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Abstract 

 
Background  

 Cancer is one of the major contributors to mortality and morbidity worldwide. 

Current literature demonstrates that by the age of 85 years, 1 in 2 males and 1 in 3 

females in Australia will have been diagnosed with cancer at some stage in their life. 

Cancer occurs due to external and or internal stimuli to cells causing them to respond by 

dividing uncontrollably and growing aberrantly. This abnormal development later forms 

into solid malignant tumours, which gain the ability to invade and destroy adjacent 

tissue and disseminate to distant organs of the body via the general circulatory 

or lymphatic system of the host. While there are many treatment modalities that exist to 

treat cancers, complete cure may or may not occur due to high tendency of cancer 

recurrence. 

  

This study sets emphasis on the regulation of colorectal cancer (CRC) metastasis 

by modulating mitochondrial microRNAs. Cancer of the colon and rectum is the most 

prevalent cancer in Australia after breast and prostate cancer in both genders and the 

second most frequent cancer-related cause of death. Numerous literatures indicate that 

specific microRNAs are aberrantly expressed in various cancers including colorectal 

cancer. Micro-ribonucleic acids (miRNAs) are small (17–25 bases) single-stranded, 

evolutionarily conserved, non-coding RNAs that play a key role in the regulation of 

gene expression during essential cellular processes like cell differentiation, cell cycle 

progression, stress response and apoptosis. Mitochondrial miRNAs (Mitomirs) are those 

pre-miRNAs that mature in the mitochondria to regulate mRNAs related to 

mitochondrial function. While some mature miRNAs also translocate to and function in 

the mitochondria.  
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Earlier studies have shown that mitochondrial dysfunction is linked with cancer 

pathogenesis. This can be controlled by overexpression of tumour suppressor miRNAs 

via targeting specific messenger RNAs (mRNAs). This study has focused on four key 

microRNAs (miR-126, miR-15a, miR-145, and miR-335), which has a significant role 

in regulating mitochondrial function. The role of these miRNAs in the modulation of 

mitochondrial function in colorectal cancer has not been previously studied. For the first 

time the expression and clinicopathological parameters of miR-335 and miR-145 have 

been investigated in colorectal cancer.  

 
 

Aims and hypothesis 

This research is proposed to investigate the functions of mitochondrial miRNAs 

miR-126, miR-15a, miR-145, and miR-335 in metastatic colorectal cancer tissues and 

cell lines, to determine their role in regulating of colorectal cancer.  

 

The hypotheses to be tested were: (1) miRNA expression will be altered in 

different stages of colorectal cancer tissues and cell lines compared to control groups; 

(2) expression of miRNAs will have a correlation with the clinicopathological features 

of patients with colorectal cancer (3) miRNA expression levels will differ in different 

stages of colorectal cancer; (4) in-vitro studies will show tumour suppressive roles of 

these miRNAs; (5) expression of tumour suppressor miRNA will target genes to 

regulate colorectal cancer; (6) mitochondrial respiration will be increased by the ectopic 

expression of these miRNAs compared to control groups.   
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Materials and methods 

Tissue samples were recruited from patients at Gold Coast University Hospital in 

Queensland, Australia. Ethical approval for this study was obtained from the Griffith 

University Human Research Ethics Committee (GU Ref No: MSC/17/10/HREC). 

Colorectal tissues from 163 primary adenocarcinomas, 96 matched metastatic lymph 

node, 48 distant metastatic, 40 adenocarcinomas and 42 non-neoplastic tissues were 

recruited from 389 patients and used to check the expression of miR-126. Post 

histopathological analysis, 182 tissue samples from 124 patients (37 non-neoplastic, 87 

primary adenocarcinomas, 50 matched metastatic lymph node, and 8 distant metastatic) 

samples were used to examine the expression of miR-15a; a total of 185 tissue samples 

comprising of 37 non-neoplastic, 90 primary adenocarcinomas, 50 matched metastatic 

lymph node, and 8 distant metastatic samples were used to examine expression of miR-

145 and finally a total of 101 tissue samples comprising of 16 non-neoplastic, 59 

primary adenocarcinomas, 18 matched metastatic lymph node, 8 distant metastatic 

samples were used to examine expression of miR-335.  

 

Histopathological samples (non-tumour, pre-cancerous and cancerous lesions) 

were collected and the clinical characteristics were recorded with the help of clinicians.  

