 

processing between January and December 2019. 

2.1.1 Patient Selection 

From the Colorectal Biobank, patients with stage I and stage II CRC were identified 

for the study, usually from outpatient clinics. Patient enrollment was at the time of 

diagnosis of CRC, prior to any treatment. Stage I and II patients with matched tissue 

and normal mucosa were included. Tissue from patients who had received 

neoadjuvant radiotherapy was not included as this has been shown to effect miRNA 

expression levels in CRC tissue (131). 

All stage I and II CRC patients that had plasma samples available were also 

identified, this included all the above patients who provided tissue samples. In a 

number of cases there was no tissue available but plasma alone had been collected. 

Staging status was based on post-operative staging as recorded at the Wellington 

Hospital Colorectal MDM. All plasma samples were collected at the initial clinic 

appointment following diagnosis and preoperative staging was also recorded. If any 

change in staging occurred following neoadjuvant treatment, these patients were 

excluded from the plasma analysis, as they may have had more advanced disease at 

the time of plasma collection. 

Control patients were selected from those who were referred to endoscopy with a 

suspicion of CRC but were found to have an entirely normal colon following a full 

colonoscopy. They were age and sex matched to the CRC patients. Consent was 

obtained prior to colonoscopy. All control patients that were recruited were 

symptomatic in the form of abdominal pain, weight loss, change in bowel habit or 

perirectal bleeding. Control patients were required to have a complete colonoscopy 

to the caecum without any evidence of CRC, adenomatous polyps or inflammatory 

conditions of the colon such as Ulcerative Colitis, Crohn’s Disease or infective colitis. 

This was to ensure there was no other colonic pathology occurring which may have 

an effect on the expression of the candidate miRNAs. 
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2.2 Sample Collection 

Venous blood samples were taken from patients at the time of recruitment. This was 

always prior to any neoadjuvant treatment or surgery. Blood samples were 

collected using a 21G BD™ vacutainer blood collection set into sodium citrate 

collection tubes (3.2% 0.109 M) then centrifuged within 30 minutes of withdrawal 

at 3000 x g for ten minutes to separate the plasma. Plasma samples were separated 

into aliquots and stored in a -80°C freezer. EDTA and SST II Gel tubes were also used 

to collect venous samples that were used to perform biochemical and 

haematological tests in the hospital laboratory. This included Full Blood Count 

(FBC), CEA and C Reactive Protein (CRP). Blood sample tubes from which plasma 

EVs were isolated were taken following the samples that were sent to the hospital 

laboratory. This was in order to avoid cellular and skin debris from the initial 

venipuncture contaminating plasma EV preparations. 

Tissue samples were collected immediately following surgical resection of the 

specimen in the operating theatre. Once the specimen was resected a samples of 

central tumour tissue as well as a section of normal colonic mucosa. These samples 

were then immediately stored in RNAlater Stabilization Solution™ (ThermoFisher 

Scientific) according to manufacturer’s protocol.  

2.2.1 Tissue RNA extraction 

Tissue samples of tumour tissue and normal colonic mucosa were weighed to 

quantify their mass in milligrams (mg), the manufacturers recommendations were 

for 30-100µg of tissue, depending on the yield and purity of RNA being obtained. 

Samples were then homogenized in QIAzol Lysis Reagent™ solution using a mortar 

and pestle until all visible tissue particles had dissolved. RNA was then extracted 

using the miRNeasy Mini™ kit with the supplied miRNeasy Mini™ spin columns (all 

Qiagen) using a phenol-chloroform based extraction method according to the 

manufacturer’s instructions. The final RNA product was eluted in 30 µL of nuclease 

free water and stored at -80°C. The concentration and quality of RNA was assessed 

using a NanoDrop™ 2000 Fluorospectrometer (ThermoFisher Scientific). The 

concentration of RNA in ng/µL was recorded for tumour tissue and normal colonic 

mucosa. In addition to concentration, quality of the RNA extracted was assessed by 
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recording the 260/280 values. This is a ratio of absorbance at 260 nm and 280 nm 

on a fluorospectrometer, with a value of 2.0 considered of ideal purity of RNA, and 

values between 1.8 and 2.2 deemed of acceptable quality (132).  

2.2.2 Plasma Extracellular Vesicle isolation and RNA extraction 

Plasma extracellular vesicles were isolated using size exclusion chromatography 

(SEC) columns. qEVoriginal 70™ columns were used in conjunction with an 

automated collector; the Izon Automated Fraction Collector™ (both Izon Science). 

Five-hundred microlitres of plasma was added to the column and fractions seven, 

eight, nine and ten were collected using the automated fraction collector according 

to the manufacturer’s instructions. EVs within the collected fractions were 

subsequently pooled and added to a thin walled 17 mL ultracentrifuge tube 

(ThermoFisher Scientific). The remaining volume of the tube was filled with 12 mL 

1 x Phosphate Buffered Saline (1 X PBS). These tubes were then placed in a swing 

bucket rotor ultracentrifuge (ThermoFisher Scientific) at 4˚C, at 100,000 x g for two 

hours to form an EV pellet. 

The EV pellet was re-suspended in 300 µL 1X PBS. RNA isolation was subsequently 

performed using the Total Exosome RNA and Protein Isolation Kit (Invitrogen) 

according to the manufacturer’s instructions. The final RNA product was eluted in 

50 µL of nuclease free water and stored at -80°C. 

2.2.3 Reverse Transcription 

For both tissue RNA and plasma-EV RNA, reverse transcription (RT) was performed 

using the TaqMan® Advanced miRNA cDNA Synthesis Kit (ThermoFisher 

Scientific). For each tissue sample, 5 ng of RNA was used. For plasma EV samples       

2 µL of RNA was used. For both, the protocol was followed as per the manufacturer’s 

instructions. Briefly, an initial polyadenylation step was performed at 37°C for 45 

minutes, followed by heat inactivation at 65°C for 10 minutes. This was followed by 

an adaptor ligation reaction at 16°C for 60 minutes. RT was then performed with 

incubation at 42°C for 15 minutes, with subsequent heat inactivation at 85°C for 5 

minutes. The cDNA product was stored at -20°C until use. Pre-amplification was 

performed according to the manufacturer’s instructions using an initial denaturing 

step at 95°C for 3 seconds followed by an anneal/extend phase at 60°C for 30 
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seconds, this cycle was repeated 14 times. The amplification product was also 

stored at -20°C. 

2.2.4 Quantitative PCR 

Pre-amplified cDNA samples from the above reaction were diluted 1:10 with 

nuclease-free water. Quantitative Reverse Transcription PCR (RT-qPCR) was then 

performed with the TaqMan® Fast Advanced Master Mix (ThermoFisher Scientific) 

on a Corbett RotorGene 6000 with TaqMan® advanced miRNA Assays 

(ThermoFisher Scientific). Specific assays for hsa-miR-19a-5p, hsa-miR-23a-3p, 

hsa-miR-183-3p, hsa-miR-1246-5p, hsa-miR-16-3p and hsa-miR-345-5p were used. 

Both hsa-miR-16-3p and hsa-miR-345-5p were employed as endogenous reference 

genes based on previously published research that has examined both CRC tissue 

and plasma EVs (85, 133-135). The total reaction volume of each sample was 10 µL, 

which included 2.5 µL of diluted cDNA. Negative reactions containing RNAse free 

water instead of cDNA were included in every experiment.  

All reactions were performed in duplicate and cycle threshold (CT) values within 0.5 

were considered acceptable. The following cycling conditions were utilized: 95°C 

for ten minutes, followed by 40 cycles of 95°C for ten seconds, and 60 °C for one 

minute. Expression levels of miRNA were quantified using the Rotor-Gene software 

version 1.7.75. A threshold of 0.07657 was set across all tissue and EV experiments. 

A CT cut-off value of 35 was used. For miRNA samples where this cutoff threshold 

was exceeded, a CT value of 35 was assigned as the miRNA expression levels were 

too low to be adequately quantified when using our methods. 

Endogenous controls in the form of reference genes were employed for all tissue 

and plasma EV samples. For tissue, miR-16 and miR-345 were used. The mean 

expression of both of these genes was calculated as the geometric mean. In plasma 

EVs, miR-16 alone was used as miR-345 did not demonstrate consistent expression 

across patient groups (supplementary Figure S1). miR-16 has previously been used 

as an endogenous reference gene in published studies examining both CRC tissue 

and plasma EVs in CRC (85, 133, 134). miR-345 has also been used as an endogenous 

control in the published literature and recommended as a stable endogenous 
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reference  gene in CRC in a number of studies examining both CRC tissue and 

circulating EVs (133, 135).  

2.3 Data Analysis 

2.3.1 Calculating relative miRNA expression (ΔCT) 

Expression levels of candidate miRNA are expressed as ΔCT, or the change in CT 

value relative to endogenous reference genes. In tissue, the relative expression 

values of target miRNAs (miR-19a, miR-23a, miR-183, and miR-1246) were 

calculated using the 2-ΔΔCt method (136). To calculate CT for each sample, the 

geometric mean values of the endogenous reference genes (miR-16-3p and miR-

345-5p) was subtracted from the CT value of the miRNA of interest. The CT value 

for normal mucosa was subsequently subtracted from the paired CT value for 

tumour tissue from the same matched patient (CT), and log transformed to 

calculate the relative expression (2-CT). For all candidate miRNA samples where 

the cutoff threshold of 35 was exceeded, a value of 35 was assigned, as the miRNA 

expression levels were too low to be detected by our current RT-qPCR set up. 

With respect to plasma-EV miRNA, CT was calculated by subtracting the CT value 

of the endogenous reference gene (miR-16-3p) from the CT value of the miRNA 

being assessed for each CRC or control sample. The relative change in expression, 

CT, was calculated by subtracting the mean CT value of the control group from 

the mean CT values from the CRC group for each of the candidate miRNA. Similarly 

to tissue, the mean fold change in expression was then log transformed as 2-ΔΔCt . 

The relative changes in mean miRNA expression between tumour tissue and plasma 

EVs were examined. This was calculated by subtracting the ΔCT for tumour tissue 

from that of EVs for the same sample and calculating the change in expression using 

the same 2-ΔΔCt method. 

2.3.2 Correlation of patient variables 

At the time of patient recruitment, a number of patient variables were recorded. 

These include patient demographics such as age, gender and ethnicity, in addition 

to blood-based variables including CEA, CRP and Neutrophil to Lymphocyte ratio 

(NLR). Finally, following surgery, tissue-based pathological variables were recorded 
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including perineural invasion (PNI) extramural venous invasion (EMVI), 

lymphovascular invasion (LVI) and mismatch repair proficiency/deficiency 

(pMMR/dMMR) from patient notes following pathological examination of the 

surgical specimen. Correlation between these variables and miRNA using Pearson’s 

and Spearman’s rank correlations, for parametric and non-parametric data 

respectively, were evaluated. This was to assess if the expression of each variable 

was independent, or possibly related to, miRNA expression.  

In the tissue analysis, a subset of patients existed with elevated expression of two of 

the candidate miRNA when compared against the rest of the tumour tissue group. 

In order to examine this further, these groups were subdivided into ‘high 

expression’, taken as a greater than two-fold increase, and ‘normal expression’ 

subgroups. These groups were then examined to establish if there were any 

significant difference in clinical or pathological variables.  

2.3.3 ROC Curve Analysis 

In order to assess the capacity of a variable, such as miRNA expression, to 

discriminate between CRC and controls, ROC curve analyses were employed. The 

values of a variable for CRC cases against controls were plotted into a ROC curve, 

subsequently the AUC was calculated. There were a number of instances where two 

variables were added together to create a combined ROC curve analysis, this was 

performed using methods described by Pepe et al. (2000; 137). This was to assess 

if two variables, when combined, were additive in their ability to differentiate 

control cases from CRC. Firstly, assessment for any correlation, as described above, 

was performed to ensure that expression of either variable was independent of one 

another. Subsequently, all the values for CRC cases and controls were listed 

together. From this list, any significant outlying data points were excluded using the 

ROUT method (138).  

The remaining figures were then reviewed to ensure normal distribution, the 

largest value was identified and assigned an arbitrary value of 1. Subsequently all 

the remaining values were divided by this largest value to give the fraction relative 

to the highest chosen value. Any outliers that were greater than the chosen greatest 

figure were also given a value of 1, consequently for each variable every patient had 

a value between 0 and 1. This corresponded to their relative expression of the 
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variable relative to the largest value. Fractions for multiple variables were added 

together for every patient. Thus, when two variables were combined for each 

patient, a maximum value of two could be achieved. These combined values for CRC 

against controls were then used in a ROC curve analysis to assess their ability to 

discriminate between groups. 

2.3.4 Statistical Analysis 

All statistical analyses were performed using GraphPad Prism version 8.0.2 

software. Results were expressed as mean ± standard deviation. For comparisons of 

numerical data, either paired or unpaired t tests, in addition to one-way ANOVA 

with Tukey post hoc analysis were used. For non-numerical data, chi-squared tests 

were employed. Values of p<0.05 were considered statistically significant. 

With regard to the tissue analysis paired t tests were performed to compare the CT 

of target miRNAs between CRC tumour tissue and normal colonic mucosa from the 

same patient. For the plasma EV analysis, unpaired t tests were performed to 

compare CT values of the target miRNA between the CRC patients and the control 

group. For all figures in which ΔCT is examined (Figures 5, 7 and 8) the y-axis has 

been reversed. This was implemented as a ΔCT values are in reverse log order, thus 

reversing the axis converts data points to reflect the actual directional change in 

expression. 

For correlations between expression of miRNA and other variables, one variable 

was plotted on each of the x and y-axes. When correlating with CT the log2 of the 

variable was used. Subsequently, a Spearman’s or Pearson’s correlation was 

computed (r), then a two-tailed t-test with a 95% confidence interval was 

performed to assess for significance. Values of p<0.05 were considered statistically 

significant. 
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Chapter 3: Results 

3.1 Patient Demographics 

From October 2016 to August 2019, 321 patients were recruited to the SCRG, CRC 

biobank from Wellington Hospital. Of the total biobank patients, the average patient 

age was 67.55 years (range 27-88 years). The majority of patients are of New 

Zealand European ethnicity (83.8%), followed by Māori ethnicity (6.9%).  

Sixty-three patients in the biobank are healthy controls without CRC. Of these, 30 

patients had an entirely normal colonoscopy without any evidence of CRC, polyps 

or other bowel abnormalities. These patients were included as the healthy control 

patients in this study.  Of the remaining 259 patients, 80 have stage I or II CRC 

(30.8%). Fourteen patients were excluded from analysis as they had down staging 

of their disease following neoadjuvant treatment; this left 66 stage I or II patients 

with plasma. Forty-two of these patients with plasma also had matched CRC tumour 

tissue and normal mucosa that was included for tissue analysis. 

 

Figure 3 - Selection of patients from CRC biobank. 
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3.1.1 Patient cohort with available tissue samples 

There was a total of 42 patients with matched tumour tissue and normal colonic 

mucosa. The mean age of this group was 68.5 (±12.56) years, 19 of the 42 (45.2%) 

were female (Table 2). The majority (83.3%) were of NZ European ethnicity. Nine 

patients (21.4%) were stage I, with the remaining 33 (78.6%) being stage II. The 

majority (88.1%) of CRC originated in the colon, of which 25 were ‘right-sided’ with 

regard to the relation to the splenic flexure. 

Total 42 

Mean Age (±SD) 68.5 (12.56) 

Female (%) 19 (45.2) 

Male (%) 23 (54.8) 

Ethnicity (%)  

NZ European 35 (83.3) 

Māori 2 (4.7) 

Other 5 (12.0) 

TNM Stage (%)  

Stage I 9 (21.4) 

- T1 - 3 (7.1) 

- T2 - 6 (14.2) 

Stage II 33 (78.6) 

- T3 - 27 (64.3) 

- T4a - 5 (11.9) 

- T4b - 1 (2.4) 

Colon 37 (88.1) 

- Right sided - 25 (59.5) 

- Left sided - 12 (28.6) 

Rectum 5 (11.9) 

Table 2- Patient demographics and tumour characteristics for tissue samples.  
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3.1.2 Patient cohort with available plasma samples 

Patients included in the plasma group compromised all 42 patients with tissue, in 

addition to 24 patients from which only plasma was available (Table 3).  

 CRC Controls p value 

Total 66 30  

Mean Age (±SD) 67.5 (11.5) 63.79 (11.1) 0.1486 

Female (%) 33 (50) 18 (60) 0.3628 

Male (%) 33 (50) 12 (40)  

Ethnicity (%)    

NZ European 57 (86.3) 22 (73.3) 0.2976 

Māori 2 (3.0) 2 (6.7)  

Other 7 (10.6) 6 (20.0)  

TNM Stage (%)    

Stage I 20 (30.3)   

T1 7 (10.6)   

T2 13 (19.7)   

Stage II 46 (69.7)   

T3 38 (57.6)   

T4a 7 (10.6)   

T4b 1 (1.4)   

Site (%)    

Colon  52 (78.8)   

Right sided 34 (51.5)   

Left sided 18 (27.3)   

Rectum 14 (21.2)   

Neoadjuvant 
treatment 

7 (10.6)   

No Neoadjuvant 
treatment 

7 (10.6)   

 

Table 3 - CRC patient and control demographics and tumour characteristics for 

plasma samples. Unpaired t-tests performed for age, chi-squared tests performed for 

other variables. 
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For patients included in the plasma analysis, the mean age at diagnosis for CRC 

patients was 67.5 (±11.5) years. The mean age of the control patients was 63.8 

(±11.1) years (Table 3). There was no significant difference in age between the 

control and CRC groups on an unpaired t-test (p=0.1486). Nor was there any 

significant differences in gender or ethnicity between the groups when a chi-

squared test was performed.  

The majority of patients were of NZ European ethnicity, which composed 73.3% and 

86.3% for control and CRC groups respectively. The majority of CRC patients were 

stage II (69.7%). Most of the CRC tumours included in the study originated in the 

colon (66.25%).  There is a higher proportion of rectal cancers in the plasma 

analysis (21.2%), when compared to tissue (11.9%). This is due to the exclusion of 

patients who received neoadjuvant therapy from tissue analysis. Of the rectal cancer 

patients, half received neoadjuvant treatment.  

3.2 Quality control of extraction of RNA from tissue samples 

To determine whether the miRNA of interest were dysregulated in tumour tissue 

compared to normal mucosa, total RNA was extracted from matched tissue pairs 

and miRNA expression was quantified by RT-qPCR. 

Of the 42 matched pairs of tumour tissue and normal mucosa, RNA extraction was 

previously performed for 18 patients, values for the weight of these samples was 

not available. The author processed the remaining 24 patient samples.  

Mean values of 36.09 (±16.89) mg and 33.64 (±19.87) mg for weight were 

comparable between tumour tissue and normal mucosa respectively. For RNA, 

mean concentration values of 702.5 (±663) ng/µL and 1070 (±1059) ng/µL for 

normal mucosa and tumour tissue respectively were also broadly similar. Quality of 

the RNA extracted was assessed by recording the 260/280 values, the average of 

which were 2.061 (±0.043) and 2.051 (±0.031) for tumour tissue and normal 

mucosa respectively. Individual values for weight of tissue processed and 

concentration of extracted RNA are included in supplementary Tables S2 and S3.  
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3.3 Quality Control of RT-qPCR 

Endogenous reference genes were used for the tissue and plasma EV analyses. 

Relative expression values of the candidate miRNA is expressed as ΔCT, which is the 

change in CT value relative to the endogenous reference genes. Both endogenous 

reference genes have been used as controls in previous research when examining 

CRC tissue and plasma EVs (85, 133-135).  To be effective endogenous controls 

there should be no significant difference in their expression between comparator 

groups. For tissue, both miR-16 and miR-345 were used. Mean values for each 

endogenous reference gene, in addition to their mean combined values, as the 

geometric mean, demonstrated no significant differences on a paired t-test (Table 4 

and Figure 4 A-C). 

 
Normal Mucosa (±SD) Tumour Tissue (±SD) 

miR-16 17.09 (1.98) 17.46 (2.00) 

miR-345 24.55 (2.01 24.48 (1.87) 

Geometric Mean  20.85 (1.96) 20.97 (1.83) 

Table 4 - mean CT values for endogenous reference genes in tissue samples 

In plasma EVs, miR-16 alone was used as miR-345 did not demonstrate consistent 

reliable expression. The mean CT values for plasma EV miR-16 were 24.71 (±4.13) 

and 23.73 (±3.02) for controls and CRC patients respectively. miR-345 was only 

expressed in 14 of 19 (73.6%) control samples and 28 of 42 (66.7%) CRC samples. 

Mean CT values were 28.17 (±1.99) and 29.19 (±1.92) for CRC and control groups 

respectively, these relatively high CT values (cut-off CT = 35) are in keeping with low 

levels of expression of miR-345 in plasma EVs. This would affect its suitability as an 

endogenous reference gene. Of the samples that did express miR-345, there was no 

significant difference between the groups on an unpaired t-test, (p=0.1194, 

Supplementary Figure S1).  
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There were no statistically significant differences in expression of the endogenous 

reference genes when comparing CT values of CRC against controls in either tissue 

samples or plasma EVs (Figure 4). Therefore, they were suitable as endogenous 

reference genes to calculate the relative change in expression (ΔCT) of the candidate 

miRNAs: miR-19a, miR-23a, miR-1246 and miR-183. 

 

Figure 4 - Analysis of endogenous reference genes. (A) Raw CT values for miR-16 

comparing normal mucosa and tumour tissue (p=0.1546, paired t-test). (B) Raw CT 

values for miR-345 comparing normal mucosa and tumour tissue (p=0.7903, paired t-

test). (C) Geometric mean (miR-16 & miR-345) comparing normal mucosa and tumour 

tissue (p=0.5857, paired t-test). (D) Raw CT values for miR-16 comparing plasma EVs 

from controls and CRC patients (p=0.1916, unpaired t-test). 
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3.4 MicroRNA expression in normal mucosa vs tumour tissue 

From the RNA extracted from both tumour tissue and normal colonic mucosa, 

relative expression levels (ΔCT) of the candidate miRNAs miR-19a, miR-183,          

miR-23a and miR-1246 relative to the geometric mean of the two reference genes       

(miR-16 and miR-345) was calculated (Figure 5).  

 

Figure 5 – miRNA expression in normal mucosa vs tumour tissue (A) miR-19a                     

(B) miR-23a (C) miR-183 (D) miR-1246. *** = p<0.001, paired t-test; note: reversed y-

axes. 

Statistically significant increases in tumour tissue miRNA expression were observed 

in two of the four miRNA. miR-183 was significantly increased in tumour when 

compared to matched normal mucosa (Figure 5 C), however it was only reliably 

expressed in 35 of the 42 samples, it had relatively low overall expression in tissue 

(mean CT 29.52 and 32.51 for tumour and normal mucosa respectively). miR-1246 

(Figure 5 D) also demonstrated a significant increase in expression in tumour tissue  
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and was expressed in 40 of the samples, this also exhibited low overall tissue 

expression (mean CT 29.82 and 32.16 for tumour and normal mucosa respectively). 

For both miR-183 and miR-1246, samples that demonstrated CT difference >0.5 on 

duplicate samples following three attempts at RT-qPCR were excluded from 

analysis. Using the 2-ΔΔCT method, the mean fold in expression was 210.6 (±575.1) 

and 147.9 (±494.6) fold increases in expression for miR-183 and miR-1246 

respectively. 

There was a trend towards an increase in expression in tumour tissue for miR-19a 

(Figure 5 A), however this was not statistically significant (p=0.0579). Following 

exclusion of a single prominent outlier from each of the tumour and normal mucosa 

groups, this p value increased to 0.2027.  

There were no significant relationships between tissue expression of the candidate 

miRNA and various clinical variables including age, gender or stage of CRC 

(Supplementary Table S4). Additionally, there was no association between left 

(including rectal) or right sided tumours, nor was there a relationship with 

commonly used tissue-based pathological variables in CRC such as PNI, LVI, MVI and 

MMR deficiency (Supplementary Table S4).  

For both miRNA that demonstrated overexpression in tumour tissue, the cohort was 

divided into ‘high expression’ and ‘normal expression’ subgroups (Supplementary 

Table S5 and S6). The high expression group was determined by a two-fold or 

greater change in expression in tumour tissue compared to normal mucosa. Females 

were significantly more likely to have high expression of both miR-183 and miR-

1246 on a chi-squared test (p=0.0354 and p=0.007 respectively; Supplementary 

Table S5). Additionally, there was a significant association between high miR-1246 

expression and NLR on an unpaired t-test (p=0.044; Supplementary Table S6). 

There were no other significant differences between high and normal expression 

subgroups for either miRNA in the other clinical, pathological or blood-based 

variables.  
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3.4.1 ROC Curves and tumour tissue miRNA expression 

There was no evidence of correlation between the two differentially expressed 

miRNA in tumour tissue, which suggests these miRNA are expressed independently 

of each other (Figure 6 A). ROC curve analyses were subsequently compiled. 

 

Figure 6 – Discrimination of tumour tissue and normal mucosa by miR-1246 and miR-

183 expression (A) Correlation of miR-183 and miR-1246 CT values (Spearman’s 

r=0.1168, p=0.491). ROC curve analyses for (B) miR-1246, (C) miR-183, and (D) miR-

183+miR-1246 combined score.  

ROC curves for discriminating between tumour and normal mucosa demonstrated 

an AUC of 0.7175 (72.5% sensitivity, 60.0% specificity) for miR-1246, and 0.7706 

(62.86% sensitivity, 85.71% specificity) for miR-183 (Figure 6 B & C). This suggests 

that expression levels of both miRNA have an ability to discriminate between 
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tumour and normal mucosa. Consequently, it was assessed if this ability was 

improved when values for both miRNA were added together. When combined, an 

AUC of 0.7943 (72.7% sensitivity, 72.3% specificity) was found (Figure 6 D), this 

was superior to either single miRNA. Combining miR-183 and miR-1246 was found 

to be additive in their capacity to discriminate between tumour tissue and normal 

colonic mucosa. 

3.4.2 CRC stage and tumour tissue miRNA expression 

To determine whether there was any increase in tumour miRNA expression with 

advancing stage we seperately examined miRNA expression levels in stage I and II 

subgroups. 

 
Mean Fold Change (±SD) 

 Stage I (n=9) Stage II (n=33) Total (n=42) 

miR-19a 1.104 (0.6285) 1.716 (1.698) 1.585 (1.547) 

miR-1246 19.45 (37.56) 175.14 (541.7) 147.9 (494.6) 

miR-23a 1.485 (0.98) 1.526 (1.612) 1.517 (1.488) 

miR-183 616.83 (1245) 126.56 (286.7)  210.6 (575.1) 

Table 5 - Mean Fold Change in tumour tissue expression of candidate miRNA by stage. 

Substantial differences are seen from stage I to stage II for both miR-1246 and miR-

183 (Table 4). For miR-183 overexpression was greatest at stage I, there was a trend 

towards a significant decrease in overexpression from stage I to II, but this was not 

statistically significant (p=0.056, unpaired t-test). miR-1246 did also not show any 

significant difference in mean fold expression between stages.  
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3.5 Plasma EV miRNA expression in CRC patients vs controls 

The second focus of the study was to examine expression of the candidate miRNA in 

plasma EVs. Although significant increases in expression in tumour tissue were seen 

for miR-183 and miR-1246, no detectable expression of these miRNA was observed 

below the cut-off CT value of 35 in plasma EV samples (n=18 for miR-183 and n=8 

for miR-1246). Both miR-23a and miR-19a, which demonstrated a trend towards an 

increase in expression in tumour tissue, were consistently expressed in plasma EVs.  

 

Figure 7 - miRNA expression in plasma EVs of controls and CRC patients (A) miR-19a 

(B) miR-23a. ** = <0.01, unpaired t-test,  note: reversed y-axis. 

miR-19a was significantly downregulated in the EVs of the CRC group compared to 

controls (p=0.0043; Figure 7 A). No difference was seen for miR-23a (Figure 7 B). 

The mean fold change in expression for miR-19a was 0.218, or a 4.6 fold decrease.  
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3.5.1 Plasma EV miRNA expression in CRC patients by stage vs controls 

Examining differences in plasma EV miRNA dysregulation across stages may be 

useful to determine how early in CRC progression changes can be detected in the 

bloodstream of patients. 

 

Figure 8 - miRNA expression in plasma EVs by stage vs controls (A) miR-19a (B) miR-

23a. * = p<0.05, one-way ANOVA with Tukey post hoc analysis. Note: reversed y-axis. 