The miRNA of the selected samples was extracted by standard protocols. miRNA 

expressions were then studied by evaluating the quantitative amplification using 

quantitative real-time polymerase chain reaction (qRT-PCR). ΔΔCT and CT ratio 

methods were used to analyse gene expression. All miRNA expressions were correlated 

with clinical and pathological data. miRNA mimics and Hiperfect transfection reagents 

were used to identify post transfection alterations in colon cancer cell lines.  
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Functional assays including MTT calorimetric, cell cycle analysis, apoptosis, 

colony formation, and basement membrane assays were performed with an exogenous 

microRNA mimic to detect any in-vitro changes in cancer cell biology.  Western blot 

analysis was used to detect the target genes of Mitomirs. Targets such as p53, BCL-2, 

KRAS, TAB3, FAM134B, SOX2, and VEGF-A were tested. Mitochondrial respiration 

was also examined through the addition of mitochondrial inhibitors oligomycin, 

carbonyl cyanide-ptrifluoromethoxyphenylhydrazone (FCCP), and rotenone/antimycin 

A, and analysed via Seahorse XF analyser serially 24 hours and 36 hours after 

transfection.  

 

Results 
 

Expression levels of miR-126, miR-15a, miR-145, and miR-335 in CRC tissues 

and cancer cell lines were significantly downregulated compared to normal tissues and 

cell lines. Ectopic expression of miRNAs: miR-126, miR-15a, miR-145, and miR-335 

showed reduced cell proliferation, colony formation, and invasion compared to control 

groups. Target protein analysis showed that miR-126 reduced expression of BCL-2, 

while increased p53 and KRAS. On the other hand, miR-15a reduced expression of 

BCL-2, and SOX2 while TAB3, and FAM134B showed no changes. Overexpression of 

miR-145 reduced expression levels of p53 and VEGF-A, while no changes were noted 

in expression levels of SOX2 protein. miR-335 repressed expression of KRAS and 

VEGF-A. Mitochondrial functions evaluated through use of mitochondrial inhibitors, 

illustrated that oxygen consumption rate (OCR), extracellular acidification rate (ECAR), 

maximal respiratory capacity, spare respiratory capacity, ATP coupled respiration, and 

proton leak in SW480miR-126, SW480miR-15a, SW480miR-145, and SW480miR-335 cells, were 

elevated compared to scramble miRNA and wild-type as control post 24 hours of 

transfection. Post 36 hours of transfection we observed that the mitochondrial 
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respiration in colon cancer cells with ectopic expression of miR-126, miR-15a, miR-

145, and miR-335 was reduced compared to their respective control groups.   

 
 
Conclusion 
 

To conclude, expression analysis of miRNAs (miR-126, miR-145, miR-335 and 

miR-15a) showed significant downregulation in colorectal adenocarcinomas with 

advanced pathological stages, indicating their roles in colorectal cancer pathogenesis. 

Moreover, in vitro studies implicated that the ectopic expression of miRNAs reduces 

CRCs proliferation, colony formation, and invasion and can induce apoptosis. Also, 

increased expression of miRNAs in colon cancer cells reduces the viability of cancer 

cells, potentially via suppression of growth promoting genes (BCL-2, KRAS, VEGF-A, 

and SOX2) and up-regulation of tumour suppressor genes (p53). Mitochondrial 

respiratory components such as OCR, ECAR, maximal respiratory capacity, spare 

respiratory capacity, ATP coupled respiration, and proton leak were notably increased 

while the metabolic potential was reduced in both miR-126 and miR-335 overexpressed 

colon cancer cells 24-hours after transfection. Moreover, the mitochondrial inhibition in 

colon cancer cells with ectopic expression of miRNAs post the 36 hours of transfection 

resulted in overall repressed mitochondrial respiration capacity. In summary, this study 

highlights that the dysregulation of miRNAs can modulate mitochondrial respiration and 

can regulate cancer cell biology via targeting various tumour-related proteins. This study 

in future will lead to the development of targeted therapies for patients with colorectal 

carcinomas with a specific focus on cancer cell mitochondria and miRNAs.   

 
 
Keywords: miRNAs, Colorectal cancer, mitochondrial respiration, miR-126, miR-15a, 