Significant differences in expression of miR-19a in plasma EVs were observed 

between each stage and controls (Figure 8 A). Subsequently, the mean fold change 

in plasma EV expression was also examined. For miR-19a, a 0.139 fold change (7.2 

fold decrease) in expression for stage I and 0.256 fold change (3.9 fold decrease) for 

stage II was observed. This suggests that downregulation of plasma EV miR-19a 

expression is greater at stage I than stage II; however, the differences in EV 

expression between stages did not reach statistical significance on pot-hoc analysis. 
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3.5.2 Association between plasma-EV miRNA and other blood-based markers 

To determine the ability of plasma EV miR-19a to act as a liquid biopsy and 

differentiate between early stage CRC patients and healthy controls, a ROC curve 

analysis was performed. This corresponded with an AUC of 0.6104 (sensitivity 62%, 

specificity 53%).  

As seen in the tissue analysis, two variables with independent expression may be 

added together to examine if it improves the ability to discriminate when combined. 

miR-19a demonstrated differential expression in plasma EVs. It was subsequently 

added to CEA, another blood based marker, which has a limited ability to identify 

CRC.  

No correlation was observed between miR-19a and CEA (Spearman’s r=-0.002, 

p=0.9852). Firstly, a ROC curve analysis was used for CEA alone to differentiate CRC 

and controls, which corresponded with an AUC of 0.6576 (sensitivity 45%, 

specificity 76%). Secondly, CEA was combined with miR-19a in another ROC curve 

analysis; however, when this was calculated the AUC declined to 0.5217 (sensitivity 

57%, specificity 50%), which was inferior to either marker individually. Therefore, 

it does not appear that CEA and miR-19a are additive in the context of a blood based 

diagnostic biomarker in CRC.  

Expression of EV miR-19a was correlated with other blood-based markers in CRC 

to assess if any relationship was observed. When using Spearman’s test, a negative 

correlation between miR-19a and NLR was seen (r=-0.308, p=0.011). This was 

mirrored by a negative correlation between miR-23a, which had not demonstrated 

any difference in plasma EV expression, and NLR (r=-0.2561, p=0.0411). No further 

correlations were observed between either circulating EV miRNA and other blood-

based variables (Supplementary Table S7).  
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3.5.3 Association between plasma-EV and tissue expression 

Correlations between tumour tissue and plasma EV miRNA expression were 

examined to assess if differences in tumour tissue expression effected the levels in 

circulating EVs.  

 

Figure 9 - Correlation between ΔCT values for plasma EVs and tumour tissue (A)     

miR-19a (Spearman’s r=-0.1808, p=0.258). (B) miR-23a (Spearman’s r=0.0217, 

p=0.8927). n=41 x-y pairs. 

No correlation was observed between tumour tissue and plasma EVs (Figure 9 A). 

When subsequently comparing miRNA expression levels between tissue and EVs, 

there was a depletion in expression of miR-19a in EVs compared to tissue, with a 

mean fold change of 0.1916 (5.21 fold decrease).  
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Chapter 4: Discussion 

This study has examined miRNA dysregulation in tissue and plasma EVs from early 

stage CRC patients, in order to assess if these miRNA are suitable liquid biopsy 

biomarkers. Current stool-based screening methods for CRC are imperfect, due to 

both limited sensitivity for detecting early stage disease and sub-optimal patient 

participation (30, 32-34). If a blood-based test that was as effective, or superior to, 

current methods it would almost certainly increase diagnosis rates of early CRC 

leading to decreased healthcare costs and improved patient outcomes.  

CRC tumours release EVs into the bloodstream, miRNA within these EVs have 

shown significant potential as liquid biopsy biomarkers to help identify these 

patients. This study identified four candidate miRNA from the literature, all of which 

have demonstrated promise as biomarkers in CRC. However, these miRNA have 

never been examined together in a well-defined, early stage, cohort with matched 

tissue and plasma samples. 

Our first aim was to establish evidence of dysregulation of the four candidate 

miRNAs in tumour tissue when compared to matched normal colonic mucosa. Two 

of the four candidate miRNAs, miR-183 and miR-1246, were significantly elevated 

in CRC tumour tissue.  

Our second aim was to determine whether any dysregulation in tissue translated to 

altered expression in plasma EVs of stage I and II CRC patients compared to healthy 

controls. miR-183 and miR-1246 were overexpressed in tissue but were not reliably 

expressed in plasma EVs when using our methods. However, miR-19a was shown 

to be significantly downregulated in plasma EVs of CRC patients. A significant 

difference was even seen when comparing only stage I patients to controls, 

additionally it has superior sensitivity to CEA when identifying CRC; both of these 

factors suggest it may have potential as a liquid biopsy biomarker.  

There a number of issues that need to be addressed in the search for a liquid biopsy 

biomarker in CRC. There are benefits and disadvantages to various methods of EV 

isolation and results in miRNA analysis can vary greatly depending on the chosen 

method. Furthermore, whether candidate EV miRNA are initially identified from 
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dysregulation in tumour tissue, or instead concentrating solely on markers in the 

circulation, or even on a broader discovery-based approach may be most useful. 

This is the first study to examine these four proposed markers together in matched 

tumour tissue and plasma EV samples, and significant dysregulation between CRC 

and controls was observed. There are substantial challenges in the search for a 

liquid biopsy, however the benefits to doing so are clear and obvious. An effective 

liquid biopsy in CRC has the potential to greatly benefit the growing numbers of 

people who will be affected by CRC.  
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4.1 Patient Demographics 

There were no statistically significant differences in terms of age or gender between 

the CRC patient cohort and controls. When comparing the demographics of our 

cohort to CRC in the wider New Zealand population, the findings were broadly 

similar. In our study, the average age at diagnosis for colon cancer was 67.7 years 

and rectal cancer was 66.7 years. In the PIPER project, which is representative of a 

New Zealand population, the average ages for colon and rectal cancer were 67.9 and 

71.4 years respectively (12). In the PIPER project overall, 75% were diagnosed with 

colon cancer and 25% with rectal cancer. Our figures of 78.8% and 21.2% for the 

plasma EV analysis appear to be more in line with what has previously been 

reported in New Zealand (10, 12, 139).  

There were some notable differences between the tissue and plasma EV groups 

however. Only 11.9% of patients in the tissue analysis had rectal cancer, therefore 

our findings in tissue may not be directly applicable to rectal cancer. This is 

attributable to exclusion from the tissue analysis if a patient previously received 

neoadjuvant radiation. Neoadjuvant radiation has been demonstrated to alter the 

miRNA profile in CRC tissue (131); including both irradiated and non-irradiated 

CRC tumour in the same tissue analysis would introduce unknown confounding 

effects.  

Neoadjuvant treatment similarly had a bearing on patient selection in the plasma 

analysis. All plasma samples were collected at the initial clinic appointment 

following diagnosis, prior to any treatment. Staging in our study is based on 

pathological examination of the resected surgical specimen, although preoperative 

staging is also recorded. If any change in staging occurred following neoadjuvant 

treatment, these patients were excluded from the plasma analysis, as they may have 

had more advanced disease at the time of plasma collection. Fourteen patients with 

rectal cancer were excluded in this manner. Because neoadjuvant treatment is only 

given in rectal cancer, this may further explain the difference between the higher 

rates of rectal cancer in New Zealand, and in the biobank overall, compared to our 

plasma analysis cohort.  
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4.2 Endogenous reference gene miRNA 

For tissue, both miR-16 and miR-345 were used as endogenous reference genes, 

where there was no significant difference in expression between tumour tissue and 

normal mucosa. However, following analysis of our plasma EV data, miR-345 was 

not found to be suitable as an endogenous control. miR-345 has previously been 

recommended as a reference gene in CRC for both tissue and plasma EVs (133, 135). 

Danese et al. (2017) specifically endorses its use in the context of plasma EVs, this 

was following its successful use as a reference gene in CRC tissue by Chang et al. 

(133, 135). In the paper by Danese and colleagues, there is insufficient reporting of 

methodology, particularly the method of EV isolation, this may be a possible point 

of difference (135).  

There are some technical considerations with RT-qPCR when identifying suitable 

endogenous reference genes for plasma EVs. Equal volumes of plasma were used 

for every sample in an attempt to ensure consistency in the quantity of RNA 

processed. One option may have been to use an exogenous control that is ‘spiked in’ 

(36). This may have demonstrated more reliable expression than our endogenous 

reference genes. However, expression of exogenous controls is dependent on the 

quantity of RNA extracted and does not change with natural variations in miRNA 

expression in the same manner as an endogenous control (140). Additionally, other 

studies have used RNA, such as RNU6B and RNU5A, instead of miRNA as an 

endogenous control, however these may not reflect natural differences in miRNA 

expression as accurately as a miRNA reference gene (81, 85, 91). Furthermore, 

employing multiple endogenous reference genes may be superior to a single 

endogenous control (141). Finding suitable endogenous reference genes in this 

context is an acknowledged issue in the literature that remains a focus of ongoing 

investigation (135, 142). 

Any endogenous reference gene should ideally demonstrate reasonably high 

expression in order to ensure consistency across samples. Due to the nature of 

plasma EVs, the total RNA content that can be extracted is very low compared to 

tissue. This was exhibited in our data where the CT values of miRNA from plasma 

EVs were much higher (i.e. lower relative expression) across all miRNA when 

compared to tissue. For example, miR-16a was expressed in all samples in the study 
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with no difference between CRC and control groups in either the tissue or the 

plasma EV analysis. However, miR-16 demonstrated a 108-fold decrease in 

expression between tissue and plasma EVs (mean CT values 17.27 vs 24.04 across 

all tissue and plasma EV samples respectively). 

4.3 Tissue miRNA expression 

Of the four candidate miRNA, all were expressed in both tumour tissue and normal 

colonic mucosa. miR-183 and miR-1246 demonstrated significantly increased 

expression in tumour tissue, both miR-19a and miR-23a did not show any 

significant dysregulation.  

miR-1246 was found to have a 147.9 fold increase in expression in tumour tissue 

compared to normal mucosa. There are conflicting reports in the literature 

regarding its expression in tissue, where results have shown its expression to be 

both elevated and mildly decreased (90, 91). Findings of an overexpression of miR-

1246 in tissue is consistent with work produced by Scarpati et al. (2014), where a 

smaller 2.12 fold increase in expression from 54 CRC tumours, of which 24 were 

stage I and II (90). However, it conflicts with another study by Yamada and 

colleagues (2014) where a mild, 1.3 fold decrease expression was found in 33 

tumours, of which 13 were early stage (90). Sample processing may have affected 

the measured miRNA expression in the study by Yamada et al., as samples were 

frozen in liquid nitrogen. In contrast, in our study samples were immediately stored 

in RNAlater Stabilization Solution™, which may have improved RNA quality 

compared to freezing (143).  

Our results also demonstrated a significant overexpression of miR-183 in tumour 

tissue compared to normal mucosa. This is in line with the published data that 

consistently reports an increase in expression in tumour tissue (108, 109, 111). 

Both miR-1246 and miR-183 demonstrated an ability to discriminate between 

tumour tissue and normal mucosa on a ROC curve analysis. This may have limited 

applications in the search for a blood-based biomarker, but it is useful to evaluate 

the capacity of a marker in discriminating between CRC and control tissue and 

examine against other known variables. Where ROC curve analysis offers greatest 
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benefit in the context of our research is when it is used to compare CRC patients to 

healthy controls on a blood-based test, to assess potential as a liquid biopsy. 

There was no correlation between miR-183 and miR-1246, suggesting that 

expression of each miRNA was independent of one another. It is important to ensure 

that no correlation exists prior to combining variables in a ROC curve (144, 145). If 

expression of each variable is related then combining them may lead to a spurious 

inflation of predictive capabilities (144, 145).  A combined ROC curve found the 

discriminatory powers of both miRNA together was better than either miRNA alone. 

Both miRNA were subsequently evaluated for relationships with, demographic, 

blood-based (CEA, CRP, NLR) and pathological (PNI, EMVI, LVI, MMR) variables, but 

no direct correlations were found. However, when dichotomised into high (≥2 fold 

change) and normal miR-1246 (<2 fold change) expression groups, an association 

between high miR-1246 expression and increased NLR, a prognostic marker in CRC 

was observed. miR-1246 has been shown to be significantly elevated in metastatic 

compared to primary CRC tissue, and to promote tumour growth and metastasis in 

in-vitro models (146, 147). It has not been specifically identified as a prognostic 

marker to date in the literature; however its association with metastatic CRC 

suggests a possible relationship with advanced disease. 

Interestingly, for both miR-1246 and miR-183 there was a significant association 

with female gender and the high miRNA expression group on chi-squared tests. The 

significance of this is uncertain, however it should be taken into consideration for 

any further research regarding these miRNA. Gender differences and ethnic 

variations in miRNA expression have been documented (148, 149). Differences in 

miRNA expression between demographic variables are an important consideration, 

both for interpreting published data, and in developing any miRNA based 

biomarkers. It is possible that different liquid biopsy biomarkers may perform 

significantly better in a specific group and ongoing research in this field should take 

this into account. It is possible that certain miRNA biomarkers will be more specific 

depending on gender or ethnicity. One solution may be developing specific miRNA 

biomarkers for these demographic variables. Another strategy may to combine a 

number of miRNA biomarkers together in a panel that may mitigate against some of 

these inconsistencies in expression. 
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Our results demonstrated a trend towards an overexpression of miR-19a in tumour 

tissue when compared to normal mucosa, this trend disappeared following 

exclusion of a single outlier from each of the tumour and normal colonic tissue 

groups. Data comparing miR-19a from early stage CRC tissue to matched normal 

mucosa does not appear to have been published in the current literature. It has been 

shown to be upregulated in tissue samples from CRC liver metastasis when 

compared to stage I and II primary CRC tumours (85). Our data did not evaluate 

metastases, but no statistically significant changes in expression were observed 

between either stage I or II and controls. If it is associated with metastatic CRC, 

tissue miR-19a may have potential as a prognostic biomarker. Patients who 

overexpress miR-19a in tissue may have worse outcomes such as higher recurrence 

rates. Of note, elevated levels of serum EV miR-19a have previously been associated 

various adverse factors such as LVI, metastatic disease, resistance to chemotherapy 

and worse overall survival (85, 99). An interesting area of future research would be 

to evaluate both tissue miR-19a and miR-1246 as prognostic biomarkers. A 

limitation of our cohort is that no 5-year follow up data is currently available to 

examine this. 

In our study, there was no significant differences in miR-23a expression between 

normal mucosa and tumour. This conflicts with the published literature where miR-

23a has been demonstrated to be elevated at least two-fold in tumour compared to 

normal colonic tissue in a number of studies (100-102). These studies did not 

specifically identify stage I or II patients in the data and elevated levels of miR-23a 

that are reported may be due to more advanced stage III and IV CRC. This would not 

have been detected in our study.  

Tumour miRNA expression of the four candidate liquid biopsy biomarkers was 

examined in order to establish if changes in CRC tissue translated to changes in 

plasma EVs. It is possible that there is selective packaging of specific miRNA from 

tissue into EVs but this was not observed in our data. EV miRNA dysregulation in 

CRC may also not originate in tumour tissue, but from some other source, such as 

immune cells, red blood cells or platelets. Due to this, we must question the 

paradigm of initial miRNA analysis in tumour tissue to identify dysregulation 
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translating to circulating EVs, if the goal is to develop a blood-based liquid biopsy 

biomarker.  

4.4 Plasma EV miRNA expression 

Two of the four candidate miRNA were expressed consistently in plasma EVs of 

early stage CRC patients and healthy controls, of these miR-19a demonstrated a 

significant decrease in expression. miR-183 and miR-1246, both of which exhibited 

significant increases in tumour tissue, were not reliably expressed in plasma EVs 

when using our methods. 

Our results found a 4.6 fold decrease in plasma EV miR-19a between healthy 

controls and CRC patients. In the literature, miR-19a was found to be dysregulated 

in circulating EVs (85, 99). Interestingly, this study found the direction of 

dysregulation was opposite to our findings. Matsumara et al. (2015) found an 

increase in miR-19a expression in serum EVs from 107 stage I and II CRC patients, 

compared to 28 healthy controls, a population which is broadly similar to our cohort 

(85). In light of this noteworthy difference between our findings and the currently 

available literature, further evaluation of miR-19a in circulating EVs is warranted, 

especially as plasma EV miR-19a may have potential as a liquid biopsy biomarker in 

early stage CRC.  

miR-19a demonstrated significant differences for both stage I and II when 

compared to healthy controls on a one-way ANOVA test. The earlier in disease 

progression changes are detected in the bloodstream of patients, the greater 

potential a biomarker may have as a liquid biopsy. A detectable difference in stage I 

disease is ideal if developing a liquid biopsy for screening. It aids in identifying 

patients at the earliest stage of disease, which requires less intensive treatment and 

has improved long-term outcomes. When examining mean changes in expression, 

no significant differences were found. However, the mean fold change in expression 

was greatest at stage I (0.139, 7.2 fold decrease) in comparison to stage II (0.265, 

3.9 fold decrease). Examining plasma EV expression of miR-19a in more advanced 

stages of CRC may be beneficial to assess if there are any significant differences in 

expression with further CRC progression. 
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When the expression levels between tumour and plasma EVs were compared, miR-

19a was found to be depleted in plasma EVs compared to tumour tissue. This 

corresponded with a 0.192 fold change in expression (5.2 fold decrease). However, 

no significant change in miR-19a tumour expression was found on tissue analysis. 

A trend towards an increase in tumour tissue was observed, that was not 

statistically significant (p=0.0579). It is possible that this is reflecting miR-19a 

sequestration in tumour tissue and our study population (n=42) was underpowered 

to detect this difference. The directionality of a decrease in EVs, with a possible 

trend towards an increase in tumour tissue is interesting and may benefit from 

further examination. 

Another possibility is that miR-19a containing EVs are sequestered at a specific site 

in the body in CRC. EVs have been shown to localise to pre-metastatic niche sites in 

the liver (150). If EVs were to concentrate in the liver, or possibly the lymphatic 

system, they may demonstrate decreased levels of expression when sampled from 

the circulation. It is also conceivable that miR-19a in circulating EVs originates in 

another source from CRC tissue entirely such as immune cells, and it is the body’s 

response to CRC that effects EV miRNA expression. The exact cause for 

downregulation of EV miR-19a is unclear and requires further investigation. 

CEA is the only currently used blood-based marker in CRC. It is used to monitor for 

recurrence, but is not used in the diagnostic or screening setting due to limited 

sensitivity and specificity (38). It is possible that if CEA was combined with another 

biomarker, that had a similar capacity to identify CRC, their ability to detect CRC 

would be additive. Combining two markers may then reach the appropriate levels 

of sensitivity and specificity to be useful as a liquid biopsy. The ability of plasma EV 

miR-19a to act as a liquid biopsy and differentiate between early stage CRC and 

healthy controls was evaluated. Plasma EV miR-19a had better sensitivity but lower 

specificity than CEA (sensitivity 62% and 45%, specificity 53% and 76% for miR-

19a and CEA respectively). A high sensitivity is very beneficial when attempting to 

develop a screening test, and the fact that miR-19a has been shown to outperform 

CEA is promising. However, when compared against FIT (sensitivity 79%, specificity 

94%), it appears that substantial progress is required. When the AUC of either 

marker was compared, CEA was superior. However, when combined together, they 
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were inferior to either individual marker when it came to differentiating stage early 

stage CRC patients from healthy controls.  

Plasma EV miR-19a was compared against a number of currently available blood-

based markers, there was a significant negative correlation between miR-19a and 

NLR, a prognostic marker. As plasma EV miR-19a is decreased in CRC, a negative 

correlation implies that both change in opposite directions in the presence of CRC. 

Previous research has found an elevation of serum EV miR-19a to be associated with 

a number of poor prognostic indicators including LVI, metastatic disease, and 

resistance to chemotherapy (85, 99). This increase in expression conflicts with the 

decrease observed in our data. It is possible that miR-19a may have an association 

with advanced disease, although the directionality of change in our data conflicts 

with published literature. A weakness in our study cohort is that no long-term 

follow up is currently available. Assessing both plasma EV miR-19a and tissue miR-

1246, where an association with NLR was similarly seen, as prognostic indicators in 

our cohort in the future may provide further insight into any potential prognostic 

applications of these miRNA. 

miR-1246 was not consistently expressed in plasma EVs when using our methods, 

despite a number of published studies documenting overexpression in circulating 

EVs in CRC (81, 85, 86, 90). As miR-1246 expression levels were significantly 

elevated in tissue, it is possible that it is being sequestered by CRC cells and thus not 

present in EVs at detectable levels. The current literature suggests a promising 

blood-based EV biomarker that is overexpressed in early stage CRC. Previous 

studies have reported a significant capacity to differentiate patients of all stages 

from healthy controls with an AUC of 0.948, and a sensitivity of 90% was found 

when discriminating stage I CRC from controls in a smaller validation cohort (86). 

Although our results did not demonstrate reliable expression in EVs, it warrants 

ongoing attention as a possible liquid biopsy biomarker. 

Similarly to miR-1246, miR-183 exhibited a significant increase in expression in 

tumour tissue that did not translate to the plasma-EV analysis. Two studies that 

demonstrated miR-183 elevation in tissue also found that it was elevated in whole 

plasma. EVs were not isolated in these studies and it is possible that it was freely 

circulating, rather than EV, miR-183 that was detected (87, 110). miR-183 is part of 
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a miRNA family which includes miR-182 and miR-96, it has been suggested that 

miR-182 is preferentially packaged over miR-183 into EVs. It has been documented 

that miR-182 was the only detectable member of the miR-183 family in EVs from 

multiple breast and prostate cancer cell lines and it is possible that a similar process 

occurs in CRC (151).  

miR-23a was expressed from all 66 plasma EV samples, but no difference in 

expression was found between early stage CRC and healthy controls. Plasma and 

serum EV levels have previously been shown to be upregulated in stage I and II CRC 

when compared to healthy controls and to decrease post resection (36, 85, 86). 

Ogata-Kawata and colleagues (2014) found miR-23a was able differentiate stage I 

CRC from healthy controls with an AUC of 0.953, this varies substantially from our 

findings (86). A common theme across all of the miRNA, in both tissue and plasma 

EVs is an inconsistency between our findings and the published literature. A number 

of possible explanations have been suggested and a significant area of variance 

across studies may lie in methodological differences. 

4.5 Methodological differences 

There are numerous differences in pre-analytical variables that are not consistent 

with our methods, including EV isolation and control selection. Analysing these 

areas of variance may offer insight into the discrepancies between our results and 

the published literature.  

Our chosen method of EV isolation was SEC columns. Advantages of this method 

include its ease of use, low levels of co-isolated impurities and that it can be 

automated to adapt to the higher throughputs required in a commercial laboratory 

(152). None of the referenced studies used SEC columns or an automated fraction 

collector (AFC), which is a significant difference from our research. An AFC offers 

significant efficiency benefits and can process approximately six samples an hour. 

Multiples of this can be processed by a single person if more than one machine is 

available. In our study, two machines were used, this allowed EVs to be extracted 

from approximately twelve samples an hour. For any liquid biopsy to become a 

clinically viable test, adopting methods that can readily be applied to a commercial 

laboratory is an important challenge to address.  
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One of the most common methods of EV isolation employed in the literature is 

ultracentrifugation (UC). It has been used as the sole method of isolation, as density 

gradient UC, or in conjunction with filtration (81, 85, 86). UC is limited by the 

number of samples, typically six, that can be processed at a time. In addition, it can 

take 18 hours or more to process a set of samples (81). Low-density lipoproteins 

outnumber EVs in the circulation. SEC has shown significantly less co-isolation of 

soluble proteins when compared to UC (152). SEC-based EV isolation is an effective 

method of removing these high-abundance blood-based proteins, however this 

increased purity is sacrificed for decreased EV yield (153).  

Different EV isolation methods have demonstrated significant variance in the 

quantity and quality of EV-specific miRNA, in addition to the amount of co-isolated 

impurities such as proteins, when analysing the same set of samples across different 

isolation methods (154, 155). It is possible that in studies where UC was employed, 

a significant amount of the miRNA expression was coming from non-EV sources 

such as freely circulating miRNA. This may offer an explanation as to why some of 

our results are significantly different to what has been reported. For example, high 

levels of expression of circulating EV miR-1246 are described in the literature but it 

was not reliably expressed when using our methods (86).  

With regard to serum or plasma, there is conflicting evidence as to which source 

produces a higher miRNA yield from EVs (156, 157). Wang et al. (2012) found that 

serum produced a greater quantity of EV miRNA, whereas McDonald and colleagues 

(2011) reported that the opposite to be the case (156, 157). A majority of referenced 

studies used serum; this may offer another significant point of difference that may 

explain inconsistencies between our results and the reported data. Furthermore, 

contamination of a sample due to haemolysis, platelets or other impurities may also 

contribute to varying miRNA expression findings (156, 158, 159). To control for this 

in our study, all blood collection and plasma processing was standardised. All 

samples were visually inspected for haemolysis both at the time of processing and 

prior to EV isolation; in addition, pre-clearing centrifugation of thawed plasma 

samples was performed to reduce impurities. 

Control selection may also be a contributing factor. It is possible that many ‘healthy 

controls’ may have underlying adenoma, CRC or inflammatory bowel disease that 
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can only be revealed by colonoscopy. In the NBSP pilot study, 51.5% of those who 

underwent colonoscopy had adenomatous polyps (35). The majority of studies in 

the literature did not state whether control patients had a normal colonoscopy to 

rule out these abnormalities prior to recruitment; this is a significant difference to 

our methods of control recruitment. It is conceivable that a significant proportion 

of controls in the current literature had underlying colonic adenoma, which may 

have a significant, but unknown effect on miRNA expression. 

4.6 Strengths and limitations 

The samples size of our cohort is a limiting factor. Although our research was 

adequately powered to detect differences in the primary aims, there were a number 

of additional areas that demonstrated trends in the data that our study was not 

powered to detect. There was greater than twice the amount of CRC patients 

compared to controls, were more controls available we may have been able to 

observe a significant decrease in the expression levels of miR-19a, rather than only 

in ΔCT values. A trend towards an increase of miR-19a in tissue was also observed, 

however this did not reach the threshold for significance. In light of the significant 

decrease of EV miR-19a in plasma, confirming overexpression in tissue by 

increasing the number of tissue samples analysed, would suggest that CRC tumour 

tissue is sequestering miR-19a and not releasing it into EVs. 

The use of a single reference gene in the analysis of plasma EVs is another weakness, 

miR-345 demonstrated inconsistent expression and only miR-16 was used. Ideally, 

at least two reference genes should be used (141). Additionally, using the same two 

endogenous reference genes across all tissue and plasma EV samples would have 

ensured greater consistency in the study, as this is a point of difference between the 

tissue and EV analysis. 

A limitation of the study is the relatively low proportion of rectal cancers compared 

to colon cancers in the tissue analysis. Due to the nature of rectal cancer treatment, 

up to 70% of patients will receive neoadjuvant radiotherapy alone or with 

chemotherapy (160). These patients were excluded from the study as neoadjuvant 

treatment may cause changes in tissue miRNA expression (131). Recent evidence 

suggests that the proportion of rectal cancers, as a total of CRC, is increasing (161). 
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Only 11.9% of patients in the tissue analysis had rectal cancer, this does not 

represent the current, nor the likely future landscape of CRC. Therefore, caution 

should be exercised in interpreting the tissue findings as they are predominantly 

related to colon cancer.  

A further question that requires attention is whether our approach in choosing 

candidates from the literature is the most effective strategy to identify a blood-

based biomarker. The use of EV miRNA as biomarkers is a rapidly developing field. 

The advantage of using an EV isolation method such as SEC is a lack of 

contamination; this is especially useful when candidate markers have been 

identified. However, at this early stage of EV miRNA research there is a possibility 

that it is overly selective. Employing a discovery-based method in the form of small 

RNA sequencing, which is able to measure all small RNA species in an unbiased 

fashion may be more useful for identifying novel biomarkers in CRC that may be 

missed with SEC. 

Quek et al. (2017) states that co-isolated impurities in EV isolation have little 

bearing on downstream miRNA quantification and that efficient, but more crude EV 

isolation strategies may be more useful for biomarker discovery (162). Specific 

methods that purify EVs above all other cell-free material, such as SEC may result in 

smaller libraries and worse performance when clustering is performed (154). 

Buschmann et al. (2018) found that EV isolation by methods such as precipitation, 

yields samples with decreased purity and significant co-isolated protein 

contamination, but states that these methods may have more potential for 

biomarker discovery (154). Our candidate-based approach has the potential to 

overlook markers that may be well suited to being a liquid biopsy in CRC.  