miR-335, miR-145 
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cDNA   Complementary DNA 
CI   complex I 
CIV   complex IV  
CLL   Chronic lymphocytic leukaemia  
COXIV  Cytochrome c oxidase IV 
CRC   Colorectal cancer/ carcinoma 
CRKL   V-crk sarcoma virus CT10 oncogene 
CRK   Proto-oncogene c-Crk or p38 
CXCR4 or CD184 C-X-C chemokine receptor type 4 
C/EBPb  CCAAT/enhancer binding protein, beta 
Daam1  Dishevelled-associated activator of morphogenesis 1 
DCA   Dichloroacetic acid 
DGCR8  DiGeorge Syndromn Critical Region 8 
DNA   Deoxyribonuleic acid 
ECAR   Extracellular acidification rate 
EGFL7  Endothelial growth fator like 7 
EMT   Epithelial mesenchymal transition 
EOC   epithelial overian cancer  
ERK5   Extracellular-signal-regulated kinase 5 
ERbB   ErbB family of proteins contains four receptor tyrosine kinases 
ERRγ   estrogen-related receptor gamma 
ERα   estrogen receptor 
ETC   electron transport chain  
EZH2    Enhancer of zeste homolog 2 
FHC   Normal colon cell line 
FADH2   Flavin adenine dinucleotide 
FAM134B (JK1) Family with sequence similarity 134, member B 
FASCN1  fascin actin-bundling protein 1 
FBS   fetal bovine serum 
FCCP   Carbonyl cyanide-ptrifluoromethoxyphenylhydrazone 
FDH   fumarate dehydrogenase 
FFPE   Formalin fixed paraffin embedded  
FGF2   Fibroblast growth factor  
FXN    Encodes for frataxin protein 
FOXO1  Forkhead box O1 transcription factor 
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GABPA  GA binding protein transcription factor, alpha subunit 
GLS   glutaminase 
GLUT1, GLUT3 glucose transporters 
GSH   glutathione 
HEK293  human embryonic kidney 
HER   human epidermal growth factor receptor 2 
HIF-1   hypoxia-inducible transcription factor  
HK2   Hexokinase 2 
HOX9   immortalized one marrow cells 
IDH2   isocitrate dehydrogenase 2 
ID4   inhibitor Of DNA Binding 4 
IGFBP2  insulin-like growth factor binding protein 2 
IGF1R  insulin Like Growth Factor 1 Receptor 
IRS1   insulin receptor substrate 1 
ISCU1   iron sulphur cluster proteins 
ITGA5  integrin-alpha5 
KIT   v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 
KLF4   Krüppel-like family of transcription factors 
KRAS   V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 
MAPK  Mitogen-Activated Protein Kinase 1 
MCDF   6-Methyl-1,3,8-trichlorodibenzofuran  
MCL1   myeloid leukemia cell diferentiation protein  
MED13  mediator complex subunit 13 
MERTK   c-mer proto-oncogene tyrosine kinase 
MET   mesenchymal-epithelial transition  
MITF   microphthalmia-associated transcription factor  
miRNA  microRNA 
Mitomirs  Mitochondrial miRNAs 
MM   malignant mesothelioma  
MMP7   matrix metalloproteinase-7 
MOM   mitochondrial outer membrane  
mRNA   Messenger RNA 
MSI   Microsatellite instability  
mtDNA  Mitochondrial DNA  
MTT   4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide  
mTOR   mammalian target of rapamycin  
MUC1   Mucin 1, cell surface associated 
MYC   myelocytomatosis viral oncogene  
NADH   nicotinamide adenine dinucleotide (NAD) + hydrogen (H) 
nDNA   nuclear DNA 
NFAT1  nuclear factor of activated T cell 
NGX6   nasopharyngeal carcinoma-associated gene 6 
NOX   NADPH oxidases 
N-RAS  Neuroblastoma RAS viral oncogene homolog 
OCR   Oxygen consumption rate 
OCT4   octamer-binding transcription factor 4 
OXPHOS   Oxidative phosphorylation 
PADC   phenolic acid decarboxylase 
PBA   phenylbutyric acid 
PBS   phosphate buffered saline 
PDK   pyruvate dehydrogenase kinase 
PGC-1a  peroxisome proliferator activated receptor gamma, 1 alpha 
PHD   prolyl hydroxylase dehydrogenase 
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PIK3R2   phosphoinositide-3-kinase, regulatory subunit 2 (beta)   
PITPNC1  Phosphatidylinositol transfer protein, cytoplasmic 1 
PKM   Pyruvate kinase isozymes  
PLAC1  placenta-specific protein 1 
PLK   Polo-like kinase 1 
PPP   pentose phosphate pathway 
PTB1   Polypyrimidine tract-binding protein 1 
PTEN   Phosphatase and tensin homolog  
P53   Tumour protein 53 
p85β   phosphatidylinositide 3-kinases 
qRT-PCR   quantitative reverse transcriptase polymerase chain reaction 
Rb1   retinoblastoma protein 
RDX   radixin 
RhoA/ROCK  GTPase protein- Rho-associated protein kinase 
RISC   RNA-induced silencing complex  
RNAi   RNA interference 
ROS   reactive oxygen species 
RREB1  Ras-responsive element-binding protein 
RTKN   Rhotekin 
SDH   succinate dehydrogenase 
Sirt1   a member of histone deacetylase 
SLC7A5  Solute carrier family 7 member 5 
SOD2   superoxide dismutase-2 
SOX-2- SRY  (sex determining region Y)-box 2 
SP1   specificity protein 1 