Although there may be benefits to these methods, what makes EV related miRNA 

attractive as biomarkers is their potential specificity for diseases such as CRC. As 

previously discussed, CRC cells produce an abundance of EVs compared to normal 

cells, and the contents of EVs directly reflect their parent cell of origin. The literature 

has suggested that miRNA profiles between CRC and controls, in tissue and EVs, to 

be significantly different. The potential for EV miRNA to be sensitive and specific for 

CRC is substantial. There are many sources of miRNA within the bloodstream, 

including red blood cells, platelets and free miRNA. Less EV-selective methods may 
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analyse miRNA from a host of sources, which may defeat the purpose of isolating 

EVs. Future work may examine differences between whole plasma and EVs with 

regard to developing liquid biopsies. 

Additionally, our research has found that matched tumour tissue and plasma EV 

samples can differ significantly in miRNA expression. It is not clear whether 

circulating EV miRNA dysregulation in CRC is originating from tumour tissue, or 

from another source entirely such as platelets, red blood cells or immune cells. If the 

ultimate goal is to develop a liquid biopsy for CRC, solely concentrating on markers 

that are dysregulated in the blood stream of CRC patients, rather than starting with 

tissue, may prove more beneficial. miRNA analysis in tissue may be more suited to 

identification of a prognostic biomarker in CRC, miRNA expression levels in tissue 

are much higher, in addition EVs do not require isolation. Identifying tissue miRNA 

that give insight into prognosis may have a substantial role to play in decision 

making regarding adjuvant treatment and intensity of post-operative follow up. 

A strength of the study lies in the standardisation and automation of EVs from 

plasma using SEC columns and the AFC. Prior to the introduction of the AFC, this 

process involved manually collecting drops from the SEC column, this process may 

be inaccurate and user dependent. Another advantage is that this method has ease 

of scalability to meet the demands of a hospital laboratory, an important 

consideration for any liquid biopsy to become commercially viable.  

Our recruitment identified age and sex matched controls that were symptomatic in 

the form of abdominal pain, perirectal bleeding or other symptoms suggestive of 

CRC but did not have disease on colonoscopy. This ensures that our controls are a 

cohort patients who would be most likely avail of a liquid biopsy test for CRC were 

it to become available. As these patients were recruited from endoscopy lists, it was 

necessary to consent prior to the procedure. Sedation is usually given during a 

colonoscopy and patients would be unable to give consent afterwards. Of the 53 

patients recruited in this fashion, less than half were eligible controls and most of 

the remainder had polyps. Disadvantages of this method include the significant time 

investment required when many of those recruited were excluded from the control 

group.  
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This approach also had benefits however; collecting samples from a subset of 

patients with known polyps to the CRC biobank has potential for future research. 

Adenomatous polyps are the initial stage in the adenoma-carcinoma sequence 

(163). Up to 51% of patients who undergo a colonoscopy looking for CRC will have 

polyps, as evidenced in the NBSP pilot study (35). Circulating EV miRNA 

dysregulation has been reported to commence once a polyp is formed (164, 165). It 

will be possible to compare healthy control, polyp and CRC subgroups to further 

assess the effect polyps have on plasma EV miRNA expression.  A liquid biopsy that 

can identify polyps prior to developing into CRC has obvious benefits. Furthermore, 

control patients used in this study can be used across a range of CRC research that 

is conducted in the SCRG.  

4.7 Future directions 

There are a number of challenges in developing EV miRNA as liquid biopsies in CRC. 

Much research has focused on total circulating, rather than EV-specific, miRNA 

levels. An advantage of this strategy is that there is no requirement for EV isolation, 

this has efficiency benefits with regard to sample processing, but potentially has 

lower specificity for CRC. It is also apparent that all the miRNA discussed are 

dysregulated in multiple disease processes, in addition to possible changes in 

expression across demographic variables such as gender or ethnicity. Combining a 

number of miRNA together in a panel may be a useful way to offset this lack of 

specificity. 

It is not currently obvious how to best identify candidate EV miRNA biomarkers. It 

is possible a discovery based approach may detect novel markers which have the 

required sensitivity and specificity for a liquid biopsy. If this approach is taken, then 

consideration of the EV isolation methods is necessary as SEC may be overly 

selective. Additionally, as changes in tissue miRNA expression do not appear to have 

a predictable effect on EV miRNA expression, the utility of tumour tissue analysis in 

the search for a liquid biopsy for diagnostic or screening purposes should be 

questioned.  

The literature may be inconsistent in part due to differences in pre-analytical 

variables and there appears to be insufficient reporting of methodology in some 
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cases. There is a need to standardize methods and develop technologies that aid in 

the isolation and detection of EVs to make it practical to perform in a hospital 

laboratory. Our methods are possibly a step closer to becoming clinically feasible, 

as the capacity to process samples can readily be increased. Global adoption of the 

MISEV 2018 guidelines across EV research may be a useful starting point to address 

some of these methodological issues (166).  

It is necessary to evaluate how EV miRNA liquid biopsy biomarkers can be 

integrated into a modern healthcare system. Ideally, a blood-based biomarker 

would outperform current faecal-based assays on all parameters for screening. 

Identifying EV miRNA biomarkers that are both sensitive and specific to CRC may 

prove challenging. Using biomarkers in conjunction with current screening 

methods may provide an alternative avenue for their adoption to current clinical 

practice. Implementing blood-based screening in the first instance, followed by a 

stool-based test if suggestive of CRC is one option. Another possible route is 

performing the liquid biopsy following a negative faecal-based assay in the context 

of ongoing symptoms suggestive of CRC.  
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4.8 Conclusions 

New Zealand has some of the highest rates of CRC in the world, but it is also a 

growing global issue. Current strategies to diagnose CRC, such as population level 

stool-based screening, are flawed. If a blood based screening test for CRC was 

available, it would have substantial benefits including an improvement in patient 

outcomes. EV associated miRNA appear to have great potential as liquid biopsy 

biomarkers in CRC that may help address this. Our study examined four miRNAs in 

both tissue and plasma EVs based on promising data in the literature.  

Plasma EV miR-19a was significantly downregulated in EVs of CRC patients. It 

demonstrated significant differences even when stage I patients alone were 

compared against controls, it also had superior sensitivity to CEA in our cohort. 

These factors are promising in the context of developing a liquid biopsy marker to 

screen for CRC. However, its specificity was poor and it requires further 

examination to establish any efficacy. 

Questions remain over the initial analysis of miRNA dysregulation in tissue in order 

to observe translation to EVs. Our results did not demonstrate any relationship 

between EVs and tissue. The benefits of tissue analysis may lie in developing 

prognostic biomarkers that can help in post-surgical treatment planning. 

Additionally, considering the current evolving landscape of EV miRNA biomarker 

research, whether a selective candidate-based approach or a more broad discovery-

based approach are the most effective methods of identifying potential markers 

remains to be seen.   

Plasma EV miRNA display great promise as liquid biopsy biomarkers, but currently 

there are a number of challenges in identifying a marker specific for CRC. Finding a 

liquid biopsy biomarker for CRC that is as effective, or outperforms, current stool-

based screening methods may lead to significant increases in screening 

participation rates. The subsequent effects would likely include increased rates of 

diagnosis of early CRC, with decreased healthcare costs and improved clinical 

outcomes for the millions of people who will suffer from this very common disease.   
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Supplementary Material 

Supplementary Tables 

Stage T N M 

0 Tis N0 M0 

I T1/T2 N0 M0 

II T3/T4a/T4b N0 M0 

III T1/T2/T3/T4 N1a/b/c/N2a/b/c M0 

IV Any T Any N M1a/M1b 

Table S1 – Colorectal Cancer TNM Staging (AJCC 7th edition) Tis = carcinoma in situ, 

T1 = tumour invades submucosa, T2 = tumour invades muscularis propria, T3 = 

tumour invades into pericolorectal tissues T4 = tumour penetrates to the surface of 

the (a) visceral peritoneum or (b) directly invades, or is adherent to other organs or 

structures, N0 = No regional lymph node metastasis, N1 = Metastasis in 1-3 lymph 

nodes (a= 1, b= 2-3, c = no lymph nodes but deposits in subserosa, mesentery or non-

peritonalised perirectal/mesorectal tissues,, N2 = metastasis in 4 or more regional 

lymph nodes (a = 4-6, b = 7+). M0 = no distant metastasis, M1 = Distant metastasis (a 

= 1 organ site, b = 2+ organ sites, c = peritoneal metastasis).  
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 Normal Mucosa (mg) Tumour Tissue (mg) 

 18.8 48.9 

 65.3 68 

 45.9 28 

 33.8 12.6 

 38.7 58 

 36.8 16.6 

 19.2 36.8 

 33.2 36.8 

 26.2 36.1 

 40.5 55.2 

 17.8 21.7 

 41.4 10.6 

 24.8 6.5 

 29.2 9.5 

 66.6 32.6 

 32 19.2 

 47.8 24.8 

 36.1 46.7 

 78.2 64.3 

 53.3 66.4 

 15.2 10.7 

 19.5 14.1 

 31.3 54.3 

 14.6 28.9 

Mean 
weight 
(±SD)  

36.09 (16.89) 33.64 (19.87) 

Table S2 – Values for weight of matched tissue used in analysis (n=24).  
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 Normal Mucosa (ng/uL) Tumour Tissue (ng/uL) 

 51.7 1884.7 
 666.2 302.4 
 1465.2 620.9 
 3281 5074.7 
 1323.9 938.5 
 2121.8 895.7 
 75.1 4825.5 
 665.9 473.1 
 82.3 288.8 
 337.4 702.6 
 226.1 446.1 
 1239.9 1307.7 
 808.3 1260.3 
 1486.7 2072.6 
 252.8 623.8 
 1501.5 728.9 
 459.7 190.4 
 308.3 145.1 
 575.1 790.5 
 164.3 1093.5 
 153 696.8 
 451.2 238.5 
 313.5 128.1 
 278 1249.4 
 319.1 489 
 1177.2 1115 
 155.1 580.2 
 1388 1521.8 
 1092.8 794.4 
 422.5 1492.5 
 125.7 481 
 1158.5 1735.7 
 353.3 1887.5 
 1694.3 2627.1 
 388.2 220.3 
 140.9 185.3 
 450.2 598.7 
 257.7 989.2 
 666.8 168.7 
 430.5 455.9 
 608.7 1355 
 3854 1266 
   

Mean 
Conc. 
(SD) 702.5 (663.5) 1070 (1059) 

Table S3 – concentration of RNA from matched normal colonic mucosa and tumour 

tissue (n=42). 
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 Mean fold change in expression (±SD) 

 miR-19a miR-23a miR-183 miR-1246 

EMVI Present (n=3) 0.67 (0.19) 0.86 (0.45) 11.47 (18.57) 18.28 (7.19) 

EMVI Absent (n=39) 1.65 (1.58) 1.57 (1.53) 1165 (3356) 197.2 (561) 

p value 0.296 0.437 0.567 0.589 

LVI Present (n=4) 1.51 (1.14) 0.35 (0.11) 1.08 (0.59) 80.15 (130) 

LVI Absent (n=38) 1.59 (1.59) 1.64 (1.51) 1105 (3272) 195.1 (569.4) 

p value 0.925 0.100 0.646 0.693 

dMMR (n=9) 1.32 (0.84) 1.05 (0.63) 27.24 (17.86) 394 (890) 

pMMR (n=33) 1.65 (1.69) 1.64 (1.63) 1229 (3448) 114.8 (366) 

p value 0.578 0.296 0.502 0.180 

PNI Present (n=3) 0.68 (0.19) 0.86 (0.44) 11.47 (18.57) 18.28 (7.19) 

PNI Absent (n=39) 1.65 (1.58) 1.57 (1.53) 11.47 (18.57) 197 (561) 

p value 0.296 0.434 0.567 0.589 

Female (n=19) 1.68 (1.88) 1.95 (1.92) 445.5 (951) 355 (766) 

Male (n=23) 1.50 (1.24) 1.15 (0.89) 1740 (4694) 36.17 (84.36) 

p value 0.719 0.082 0.360 0.726 

Left sided CRC (n=17) 1.6 (1.67) 1.67 (1.75) 438 (885) 279 (699) 

Right sided CRC (n=25) 1.56 (1.38) 1.28 (1.00) 2123 (5346) 55.9 (129) 

p value 0.941 0.411 0.254 0.217 

 Correlations (Spearman’s rank coefficient) 

Age (Spearman’s r) 0.019 -0.055 -0.143 -0.159 

p value 0.905 0.727 0.534 0.347 

Table S4 - mean fold changes in tumour tissue expression and clinical and pathological 

variables, all unpaired t-test, other than age where Spearman’s test is used. 
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 miR-183 
normal    
(n=11) 

miR-183 
overexpressed 
(n= 24) 

miR-1246 
normal    
(n=14) 

miR-1246 
overexpressed 
(n=26) 

EMVI Present  1 0 1 0 

EMVI Absent  10 24 13 26 

p value  0.257  0.350 

LVI Present  2 2 2 1 

LVI Absent  9 22 12 25 

p value  0.575  0.2763 

dMMR  3 5 4 4 

pMMR  8 19 10 22 

p value  0.685  0.4162 

PNI Present  1 1 2 1 

PNI Absent  10 23 12 25 

p value  0.536  0.2763 

Female  2 14 2 16 

Male  9 10 12 10 

p value  0.035  0.007 

Left sided CRC  6 8 7 10 

Right sided CRC  5 16 7 16 

p value  0.283  0.521 

Stage I  2 4 4 3 

Stage II  9 20 10 23 

P value  0.999  0.214 

Table S5 – High and low tumour tissue expression subgroups for miR-183 and miR-1246 

with relationships to clinical and pathological variables. Chi-squared test for all. 

Significant p-values underlined. 
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 miR-183 
normal         
(n= 11) 

miR-183 
overexpressed 
(n= 24) 

miR-1246 
normal    
(n=14) 

miR-1246 
overexpressed 
(n=26) 

Age (mean ±SD) 71.55 (11.76) 66.58 (13.94) 70.14 (12.52) 66.65 (12.61) 

p value  0.3136  0.4079 

CEA (mean ±SD) 3.96 (6.31) 5.63 (6.57) 4.04 (5.75) 5.13 (6.37) 

p value  0.4867  0.5977 

CRP (mean ±SD) 7.7 (5.14) 10.96 (20.89) 15.92 (26.72) 9.15 (9.49) 

p value  0.6322  0.2513 

NLR (mean ±SD) 3.01 (1.35) 2.85 (1.14) 2.45 (0.86) 3.21 (1.22) 

p value  0.700  0.0444 

Table S6 - High and low tumour tissue expression subgroups for miR-183 and miR-1246 

with relationships to blood-based variables. Unpaired t-test for all. Significant p values 

underlined. 
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 miR-19a miR-23a 

CEA 0.034 0.019 

p value 0.793 0.875 

CRP -0.157 -045 

p value 0.242 0.721 

NLR -0.276 -0.308 

p value 0.032 0.011 

Table S7 – Correlations of plasma EV miRNA expression and blood-based variables. 