  TAB3   transforming growth factor-activated kinase 1-binding protein 3  
TCA   tricarboxylic acid  
TCDD   Tetrachlorodibenzo-p-dioxin 
TGF-β   Transforming Growth Factor Beta 1 
TNM   T= Primary, N= nodes, M= Metastasis 
TP53   Tumour protein p53 
tRNA   A transfer RNA 
Txnrd2  thioredoxin reductase 2 
TYR   tyrosine kinase receptor 
VCAM-1  vascular adhesion molecule 
VEGF-A  vascular endothelial growth factor 
WNT3A  Wnt family member 3A 
ZEB   zinc finger transcription factor 
2DG   2-deoxy-D-glucose 
3-BrPA  3-bromopyruvate 
5-Aza-CdR 5  aza-20-deoxycytidine 
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Chapter 1: Principles 
1.1 Lay description 

Colorectal cancer (CRC) is the most prevalent cancer in Australia after breast 

and prostate cancer. The occurrence of CRC is equal amongst both male and female and 

the second most common cancer-related cause of death. All cancers range in severity 

and threaten the lives of patients at different levels, which increase over time as cancer 

progresses. These differences are linked to cancer developing mutations that change 

how the cancer cells behave and interact with the body. This research will examine the 

clinical and pathological correlations and cellular effects of miRNAs (non-coded genes) 

involved in mitochondrial (the energy production system of the body) functions. 

Specific microRNAs are selected based on its impact on mitochondrial function ranging 

from ATP synthesis, respiration, apoptosis etc. In this study four microRNAs involving 

miR-126, miR-15a, miR-145, and miR-335 were selected after literature searches. 

Studies report that these miRNAs control many important functions in cancers, thus by 

looking at their behaviour we might better understand the severity of cancer. These 

mitochondrial miRNAs might also be a useful target for cancer therapy since they play a 

significant role in programmed cell death, so it is vital that we understand how they 

affect cancer biology. This research will investigate the behaviour of these miRNAs in 

primary colorectal cancers, as well as more severe cancers that have invaded nearby 

tissues and migrated to distant sites. Lastly, this study will compare the behaviours of 

these miRNAs in cancer cells to normal colonic epithelial cells.  
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1.2 Aims and hypothesis 
 

miR-126, miR-15a, miR-145, and miR-335 have been found to be under-

expressed or behave eccentrically in numerous cancers including colorectal cancers. 

These miRNAs are involved in a mitochondrial function via which they can affect the 

levels of reactive oxygen species (ROS) and normal apoptosis.  

 

This research is proposed to investigate the functions of mitochondrial miRNAs 

in metastatic colorectal cancer. To scrutinise the expression levels of each miRNAs in 

different stages of colorectal cancer tissues and cell lines and how its expression differs 

in different stages of a tumour. The effect of miR-126, miR-15a, miR-145, and miR-335 

will be examined in response to oxidative stress and aberrant mitochondrial function. 

  

The role of mitochondrial miRNAs in the normal, primary cancers, lymph nodes 

and metastatic tissues and cell lines will be studied. As well as that this research will 

deliver sufficient detailed reference points regarding the miRNAs that regulate the 

mitochondrial function leading to cancer progression and aggressiveness. This 

comprehensive clarification of the features of mitochondrial miRNAs will ultimately 

result in new ways to classify, diagnose and treat colorectal and other cancers.  

 

This study aims to:  

1. Determine the expression profiling of mitochondrial miRNAs (miR-126, 

miR-15a, miR-145, and miR-335) in colorectal cancer tissues and colon 

cancer cell lines.  

Hypothesis: miR-126, miR-15a, miR-145, and miR-335 will show reduced 

expression in colorectal cancer compared to control samples 
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2. Analyse the expression of miRNAs and its correlation with the 

clinicopathological features of patients diagnosed with colorectal cancer. 

Hypothesis: Expression of miRNAs will significantly correlate with the 

clinicopathological features of patients with colorectal cancer 

3. Detect the expression of these mitochondrial miRNAs in colorectal cancer 

tissues with metastasis and correlate their expression changes in matched 

lymph node and distant metastatic tissues. 

Hypothesis: Mitochondrial miRNAs in colorectal cancer tissues will indicate altered 

expression in distant metastatic tissues compared to lymph node metastatic tissues.  

4. Identify cellular implications of these miRNAs in colorectal cancer cell lines 

from different stages. 

Hypothesis: The proposed miRNAs (miR-126, miR-15a, miR-145, and miR-335) 

expression will be deregulated in cancer cells, while its upregulation in cancer cells 

will exhibit tumour suppressive properties in-vitro by targeting its downstream 

interacting genes.  

5. Investigate the impact of upregulated miRNAs on the mitchondrial function 

in colon cancer cells  

Hypothesis: miR-126, miR-15a, miR-145, and miR-335 will play a key role in the 

regulation of colorectal carcinogenesis by modulating the mitochondrial functions. 
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1.3 Significance 

 

Colorectal neoplasm is the most common cancer that affects both men and 

women in Australia and after breast and prostate cancer it is the second most common 

cause of cancer-related death (AIHW, 2010).  High proportion of deaths in Australia in 

2001-2010 was due to neoplasms, ranking cancer, and more specifically colorectal 

cancer an extremely central health problem in Australia (ABS, 2012). The proportion of 

death is likely to increase, since data produced by the Australian Bureau of Statistics 

show that the rate of death from cardiovascular diseases has declined since the period of 

2001-2010 as compared to the rates of death from neoplasms (Figure 1) (ABS, 2012). 

According to current estimates, one in twelve Australians will develop colorectal tumour 

in their lifetime.  Australia also has one of the highest rates of bowel cancer in the world, 

along with North America and New Zealand (Bowel Cancer Screening).  

 

There are approximately 10,600 new patients diagnosed with colorectal cancer 

each year in Australia (National Health and Medical Research Council (NHMRC) 

2005). Colorectal cancer is also becoming more common, especially in men, and will 

thus prove an even more substantial burden to the health of individuals and public 

budgets in the future (NHMRC, 2005). Therefore, research into the causes and 

mechanisms of colorectal cancer on molecular level is paramount in the attempt to 

reduce the health burden. Due to this purpose, this study on miR-126, miR-15a, miR-

145, and miR-335 was instigated, as well as their influence on colorectal cancer 

metastasis via modulating mitochondrial activities. 

 

miR-126 is a small non-coding RNA known to control the activity of several 

genes associated with vital factors in cancer. These factors include the growth of blood 

vessels, cellular proliferation and migration (Noori-Daloii et al., 2011). Research in 
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other cancers have also shown that miR-126 is involved in metastasis and tumour 

formation, hence displays similar roles in colorectal cancer. This means that miR-126 

could be potentially used as a biomarker for cancer severity and miR-126 based therapy 

may also be useful in cancer treatment.   

 
miR-15a is made up of small non-coding RNA genes that control gene 

expression. The cluster of miRNAs that form the family includes miR-15a, miR15b, 

miR-16-1, miR-16-2, miR-195 and miR-497. These six miRNAs are conservatively 

assembled on three different chromosomes.  In humans miR-15a and miR-16 are 0.5 

kilobases, which is presented on chromosome 13q14.3. In chronic lymphocytic 

leukaemia (CLL) this chromosomal area has been noted to be blocked for instance in 

some CLL cases the entire chromosomal region is deleted. miR-15a is regularly 

inhibited or deleted in CLL cases with 13q14 deletions arising in more than two-thirds 

of CLL cases (Calin et al., 2002). Deletion of miR-15a elevated the proliferation of both 

human and mouse B cells via regulation of the genes controlled by cell cycle 

progression. miR-15a is indicated to be a tumour suppressor via targeting the BCL-2 

oncogene. In the absence of miR-15a there is a significant increase in levels of BCL-2 in 

aggressive prostate tumour cases (Bonci et al., 2008).  

 

Analogous to miR-126, miR-145 has also been studied extensively in colorectal 

cancers. miR-145 is located on chromosome 5 (5q32-33) within a 4.09 kb region 

(miRBase). It is presumed that miR-145 is co-transcribed with miR-143. The pri-

microRNA structure of miR-145 has not been identified; hitherto it has been determined 

that miR-145 has both a tumour and metastasis suppressor roles in multiple tumour 

types (Sachdeva and Mo, 2010). miR-145 is transcribed by RNA pol-II into pri-miRNA 

sequence, which is first processed to pre-miRNA (~88 bp long) involving RNA cutting 

and exporting, and lastly to mature into miR-145. miR-145 directly targets p53 gene. 
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Numerous studies have recognized that P53 transcriptionally stimulates miR-145 in 

response to stress for instance anticancer drugs (Sachdeva et al., 2009; Spizzo et al., 

2010). On the other hand, a recent work recognized that activated Ras could suppress 

miR145/miR-143 cluster via (RREB1) Ras-responsive element-binding protein, which 

inhibits the miR-143/145 promoter (Kent et al., 2010). In numerous cancers such as; 

colon, breast, prostate, pancreas miR-145 is established to be suppressed (Sachdeva et 

al., 2009; Bandrés et al., 2006; Michael et al., 2003). Loss of miR-145 in various 

tumours implies its role as a tumour suppressor, as it has pro-apoptotic and anti-

proliferative functions. miR-145 has been demonstrated to negatively control multiple 

oncogenes for instance; MYC, KRAS, IRS-1, ERK5 which are associated with cell 

proliferation and survival (Sachdeva et al., 2009; Kent et al., 2010; Ibrahim et al., 2011). 

miR-145 has also been demonstrated to have role in suppressing cancer metastasis, as it 

negatively controls MUC1 and represses breast cancer cells invasion and metastasis 

(Sachdeva and Mo, 2010). In addition, another study has found that miR-145 suppresses 

metastasis via targeting FASCN1 and SOX2 (Watahiki et al., 2011). 