Spearman’s rank coefficient (r). Significant p values underlined. 
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Supplementary Figures 
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Figure S1 - miR-345 raw CT value (control n=14, CRC n=24, p=0.1194, unpaired t-test) 

  



73 
 

References 

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 
2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 
countries. CA: a cancer journal for clinicians. 2018;68(6):394-424. 
2. Center MM, Jemal A, Smith RA, Ward E. Worldwide variations in colorectal cancer. CA: 
a cancer journal for clinicians. 2009;59(6):366-78. 
3. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al. Cancer incidence 
and mortality worldwide: sources, methods and major patterns in GLOBOCAN 2012. 
International journal of cancer. 2015;136(5):E359-86. 
4. Christopher Jackson KS MF, Victoria Hinder, Mark Jeffery, John Keating, Adrian, Secker, 
Sarah Derrett, Carol Atmore, Dale Bramley, Charles De Groot, Wendy Stevens, Diana Sarfati, 
Charis Brown, Andrew Hill, Papaarangi Reid, Ross Lawrenson, Michael Findlay. The PIPER 
Project: An Internal Examination of Colorectal Cancer Management in New Zealand. 2015. 
5. Edge SB, Compton CC. The American Joint Committee on Cancer: the 7th edition of the 
AJCC cancer staging manual and the future of TNM. Annals of surgical oncology. 
2010;17(6):1471-4. 
6. Society AC. Colorectal Cancer Facts & Figures 2017-2019. 2018. 
7. Alnimer Y, Ghamrawi R, Aburahma A, Salah S, Rios-Bedoya C, Katato K. Factors 
associated with short recurrence-free survival in completely resected colon cancer. Journal of 
community hospital internal medicine perspectives. 2017;7(6):341-6. 
8. Vecchio FM, Valentini V, Minsky BD, Padula GD, Venkatraman ES, Balducci M, et al. The 
relationship of pathologic tumor regression grade (TRG) and outcomes after preoperative 
therapy in rectal cancer. International journal of radiation oncology, biology, physics. 
2005;62(3):752-60. 
9. Heervä E, Carpelan A, Kurki S, Sundström J, Huhtinen H, Rantala A, et al. Trends in 
presentation, treatment and survival of 1777 patients with colorectal cancer over a decade: a 
Biobank study. Acta Oncologica. 2018;57(6):735-42. 
10. Sharples KJ, Firth MJ, Hinder VA, Hill AG, Jeffery M, Sarfati D, et al. The New Zealand 
PIPER Project: colorectal cancer survival according to rurality, ethnicity and socioeconomic 
deprivation-results from a retrospective cohort study. The New Zealand medical journal. 
2018;131(1476):24-39. 
11. Maringe C, Walters S, Rachet B, Butler J, Fields T, Finan P, et al. Stage at diagnosis and 
colorectal cancer survival in six high-income countries: a population-based study of patients 
diagnosed during 2000-2007. Acta oncologica (Stockholm, Sweden). 2013;52(5):919-32. 
12. Jackson C, Sharples, K., Firth, M., Hinder, V., Jeffery, M., Keating, J., Secker, A., Derrett, 
S., Atmore, C., Bramley, C., De Groot, C., Stevens, W., Sarfati, D., Brown, C., Hill, A., Reid, P., 
Lawrenson, R., Findlay, M. The PIPER Project. Health Research Council and Ministry of Health; 
2015. 
13. Boyle J, Braun M, Hill J, Kuryba A, Meulen Jvd, Walker K, et al. National Bowel Cancer 
Audit Aunnual Report 2018. NHS. 2018. 
14. Somerville J, Lynch P, Rodgers C, Jacob G, McCrory D. BOWEL CANCER SCREENING–ARE 
THE PATIENTS TRULY ASYMPTOMATIC? Gut. 2013;62(Suppl 2):A40-A. 
15. Kim DH, Pickhardt PJ, Taylor AJ, Leung WK, Winter TC, Hinshaw JL, et al. CT colonography 
versus colonoscopy for the detection of advanced neoplasia. N Engl J Med. 2007;357(14):1403-
12. 
16. Kim HS, Kim TI, Kim WH, Kim YH, Kim HJ, Yang SK, et al. Risk factors for immediate 
postpolypectomy bleeding of the colon: a multicenter study. Am J Gastroenterol. 
2006;101(6):1333-41. 
17. Smith L, Read D, Shanthakumar M, Borman B, Love T. Final Evaluation Report of the 
Bowel Cancer Screening Pilot: Rounds One and Two. Wellington: Ministry of Health; 2016. 



74 
 

18. Group NZG. Clinical practice guidelines for hte management of early colorectal cancer. 
. Wellington, New Zealand: New Zealand Guidelines Group, Ministry of Health; 2011. 
19. Scholefield JH, Moss SM, Mangham CM, Whynes DK, Hardcastle JD. Nottingham trial of 
faecal occult blood testing for colorectal cancer: a 20-year follow-up. Gut. 2012;61(7):1036-40. 
20. Doubeni CA, Corley DA, Quinn VP, Jensen CD, Zauber AG, Goodman M, et al. 
Effectiveness of screening colonoscopy in reducing the risk of death from right and left colon 
cancer: a large community-based study. Gut. 2018;67(2):291. 
21. Larsen MB, Njor S, Ingeholm P, Andersen B. Effectiveness of Colorectal Cancer Screening 
in Detecting Earlier-Stage Disease&#x2014;A Nationwide Cohort Study in Denmark. 
Gastroenterology. 2018;155(1):99-106. 
22. Ran T, Cheng C-Y, Misselwitz B, Brenner H, Ubels J, Schlander M. Cost-Effectiveness of 
Colorectal Cancer Screening Strategies—A Systematic Review. Clinical Gastroenterology and 
Hepatology. 2019;17(10):1969-81.e15. 
23. Lew JB, St John DJB, Macrae FA, Emery JD, Ee HC, Jenkins MA, et al. Evaluation of the 
benefits, harms and cost-effectiveness of potential alternatives to iFOBT testing for colorectal 
cancer screening in Australia. International journal of cancer. 2018;143(2):269-82. 
24. Vleugels JLA, van Lanschot MCJ, Dekker E. Colorectal cancer screening by colonoscopy: 
putting it into perspective. Digestive Endoscopy. 2016;28(3):250-9. 
25. Tinmouth J, Lansdorp-Vogelaar I, Allison JE. Faecal immunochemical tests versus guaiac 
faecal occult blood tests: what clinicians and colorectal cancer screening programme organisers 
need to know. Gut. 2015;64(8):1327-37. 
26. Hirai HW, Tsoi KK, Chan JY, Wong SH, Ching JY, Wong MC, et al. Systematic review with 
meta-analysis: faecal occult blood tests show lower colorectal cancer detection rates in the 
proximal colon in colonoscopy-verified diagnostic studies. Alimentary pharmacology & 
therapeutics. 2016;43(7):755-64. 
27. Mousavinezhad M, Majdzadeh R, Akbari Sari A, Delavari A, Mohtasham F. The 
effectiveness of FOBT vs. FIT: A meta-analysis on colorectal cancer screening test. Med J Islam 
Repub Iran. 2016;30:366. 
28. Song LL, Li YM. Current noninvasive tests for colorectal cancer screening: An overview 
of colorectal cancer screening tests. World J Gastrointest Oncol. 2016;8(11):793-800. 
29. Lee JK, Liles EG, Bent S, Levin TR, Corley DA. Accuracy of fecal immunochemical tests for 
colorectal cancer: systematic review and meta-analysis. Ann Intern Med. 2014;160(3):171. 
30. Chiu HM, Lee YC, Tu CH, Chen CC, Tseng PH, Liang JT, et al. Association between early 
stage colon neoplasms and false-negative results from the fecal immunochemical test. Clin 
Gastroenterol Hepatol. 2013;11(7):832-8.e1-2. 
31. Ellis L, Abrahão R, McKinley M, Yang J, Somsouk M, Marchand LL, et al. Colorectal Cancer 
Incidence Trends by Age, Stage, and Racial/Ethnic Group in California, 1990–2014. Cancer 
Epidemiology Biomarkers &amp; Prevention. 2018;27(9):1011-8. 
32. Welfare AIoHa. National Bowel Cancer Screening Program: monitoring report 2018. Cat 
no: CAN 112. 2018. 
33. Koo S, Neilson LJ, Von Wagner C, Rees CJ. The NHS Bowel Cancer Screening Program: 
current perspectives on strategies for improvement. Risk Manag Healthc Policy. 2017;10:177-
87. 
34. Osborne JM, Wilson C, Moore V, Gregory T, Flight I, Young GP. Sample preference for 
colorectal cancer screening tests: Blood or stool? Open Journal of Preventive Medicine. 
2012;Vol.02No.03:6. 
35. Smith L RD, Shanthakumar M. Final Evaluation Report of the Bowel Screening Pilot 
Screening Rounds One and Two. NZ Ministry of Health. 2016. 
36. Ostenfeld MS, Jensen SG, Jeppesen DK, Christensen LL, Thorsen SB, Stenvang J, et al. 
miRNA profiling of circulating EpCAM(+) extracellular vesicles: promising biomarkers of 
colorectal cancer. J Extracell Vesicles. 2016;5:31488. 



75 
 

37. Uratani R, Toiyama Y, Kitajima T, Kawamura M, Hiro J, Kobayashi M, et al. Diagnostic 
Potential of Cell-Free and Exosomal MicroRNAs in the Identification of Patients with High-Risk 
Colorectal Adenomas. PloS one. 2016;11(10):e0160722. 
38. Duffy MJ. Carcinoembryonic antigen as a marker for colorectal cancer: is it clinically 
useful? Clinical chemistry. 2001;47(4):624-30. 
39. deVos T, Tetzner R, Model F, Weiss G, Schuster M, Distler J, et al. Circulating methylated 
SEPT9 DNA in plasma is a biomarker for colorectal cancer. Clinical chemistry. 2009;55(7):1337-
46. 
40. Grutzmann R, Molnar B, Pilarsky C, Habermann JK, Schlag PM, Saeger HD, et al. Sensitive 
detection of colorectal cancer in peripheral blood by septin 9 DNA methylation assay. PloS one. 
2008;3(11):e3759. 
41. Church TR, Wandell M, Lofton-Day C, Mongin SJ, Burger M, Payne SR, et al. Prospective 
evaluation of methylated SEPT9 in plasma for detection of asymptomatic colorectal cancer. Gut. 
2014;63(2):317-25. 
42. Li MX, Liu XM, Zhang XF, Zhang JF, Wang WL, Zhu Y, et al. Prognostic role of neutrophil-
to-lymphocyte ratio in colorectal cancer: a systematic review and meta-analysis. International 
journal of cancer. 2014;134(10):2403-13. 
43. Li H, Zhao Y, Zheng F. Prognostic significance of elevated preoperative neutrophil-to-
lymphocyte ratio for patients with colorectal cancer undergoing curative surgery: A meta-
analysis. Medicine (Baltimore). 2019;98(3):e14126. 
44. Gerlach JQ, Kruger A, Gallogly S, Hanley SA, Hogan MC, Ward CJ, et al. Surface 
glycosylation profiles of urine extracellular vesicles. PloS one. 2013;8(9):e74801. 
45. Fleischhacker M, Schmidt B. Circulating nucleic acids (CNAs) and cancer--a survey. 
Biochimica et biophysica acta. 2007;1775(1):181-232. 
46. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated 
transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat 
Cell Biol. 2007;9(6):654-9. 
47. Simpson RJ, Lim JW, Moritz RL, Mathivanan S. Exosomes: proteomic insights and 
diagnostic potential. Expert Rev Proteomics. 2009;6(3):267-83. 
48. Margolis L, Sadovsky Y. The biology of extracellular vesicles: The known unknowns. PLoS 
Biol. 2019;17(7):e3000363. 
49. Taylor DD, Gercel-Taylor C. MicroRNA signatures of tumor-derived exosomes as 
diagnostic biomarkers of ovarian cancer. Gynecol Oncol. 2008;110(1):13-21. 
50. Szajnik M, Derbis M, Lach M, Patalas P, Michalak M, Drzewiecka H, et al. Exosomes in 
Plasma of Patients with Ovarian Carcinoma: Potential Biomarkers of Tumor Progression and 
Response to Therapy. Gynecol Obstet (Sunnyvale). 2013;Suppl 4:3. 
51. Kalluri R. The biology and function of exosomes in cancer. J Clin Invest. 
2016;126(4):1208-15. 
52. Lotvall J, Valadi H. Cell to cell signalling via exosomes through esRNA. Cell Adh Migr. 
2007;1(3):156-8. 
53. Tanaka Y, Kamohara H, Kinoshita K, Kurashige J, Ishimoto T, Iwatsuki M, et al. Clinical 
impact of serum exosomal microRNA-21 as a clinical biomarker in human esophageal squamous 
cell carcinoma. Cancer. 2013;119(6):1159-67. 
54. Heijnen HF, Schiel AE, Fijnheer R, Geuze HJ, Sixma JJ. Activated platelets release two 
types of membrane vesicles: microvesicles by surface shedding and exosomes derived from 
exocytosis of multivesicular bodies and alpha-granules. Blood. 1999;94(11):3791-9. 
55. Gasser O, Hess C, Miot S, Deon C, Sanchez JC, Schifferli JA. Characterisation and 
properties of ectosomes released by human polymorphonuclear neutrophils. Experimental cell 
research. 2003;285(2):243-57. 
56. Thery C, Ostrowski M, Segura E. Membrane vesicles as conveyors of immune responses. 
Nat Rev Immunol. 2009;9(8):581-93. 



76 
 

57. Thery C, Boussac M, Veron P, Ricciardi-Castagnoli P, Raposo G, Garin J, et al. Proteomic 
analysis of dendritic cell-derived exosomes: a secreted subcellular compartment distinct from 
apoptotic vesicles. J Immunol. 2001;166(12):7309-18. 
58. S ELA, Mager I, Breakefield XO, Wood MJ. Extracellular vesicles: biology and emerging 
therapeutic opportunities. Nat Rev Drug Discov. 2013;12(5):347-57. 
59. Zaborowski MP, Balaj L, Breakefield XO, Lai CP. Extracellular Vesicles: Composition, 
Biological Relevance, and Methods of Study. Bioscience. 2015;65(8):783-97. 
60. Al-Nedawi K, Meehan B, Micallef J, Lhotak V, May L, Guha A, et al. Intercellular transfer 
of the oncogenic receptor EGFRvIII by microvesicles derived from tumour cells. Nat Cell Biol. 
2008;10(5):619-24. 
61. Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M, et al. 
Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and 
provide diagnostic biomarkers. Nat Cell Biol. 2008;10(12):1470-6. 
62. Di Vizio D, Morello M, Dudley AC, Schow PW, Adam RM, Morley S, et al. Large 
oncosomes in human prostate cancer tissues and in the circulation of mice with metastatic 
disease. Am J Pathol. 2012;181(5):1573-84. 
63. Di Vizio D, Kim J, Hager MH, Morello M, Yang W, Lafargue CJ, et al. Oncosome formation 
in prostate cancer: association with a region of frequent chromosomal deletion in metastatic 
disease. Cancer Res. 2009;69(13):5601-9. 
64. Minciacchi VR, Freeman MR, Di Vizio D. Extracellular vesicles in cancer: exosomes, 
microvesicles and the emerging role of large oncosomes. Semin Cell Dev Biol. 2015;40:41-51. 
65. de Jong OG, Kooijmans SAA, Murphy DE, Jiang L, Evers MJW, Sluijter JPG, et al. Drug 
Delivery with Extracellular Vesicles: From Imagination to Innovation. Accounts of Chemical 
Research. 2019;52(7):1761-70. 
66. Melo SA, Sugimoto H, O'Connell JT, Kato N, Villanueva A, Vidal A, et al. Cancer exosomes 
perform cell-independent microRNA biogenesis and promote tumorigenesis. Cancer Cell. 
2014;26(5):707-21. 
67. Gopalakrishnan C, Kamaraj B, Purohit R. Mutations in microRNA binding sites of CEP 
genes involved in cancer. Cell Biochem Biophys. 2014;70(3):1933-42. 
68. Bhaumik P, Gopalakrishnan C, Kamaraj B, Purohit R. Single nucleotide polymorphisms 
in microRNA binding sites: implications in colorectal cancer. ScientificWorldJournal. 
2014;2014:547154. 
69. Kamaraj B, Gopalakrishnan C, Purohit R. In silico analysis of miRNA-mediated gene 
regulation in OCA and OA genes. Cell Biochem Biophys. 2014;70(3):1923-32. 
70. Kumar A, Purohit R. Use of long term molecular dynamics simulation in predicting 
cancer associated SNPs. PLoS Comput Biol. 2014;10(4):e1003318. 
71. Slattery ML, Herrick JS, Pellatt DF, Stevens JR, Mullany LE, Wolff E, et al. MicroRNA 
profiles in colorectal carcinomas, adenomas and normal colonic mucosa: variations in miRNA 
expression and disease progression. Carcinogenesis. 2016;37(3):245-61. 
72. Meltzer PS. Cancer genomics: small RNAs with big impacts. Nature. 
2005;435(7043):745-6. 
73. Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer. 
2006;6(11):857-66. 
74. Toiyama Y, Goel A. The Diagnostic, Prognostic, and Predictive Potential of MicroRNA 
Biomarkers in Colorectal Cancer2012. 
75. Nugent M, Miller N, Kerin MJ. MicroRNAs in colorectal cancer: function, dysregulation 
and potential as novel biomarkers. Eur J Surg Oncol. 2011;37(8):649-54. 
76. Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, et al. Characterization of microRNAs in serum: 
a novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008;18(10):997-
1006. 



77 
 

77. Wang Q, Huang Z, Ni S, Xiao X, Xu Q, Wang L, et al. Plasma miR-601 and miR-760 are 
novel biomarkers for the early detection of colorectal cancer. PloS one. 2012;7(9):e44398. 
78. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, et al. 
Circulating microRNAs as stable blood-based markers for cancer detection. Proceedings of the 
National Academy of Sciences of the United States of America. 2008;105(30):10513-8. 
79. El-Hefnawy T, Raja S, Kelly L, Bigbee WL, Kirkwood JM, Luketich JD, et al. 
Characterization of amplifiable, circulating RNA in plasma and its potential as a tool for cancer 
diagnostics. Clinical chemistry. 2004;50(3):564-73. 
80. Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, et al. Argonaute2 
complexes carry a population of circulating microRNAs independent of vesicles in human 
plasma. Proceedings of the National Academy of Sciences of the United States of America. 
2011;108(12):5003-8. 
81. Chen M, Xu R, Rai A, Suwakulsiri W, Izumikawa K, Ishikawa H, et al. Distinct shed 
microvesicle and exosome microRNA signatures reveal diagnostic markers for colorectal cancer. 
PloS one. 2019;14(1):e0210003. 
82. Manning S, Danielson KM. The immunomodulatory role of tumor-derived extracellular 
vesicles in colorectal cancer. Immunol Cell Biol. 2018. 
83. Popēna I, Ābols A, Saulīte L, Pleiko K, Zandberga E, Jēkabsons K, et al. Effect of colorectal 
cancer-derived extracellular vesicles on the immunophenotype and cytokine secretion profile 
of monocytes and macrophages. Cell communication and signaling : CCS. 2018;16(1):17. 
84. Li LM, Liu H, Liu XH, Hu HB, Liu SM. Clinical significance of exosomal miRNAs and proteins 
in three human cancers with high mortality in China. Oncology letters. 2019;17(1):11-22. 
85. Matsumura T, Sugimachi K, Iinuma H, Takahashi Y, Kurashige J, Sawada G, et al. 
Exosomal microRNA in serum is a novel biomarker of recurrence in human colorectal cancer. 
British journal of cancer. 2015;113(2):275-81. 
86. Ogata-Kawata H, Izumiya M, Kurioka D, Honma Y, Yamada Y, Furuta K, et al. Circulating 
exosomal microRNAs as biomarkers of colon cancer. PloS one. 2014;9(4):e92921. 
87. Yuan D, Li K, Zhu K, Yan R, Dang C. Plasma miR-183 predicts recurrence and prognosis in 
patients with colorectal cancer. Cancer biology & therapy. 2015;16(2):268-75. 
88. Ji H, Chen M, Greening DW, He W, Rai A, Zhang W, et al. Deep sequencing of RNA from 
three different extracellular vesicle (EV) subtypes released from the human LIM1863 colon 
cancer cell line uncovers distinct miRNA-enrichment signatures. PloS one. 2014;9(10):e110314. 
89. Clancy C, Khan S, Glynn CL, Holian E, Dockery P, Lalor P, et al. Screening of exosomal 
microRNAs from colorectal cancer cells. Cancer Biomark. 2016;17(4):427-35. 
90. Yamada N, Tsujimura N, Kumazaki M, Shinohara H, Taniguchi K, Nakagawa Y, et al. 
Colorectal cancer cell-derived microvesicles containing microRNA-1246 promote angiogenesis 
by activating Smad 1/5/8 signaling elicited by PML down-regulation in endothelial cells. 
Biochimica et biophysica acta. 2014;1839(11):1256-72. 
91. Della Vittoria Scarpati G, Calura E, Di Marino M, Romualdi C, Beltrame L, Malapelle U, 
et al. Analysis of differential miRNA expression in primary tumor and stroma of colorectal cancer 
patients. BioMed research international. 2014;2014:840921. 
92. He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, Goodson S, et al. A 
microRNA polycistron as a potential human oncogene. Nature. 2005;435(7043):828-33. 
93. Olive V, Bennett MJ, Walker JC, Ma C, Jiang I, Cordon-Cardo C, et al. miR-19 is a key 
oncogenic component of mir-17-92. Genes & development. 2009;23(24):2839-49. 
94. Li Y, Lauriola M, Kim D, Francesconi M, D'Uva G, Shibata D, et al. Adenomatous polyposis 
coli (APC) regulates miR17-92 cluster through beta-catenin pathway in colorectal cancer. 
Oncogene. 2016;35(35):4558-68. 
95. Liu Y, Liu R, Yang F, Cheng R, Chen X, Cui S, et al. miR-19a promotes colorectal cancer 
proliferation and migration by targeting TIA1. Mol Cancer. 2017;16(1):53. 



78 
 

96. Dews M, Homayouni A, Yu D, Murphy D, Sevignani C, Wentzel E, et al. Augmentation of 
tumor angiogenesis by a Myc-activated microRNA cluster. Nat Genet. 2006;38(9):1060-5. 
97. Chen M, Lin M, Wang X. Overexpression of miR-19a inhibits colorectal cancer 
angiogenesis by suppressing KRAS expression. Oncology reports. 2018;39(2):619-26. 
98. Cellura D, Pickard K, Quaratino S, Parker H, Strefford JC, Thomas GJ, et al. miR-19-
Mediated Inhibition of Transglutaminase-2 Leads to Enhanced Invasion and Metastasis in 
Colorectal Cancer. Molecular cancer research : MCR. 2015;13(7):1095-105. 
99. Chen Q, Xia HW, Ge XJ, Zhang YC, Tang QL, Bi F. Serum miR-19a predicts resistance to 
FOLFOX chemotherapy in advanced colorectal cancer cases. Asian Pac J Cancer Prev. 
2013;14(12):7421-6. 
100. Yong FL, Law CW, Wang CW. Potentiality of a triple microRNA classifier: miR-193a-3p, 
miR-23a and miR-338-5p for early detection of colorectal cancer. BMC cancer. 2013;13:280. 
101. Tang X, Yang M, Wang Z, Wu X, Wang D. MicroRNA-23a promotes colorectal cancer cell 
migration and proliferation by targeting at MARK1. Acta Biochim Biophys Sin (Shanghai). 
2019;51(7):661-8. 
102. Deng YH, Deng ZH, Hao H, Wu XL, Gao H, Tang SH, et al. MicroRNA-23a promotes 
colorectal cancer cell survival by targeting PDK4. Experimental cell research. 2018;373(1-2):171-
9. 
103. Jahid S, Sun J, Edwards RA, Dizon D, Panarelli NC, Milsom JW, et al. miR-23a promotes 
the transition from indolent to invasive colorectal cancer. Cancer Discov. 2012;2(6):540-53. 
104. Shang J, Yang F, Wang Y, Wang Y, Xue G, Mei Q, et al. MicroRNA-23a antisense enhances 
5-fluorouracil chemosensitivity through APAF-1/caspase-9 apoptotic pathway in colorectal 
cancer cells. J Cell Biochem. 2014;115(4):772-84. 
105. Li X, Li X, Liao D, Wang X, Wu Z, Nie J, et al. Elevated microRNA-23a Expression Enhances 
the Chemoresistance of Colorectal Cancer Cells with Microsatellite Instability to 5-Fluorouracil 
by Directly Targeting ABCF1. Curr Protein Pept Sci. 2015;16(4):301-9. 
106. Hu T, Wu X, Li K, Li Y, He P, Wu Z, et al. AKAP12 Endogenous Transcripts Suppress The 
Proliferation, Migration And Invasion Of Colorectal Cancer Cells By Directly Targeting oncomiR-
183-5p. Onco Targets Ther. 2019;12:8301-10. 
107. Earle JS, Luthra R, Romans A, Abraham R, Ensor J, Yao H, et al. Association of microRNA 
expression with microsatellite instability status in colorectal adenocarcinoma. J Mol Diagn. 
2010;12(4):433-40. 
108. Chen Y, Song W. Wnt/catenin beta1/microRNA 183 predicts recurrence and prognosis 
of patients with colorectal cancer. Oncology letters. 2018;15(4):4451-6. 
109. Zhou T, Zhang GJ, Zhou H, Xiao HX, Li Y. Overexpression of microRNA-183 in human 
colorectal cancer and its clinical significance. European journal of gastroenterology & 
hepatology. 2014;26(2):229-33. 
110. Nagy ZB, Wichmann B, Kalmár A, Galamb O, Barták BK, Spisák S, et al. Colorectal 
adenoma and carcinoma specific miRNA profiles in biopsy and their expression in plasma 
specimens. Clinical epigenetics. 2017;9:22. 
111. Grassi A, Perilli L, Albertoni L, Tessarollo S, Mescoli C, Urso EDL, et al. A coordinate 
deregulation of microRNAs expressed in mucosa adjacent to tumor predicts relapse after 
resection in localized colon cancer. Mol Cancer. 2018;17(1):17. 
112. Bott A, Erdem N, Lerrer S, Hotz-Wagenblatt A, Breunig C, Abnaof K, et al. miRNA-1246 
induces pro-inflammatory responses in mesenchymal stem/stromal cells by regulating PKA and 
PP2A. Oncotarget. 2017;8(27):43897-914. 
113. Takeshita N, Hoshino I, Mori M, Akutsu Y, Hanari N, Yoneyama Y, et al. Serum microRNA 
expression profile: miR-1246 as a novel diagnostic and prognostic biomarker for oesophageal 
squamous cell carcinoma. British journal of cancer. 2013;108(3):644-52. 