 

Finally, miR-335 located on the genomic region chromosome 7q32.2. miR-335 

has been found to behave as a tumour suppressor and inhibit metastasis of breast cancer 

(Png et al., 2011, Tavazoie et al., 2008). Previously it has been reported that 

chromosome 7q32 is frequently amplified in malignant astrocytomas, a type of brain 

cancer (Holland et al., 2010). Furthermore, it is also established that miR-335 regulates 

Rb1 and controls cell proliferation in a p53-dependent manner (Scarola et al., 2010). In 

addition, a recent study has shown that miR-335 prevents cell proliferation, migration 

and differentiation in human mesenchymal stem cells (Tome et al., 2011). 
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Chapter 2: Literature Review 

2.1 Cancer in Australia 

 
Cancer is one of the major contributors to mortality and morbidity worldwide. 

To date there is no complete cure for cancer, however in some cases it can be managed. 

In Australia in 2017 the incidence rate of cancer was estimated to be 1 in 2 in both 

genders, while the risk of mortality from cancer was estimated to be 1 in 5 by the age of 

85 years (Figure 1A) (AIHW, 2017). Moreover, in 2017 the most common cancer 

related deaths were estimated to be colorectal cancer (number of deaths 4,114) after lung 

cancer (number of deaths 9,021) (Figure 1B) (AIHW, 2017). This illustrates the 

significance of scrutinizing various cancers and discovering means of prevention and/or 

management if not complete cure after the development.  

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Age-specific incidence and mortality rates of all cancers that were 
estimated in 2017. 

 A It was estimated that the risk of an individual being diagnosed with cancer will be 1in 

2 for both genders, B while the risk of an individual dying from cancer will be 1 in 5 by 

age of 85 (AIHW, 2017). 

 
 

A	

B	
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Last year, approximately 16,682 people were diagnosed with colorectal cancer 

(AIHW, 2017). Colorectal cancer risk rises with increasing age. It has been recognised 

that in 2017 the incidence rate of colorectal cancer has remained at peak for people aged 

45 and older compared to younger population (Figure 2) (AIHW, 2017). Current 

Australian data demonstrates that an individuals risk of being diagnosed with colorectal 

cancer is between ages of 50 and 74 is 35 in 1,000 (approximately I in 29 people) 

(AIHW, 2017). Mortality due to colorectal cancer accounted for 14 deaths for every 

100,000 people in Australia in 2017 (AIHW, 2017).  It can be noted that there has not 

been any improvements in incidence and mortality rates of cancer, which signifies the 

necessity of finding approaches through which this deadly disease can be managed.  

 

Figure 2. Age-specific incidence and mortality rates of colorectal cancer in 
Australia in 2017. 

Data obtained from the Australian Institute of Health and Welfare & Australasian 

Association of Cancer Registries. In both genders the incidence rate elevated from age 

of 45 onwards (AIHW, 2017). 

 

2.2 Cancer-Etiopathogenesis 
 

Cancer is a diverse range of various diseases, all of which are characterized by 

uncontrolled cell growth. Cancer is also sometimes referred to medically as a malignant 

neoplasm. Many factors are known to increase the risk of cancer, such as smoking, 
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radiation, lack of physical activity, certain infections, diet (high consumption of fried 

food and red meat), obesity, and environmental pollutants (Wu et al., 2016; Podolskiy et 

al., 2017). These factors may directly impair genes or interact with existing genetic 

faults or variations within cells to cause the development of cancer.  Almost 5-10% of 

cancers arise as a consequence of inherited mutations, with the remainder as a result of 

de novo mutations in similar genes (Wu et al., 2016). Despite the fact cancer can affect 

people of all ages, and a few types of cancer are more common in children, the risk of 

developing cancer increases with age. Most cancers exhibit a similar set of symptoms 

and outcomes; they are malignant growths that arise from most types of tissues and in 

different organs of the body (Kumar et al., 2005). Cancers with differing tissues of 

origin will grow and spread in different ways and at different rates (Kumar et al., 2005). 

 

In cancer, abnormal cells divide and grow uncontrollably, forming malignant 

tumours, which invade and destroy surrounding tissues and spread (metastasize) to 

distant parts of the body through the circulatory or lymphatic vessels (Kumar et al., 

2005). Throughout various stages of progression cancer cells consume the body’s 

resources and damage the function of the surrounding tissues by seizing and restricting 

blood supply. In addition, due to growth and invasion these cancer cells disrupt the cell 

morphology, tissue structure, further impairing normal function. While some cancers 

share common causes or risk factors, it is believed that most cancers have a unique set of 

causes, related to the genes involved in normal cellular metabolism for their tissue of 

origin. All tumours are not malignant some cancers are termed as benign 

tumours. Benign tumours do not grow uncontrollably, they do not invade neighbouring 

tissues, and do not metastasis, however they can grow very large and compromise 

quality of life.   
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The unregulated cell growth displayed by mammalian transformants in cell 

culture and by human cancers is the result of mutations. It has been demonstrated that 

exposure to agents such as non-ionising radiation and chemical carcinogens induce these 

mutations by direct action on the cellular DNA (Lodish et al., 2000). However, cancer 

does not develop due to a single mutation incident or phase in progression; instead it is 

the effect of many damaging events that take place within a single cell or as a result of 

many processes (Lodish et al., 2000). This denotes that presence of numerous control 

and feedback mechanisms help keep cellular growth regulated in normal tissue, which 

must be bypassed before uncontrolled cellular growth can occur. Non-genetic events can 

contribute to cancer development, but eventually all are traceable to the damage in the 

DNA. While all cancers are attributable to DNA damage, not all DNA damage will 

result in cancer, since the damage must occur in genes involved in controlling cell 

growth (Broustas and Leibernan, 2014).  

 

Cancer can be detected by several methods, such as the existence of certain signs 

and symptoms in form of lumps or altered bodily functions as well as via medical 

imaging and screening tests (Hamilton et al., 2000). When a probable cancer is detected, 

it is examined by microscope for further detail to identify the cancers characteristic, 

stage, and severity. In general, cancer is treated with radiation therapy, 

chemotherapy, and surgery (Jemal et al., 2011). The probabilities of surviving cancer 

differ significantly; it is dependent on the nature and location of cancer and the stage of 

disease at the start of treatment. Cancers diagnosed in their advanced stages and 

involvements of critical body structures are indicators of poor survival (Jemal et al., 

2011).  
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2.3 Colorectal cancer 

The colon and rectum together are called the large bowel. The bowel is part of 

the digestive tract that connects the stomach to the anus. The function of the bowel is to 

finish digesting food by absorbing water and nutrients. The bowel has three main parts 

set by National Bowel Cancer Screening Program (NBCSP) (AIHW, 2013).  

• Small bowel- this mainly absorbs nutrients from broken-down food 

• Colon- this mainly absorbs water 

• Rectum- responsible for waste storage until they are passed from the body through the 

anus. 

There are several causes of bowel cancer. In small percentage of patients, the 

cause of cancer is due to inherited copies of faulty or altered genes, in particular genes 

that regulate the growth and development of cells. In the majority of patients, however, 

modifications to genes that cause cancer are not inherited but instead, arise in individual 

cells as they age and following exposure to carcinogens in the diet or environment. The 

involvement of dietary-derived carcinogens shows how individual factors such as 

lifestyle contribute to the development of cancer (NHMRC, 2005).  

 

Colorectal carcinomas are categorized into several classifications based on their 

physical characteristics. These classifications include; conventional adenocarcinomas, 

mucinous adenocarcinoma, signet ring cell carcinoma, small cell carcinoma, squamous 

cell carcinoma, medullary carcinoma and undifferentiated carcinoma (Hamilton et al., 

2000). The most common type of colorectal cancer is adenocarcinoma accounting for 

95% of cases and the least common types are mucinous adenocarcinoma at 10-15% 

(itself a subset of adenocarcinoma), signet ring cell carcinoma at 0.1–2.6%, small cell 

carcinoma at 0.2%, squamous cell carcinoma at 0.10 to 0.25 per 1000 colorectal cancers 

extremely rare, medullary carcinoma at <1% and undifferentiated carcinoma at <5% 

(Hamilton et al., 2000). 
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Colorectal cancer occurs approximately two-thirds of the time in the colon and 

one-third in the rectum (AIHW, 2013). Arising as a cluster of abnormally growing cells, 

colorectal cancers progress into a benign polyp in the bowel wall, which can be 

recognised by colonoscopy and removed. If it is not resected it can eventually advance 

into a malignant tumour which may invade the basement membrane of the bowel and 

metastasize (Figure 3). Most colorectal cancers are diagnosed in patients over the age of 

50 years, with the risk increasing with each subsequent decade, continuing to rise 

exponentially due to the accumulation of genetic damage in colorectal cells over the 

course of life (NHMRC, 2005).  

 

Figure 3. Stages in the pathogenesis of bowel cancer. 

Adapted from an original illustration of Subramaniam et al. most bowel cancers develop 

as a polyp (a benign tumour) inside the colon or rectum eventually progressing into 

cancer if not removed while in polyp state (Subramaniam et al., 2016).  

 

The severity of individual colorectal cancer is categorised by a selection of 

characteristics of the tumour it forms. Generally, the larger a tumour is and the more 

regions it has infiltrated into, the higher the stage and the more dangerous to the patient. 