79 
 

114. Chen J, Yao D, Li Y, Chen H, He C, Ding N, et al. Serum microRNA expression levels can 
predict lymph node metastasis in patients with early-stage cervical squamous cell carcinoma. 
International journal of molecular medicine. 2013;32(3):557-67. 
115. Jones CI, Zabolotskaya MV, King AJ, Stewart HJ, Horne GA, Chevassut TJ, et al. 
Identification of circulating microRNAs as diagnostic biomarkers for use in multiple myeloma. 
British journal of cancer. 2012;107(12):1987-96. 
116. Simpson LJ, Patel S, Bhakta NR, Choy DF, Brightbill HD, Ren X, et al. A microRNA 
upregulated in asthma airway T cells promotes TH2 cytokine production. Nat Immunol. 
2014;15(12):1162-70. 
117. Li Z, Cai J, Cao X. MiR-19 suppresses fibroblast-like synoviocytes cytokine release by 
targeting toll like receptor 2 in rheumatoid arthritis. Am J Transl Res. 2016;8(12):5512-8. 
118. Plum PS, Warnecke-Eberz U, Drebber U, Chon SH, Alakus H, Holscher AH, et al. 
Upregulation of miR-17-92 cluster is associated with progression and lymph node metastasis in 
oesophageal adenocarcinoma. Scientific reports. 2019;9(1):12113. 
119. Yin XH, Jin YH, Cao Y, Wong Y, Weng H, Sun C, et al. Development of a 21-miRNA 
Signature Associated With the Prognosis of Patients With Bladder Cancer. Front Oncol. 
2019;9:729. 
120. Yuan J, Tan L, Yin Z, Zhu W, Tao K, Wang G, et al. MIR17HG-miR-18a/19a axis, regulated 
by interferon regulatory factor-1, promotes gastric cancer metastasis via Wnt/beta-catenin 
signalling. Cell Death Dis. 2019;10(6):454. 
121. Mi S, Lu J, Sun M, Li Z, Zhang H, Neilly MB, et al. MicroRNA expression signatures 
accurately discriminate acute lymphoblastic leukemia from acute myeloid leukemia. 
Proceedings of the National Academy of Sciences of the United States of America. 
2007;104(50):19971-6. 
122. Gottardo F, Liu CG, Ferracin M, Calin GA, Fassan M, Bassi P, et al. Micro-RNA profiling in 
kidney and bladder cancers. Urol Oncol. 2007;25(5):387-92. 
123. Huang S, He X, Ding J, Liang L, Zhao Y, Zhang Z, et al. Upregulation of miR-23a 
approximately 27a approximately 24 decreases transforming growth factor-beta-induced 
tumor-suppressive activities in human hepatocellular carcinoma cells. International journal of 
cancer. 2008;123(4):972-8. 
124. Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F, et al. A microRNA expression 
signature of human solid tumors defines cancer gene targets. Proceedings of the National 
Academy of Sciences of the United States of America. 2006;103(7):2257-61. 
125. Bloomston M, Frankel WL, Petrocca F, Volinia S, Alder H, Hagan JP, et al. MicroRNA 
expression patterns to differentiate pancreatic adenocarcinoma from normal pancreas and 
chronic pancreatitis. Jama. 2007;297(17):1901-8. 
126. Zheng Z, Zheng X, Zhu Y, Gu X, Gu W, Xie X, et al. miR-183-5p Inhibits Occurrence and 
Progression of Acute Myeloid Leukemia via Targeting Erbin. Molecular therapy : the journal of 
the American Society of Gene Therapy. 2019;27(3):542-58. 
127. Gao JX, Li Y, Wang SN, Chen XC, Lin LL, Zhang H. Overexpression of microRNA-183 
promotes apoptosis of substantia nigra neurons via the inhibition of OSMR in a mouse model of 
Parkinson's disease. International journal of molecular medicine. 2019;43(1):209-20. 
128. Ma Y, Liang AJ, Fan YP, Huang YR, Zhao XM, Sun Y, et al. Dysregulation and functional 
roles of miR-183-96-182 cluster in cancer cell proliferation, invasion and metastasis. Oncotarget. 
2016;7(27):42805-25. 
129. Yuan T, Huang X, Woodcock M, Du M, Dittmar R, Wang Y, et al. Plasma extracellular RNA 
profiles in healthy and cancer patients. Scientific reports. 2016;6:19413. 
130. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research electronic data 
capture (REDCap)--a metadata-driven methodology and workflow process for providing 
translational research informatics support. Journal of biomedical informatics. 2009;42(2):377-
81. 



80 
 

131. Drebber U, Lay M, Wedemeyer I, Vallbohmer D, Bollschweiler E, Brabender J, et al. 
Altered levels of the onco-microRNA 21 and the tumor-supressor microRNAs 143 and 145 in 
advanced rectal cancer indicate successful neoadjuvant chemoradiotherapy. Int J Oncol. 
2011;39(2):409-15. 
132. Desjardins P, Conklin D. NanoDrop microvolume quantitation of nucleic acids. J Vis Exp. 
2010(45). 
133. Chang KH, Mestdagh P, Vandesompele J, Kerin MJ, Miller N. MicroRNA expression 
profiling to identify and validate reference genes for relative quantification in colorectal cancer. 
BMC cancer. 2010;10:173. 
134. Yang J, Ma D, Fesler A, Zhai H, Leamniramit A, Li W, et al. Expression analysis of 
microRNA as prognostic biomarkers in colorectal cancer. Oncotarget. 2017;8(32):52403-12. 
135. Danese E, Minicozzi AM, Benati M, Paviati E, Lima-Oliveira G, Gusella M, et al. Reference 
miRNAs for colorectal cancer: analysis and verification of current data. Scientific reports. 
2017;7(1):8413. 
136. Sun Y, Liu Y, Cogdell D, Calin GA, Sun B, Kopetz S, et al. Examining plasma microRNA 
markers for colorectal cancer at different stages. Oncotarget. 2016;7(10):11434-49. 
137. Pepe MS, Thompson ML. Combining diagnostic test results to increase accuracy. 
Biostatistics. 2000;1(2):123-40. 
138. Motulsky HJ, Brown RE. Detecting outliers when fitting data with nonlinear regression - 
a new method based on robust nonlinear regression and the false discovery rate. BMC 
Bioinformatics. 2006;7:123. 
139. Gunawardene A, Desmond B, Shekouh A, Larsen P, Dennett E. Disease recurrence 
following surgery for colorectal cancer: five-year follow-up. The New Zealand medical journal. 
2018;131(1469):51-8. 
140. Roberts TC, Coenen-Stass AM, Wood MJ. Assessment of RT-qPCR normalization 
strategies for accurate quantification of extracellular microRNAs in murine serum. PloS one. 
2014;9(2):e89237. 
141. Das MK, Andreassen R, Haugen TB, Furu K. Identification of Endogenous Controls for 
Use in miRNA Quantification in Human Cancer Cell Lines. Cancer Genomics Proteomics. 
2016;13(1):63-8. 
142. Masè M, Grasso M, Avogaro L, D'Amato E, Tessarolo F, Graffigna A, et al. Selection of 
reference genes is critical for miRNA expression analysis in human cardiac tissue. A focus on 
atrial fibrillation. Scientific reports. 2017;7:41127. 
143. Hentze JL, Kringelbach TM, Novotny GW, Hamid BH, Ravn V, Christensen IJ, et al. 
Optimized Biobanking Procedures for Preservation of RNA in Tissue: Comparison of Snap-
Freezing and RNAlater-Fixation Methods. Biopreserv Biobank. 2019. 
144. Chen X-w, Wasikowski M. FAST: a roc-based feature selection metric for small samples 
and imbalanced data classification problems.  Proceedings of the 14th ACM SIGKDD 
international conference on Knowledge discovery and data mining; Las Vegas, Nevada, USA. 
1401910: ACM; 2008. p. 124-32. 
145. Mamitsuka H. Selecting features in microarray classification using ROC curves. Pattern 
Recognition. 2006;39(12):2393-404. 
146. Wang S, Zeng Y, Zhou JM, Nie SL, Peng Q, Gong J, et al. MicroRNA-1246 promotes growth 
and metastasis of colorectal cancer cells involving CCNG2 reduction. Mol Med Rep. 
2016;13(1):273-80. 
147. Neerincx M, Sie DL, van de Wiel MA, van Grieken NC, Burggraaf JD, Dekker H, et al. MiR 
expression profiles of paired primary colorectal cancer and metastases by next-generation 
sequencing. Oncogenesis. 2015;4(10):e170. 
148. Cui C, Yang W, Shi J, Zhou Y, Yang J, Cui Q, et al. Identification and Analysis of Human 
Sex-biased MicroRNAs. Genomics Proteomics Bioinformatics. 2018;16(3):200-11. 



81 
 

149. Srivastava A, Goldberger H, Dimtchev A, Ramalinga M, Chijioke J, Marian C, et al. 
MicroRNA profiling in prostate cancer--the diagnostic potential of urinary miR-205 and miR-214. 
PloS one. 2013;8(10):e76994. 
150. Shao Y, Chen T, Zheng X, Yang S, Xu K, Chen X, et al. Colorectal cancer-derived small 
extracellular vesicles establish an inflammatory premetastatic niche in liver metastasis. 
Carcinogenesis. 2018;39(11):1368-79. 
151. Mihelich BL, Dambal S, Lin S, Nonn L. miR-182, of the miR-183 cluster family, is packaged 
in exosomes and is detected in human exosomes from serum, breast cells and prostate cells. 
Oncology letters. 2016;12(2):1197-203. 
152. Sodar BW, Kittel A, Paloczi K, Vukman KV, Osteikoetxea X, Szabo-Taylor K, et al. Low-
density lipoprotein mimics blood plasma-derived exosomes and microvesicles during isolation 
and detection. Scientific reports. 2016;6:24316. 
153. Baranyai T, Herczeg K, Onodi Z, Voszka I, Modos K, Marton N, et al. Isolation of Exosomes 
from Blood Plasma: Qualitative and Quantitative Comparison of Ultracentrifugation and Size 
Exclusion Chromatography Methods. PloS one. 2015;10(12):e0145686. 
154. Buschmann D, Kirchner B, Hermann S, Marte M, Wurmser C, Brandes F, et al. Evaluation 
of serum extracellular vesicle isolation methods for profiling miRNAs by next-generation 
sequencing. J Extracell Vesicles. 2018;7(1):1481321. 
155. Coumans FAW, Brisson AR, Buzas EI, Dignat-George F, Drees EEE, El-Andaloussi S, et al. 
Methodological Guidelines to Study Extracellular Vesicles. Circ Res. 2017;120(10):1632-48. 
156. McDonald JS, Milosevic D, Reddi HV, Grebe SK, Algeciras-Schimnich A. Analysis of 
circulating microRNA: preanalytical and analytical challenges. Clinical chemistry. 
2011;57(6):833-40. 
157. Wang K, Yuan Y, Cho JH, McClarty S, Baxter D, Galas DJ. Comparing the MicroRNA 
spectrum between serum and plasma. PloS one. 2012;7(7):e41561. 
158. Kannan M, Atreya C. Differential profiling of human red blood cells during storage for 
52 selected microRNAs. Transfusion. 2010;50(7):1581-8. 
159. Chen SY, Wang Y, Telen MJ, Chi JT. The genomic analysis of erythrocyte microRNA 
expression in sickle cell diseases. PloS one. 2008;3(6):e2360. 
160. Tinawi G, Gunawardene A, Shekouh A, Larsen PD, Dennett ER. Neoadjuvant therapy in 
rectal cancer: how are we choosing? ANZ journal of surgery. 2019;89(1-2):68-73. 
161. Gandhi J, Davidson C, Hall C, Pearson J, Eglinton T, Wakeman C, et al. Population-based 
study demonstrating an increase in colorectal cancer in young patients. The British journal of 
surgery. 2017;104(8):1063-8. 
162. Quek C, Bellingham SA, Jung CH, Scicluna BJ, Shambrook MC, Sharples RA, et al. Defining 
the purity of exosomes required for diagnostic profiling of small RNA suitable for biomarker 
discovery. RNA Biol. 2017;14(2):245-58. 
163. Armaghany T, Wilson JD, Chu Q, Mills G. Genetic alterations in colorectal cancer. 
Gastrointest Cancer Res. 2012;5(1):19-27. 
164. Zhang Y, Li M, Ding Y, Fan Z, Zhang J, Zhang H, et al. Serum MicroRNA profile in patients 
with colon adenomas or cancer. BMC Med Genomics. 2017;10(1):23. 
165. Ardila HJ, Sanabria-Salas MC, Meneses X, Rios R, Huertas-Salgado A, Serrano ML. 
Circulating miR-141-3p, miR-143-3p and miR-200c-3p are differentially expressed in colorectal 
cancer and advanced adenomas. Mol Clin Oncol. 2019;11(2):201-7. 
166. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R, et al. 
Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position 
statement of the International Society for Extracellular Vesicles and update of the MISEV2014 
guidelines. Journal of Extracellular Vesicles. 2018;7(1):1535750. 

 


	Abstract
	Acknowledgements
	List of tables
	List of figures
	Abbreviations
	Chapter 1: Introduction
	1.1 Colorectal cancer
	1.1.1 Presentation and diagnosis of colorectal cancer
	1.1.2 Bowel Cancer Screening

	1.2 Liquid Biopsies
	1.2.1 Extracellular Vesicles
	1.2.2 Extracellular Vesicle miRNA

	1.3 EV-miRNA in colorectal cancer
	1.3.1 miR-1246
	miR-1246 in tissue and CRC cell culture
	miR-1246 in plasma and serum EVs

	1.3.2 miR-19a
	miR-19a in CRC cell culture and tissue
	miR-19a in serum EVs

	1.3.3 miR-23a
	miR-23a in tissue and CRC cell culture
	miR-23a in serum and plasma

	1.3.4 miR-183
	miR-183 in tissue and CRC cell lines
	miR-183 in the circulation

	1.3.5 miR Panels

	1.4 Summary
	1.5 Aims and Hypothesis
	1.5.1 Aims
	1.5.2 Hypothesis


	Chapter 2: Methods
	2.1 Patient Recruitment
	2.1.1 Patient Selection

	2.2 Sample Collection
	2.2.1 Tissue RNA extraction
	2.2.2 Plasma Extracellular Vesicle isolation and RNA extraction
	2.2.3 Reverse Transcription
	2.2.4 Quantitative PCR

	2.3 Data Analysis
	2.3.1 Calculating relative miRNA expression (ΔCT)
	2.3.2 Correlation of patient variables
	2.3.3 ROC Curve Analysis
	2.3.4 Statistical Analysis


	Chapter 3: Results
	3.1 Patient Demographics
	3.1.1 Patient cohort with available tissue samples
	3.1.2 Patient cohort with available plasma samples

	3.2 Quality control of extraction of RNA from tissue samples
	3.3 Quality Control of RT-qPCR
	3.4 MicroRNA expression in normal mucosa vs tumour tissue
	3.4.1 ROC Curves and tumour tissue miRNA expression
	3.4.2 CRC stage and tumour tissue miRNA expression

	3.5 Plasma EV miRNA expression in CRC patients vs controls
	3.5.1 Plasma EV miRNA expression in CRC patients by stage vs controls
	3.5.2 Association between plasma-EV miRNA and other blood-based markers
	3.5.3 Association between plasma-EV and tissue expression


	Chapter 4: Discussion
	4.1 Patient Demographics
	4.2 Endogenous reference gene miRNA
	4.3 Tissue miRNA expression
	4.4 Plasma EV miRNA expression
	4.5 Methodological differences
	4.6 Strengths and limitations
	4.7 Future directions
	4.8 Conclusions

	Supplementary Material
	Supplementary Tables
	Supplementary Figures

	References