The stages of colorectal cancer are as follows: (NHMRC, 2005) 

• Stage A- cancer limited to the bowel wall 
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• Stage B- cancer has spread to the outer surface of the bowel wall and not beyond 

• Stage C- cancer has spread to lymph nodes outside the bowel wall and not beyond 

• Stage D- cancer is where there is known to be distant metastases  

 

The incidence and death rate linked with colorectal carcinoma has been 

progressively dropping in recent years, which could be due to improvements in 

diet/lifestyle and the expansion of programs for early screening of cancer. However, 

some studies suggest that compared to other cancers, such as melanomas, the death rate 

of colorectal carcinoma is still at peak (NHMRC, 2005). Even if rates of death are 

dropping due to improvements in prevention in early screening, advanced cancers are 

still being diagnosed, which require treatment. More studies should thus be performed at 

the molecular level to understand the exact pathogenesis to develop novel treatment 

options for colorectal cancers so that we might further reduce morbidity and death rates 

in these individuals. 

 

2.4 Cancer metastasis  

Metastasis is a process whereby cancer cells extend from a primary site and form 

tumours at distant sites (National Cancer Institute, 2013). Metastatic tumour cells 

progress immediately or lay quiescent for years after treatment for the original lesion. 

For the majority of cancer patient’s cause of death is the development of colorectal 

metastasis (Haggar and Boushey, 2009). Colorectal cancer metastasises mostly to the 

liver and lung and the metastatic tumours are heterogeneous, involving of multiple 

subpopulations of cells, which leads to failure in targeted treatment resulting in poor 

treatment response, in western countries 25% colorectal cancer patient’s death results 

due to metastasis (Conti and Thomas, 2011). Paget established a theory using “seed and 

soil” that the metastatic process was not random nonetheless that the tumour cells 

(seeds) needed good growing conditions (soil) to proliferate (Paget, 1989).  
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It was hypothesized that the end-point of metastasis is dependent on the vascular 

system and overall blood flow, this assumption did not elucidate the feature of tumours 

that preferably metastasize to specific organs not in the surrounding area of the 

vasculatory system (Sugarbaker, 1979). Recently it was hypothesised that the location of 

metastasis is most probably an interface amongst the tumour cells, genetics of the 

patient, and the local microenvironment at the secondary site (Mendoza and Khanna, 

2009).  There are several conditions that must be satisfied for metastasis to take place. 

Initially tumour cells require nutrients to propagate and as a result, angiogenesis occurs. 

Angiogenesis is the initial stage of tumour growth from primary tumour to progress into 

the metastatic tumour. Cancer cells secrete matrix metalloproteinase (MMPs) to assist 

them in detachment and invasion, which undergo an epithelial-mesenchymal transition 

(EMT) and gain both motility and invasiveness (Sreekumar et al., 2011). Epithelial-

mesenchymal transition influences cancer cell intra-vasation, while mesenchymal-

epithelial transition (MET) affects cancer cell extravasation (Sreekumar et al., 2011).   

 

As tumour grows, it invades nearby tissue. Subsequently, the tumour cells must 

acquire the capability to detach from primary site. Instigating from a local invasion, 

followed by intravasation (entry of tumour cells into the bloodstream), survival in the 

circulation, extravasation (exit from blood vessels), origination, and preservation of 

micro-metastases at distant locations then lastly, angiogenesis of the resulting tumours 

(National Cancer Institute, 2013). Metastasis from certain primary cancers designates 

specific organ preference. For instance, pancreatic and colorectal cancers often 

metastasize to the liver and lungs while prostate cancers commonly metastasize to the 

bone (Le et al., 2010).  
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Effective colonization of metastatic tumours occurs depending on the features of 

cancer stem cells and organ-specific gene expression. Gene expression is regulated by 

miRNAs via hybridizing to complementary target mRNAs, which leads to repression of 

translation or degradation of mRNA. miRNAs can stimulate metastasis and/or repress 

via modulating numerous phases of migration and invasion. miR-126 appears to have 

several functions as discussed previously that down-regulation of miR-126 in cancer 

inhibits cancer cell growth, adhesion, migration, and invasion through suppressing 

PIK3R2, IRS-1, adhesion adaptor protein Crk, and vascular adhesion molecule VCAM-

1 (Le et al., 2010). In a nutshell it can be inferred that miRNAs regulate metastasis in a 

different type of cancers via targeting different genes.  

 

2.5 Introduction to Mitochondria  

The mitochondrion is a membrane-bound organelle located in the cytoplasm of 

the most eukaryotic cells (cells that form plants, animals, fungi). Mitochondria are round 

to oval in shape and range from 0.5-1 µm in diameter resembling bacteria (Henze and 

Martin, 2003). Mitochondria are relatively mobile organelles; consistently altering their 

structure, fusing with one another and returning to original structure. Additionally, when 

they move around the cytoplasm, their movements are aided by structures called 

microtubules. The primary function of mitochondria is to supply energy in the form 

of adenosine triphosphate (ATP) for physiological function. Besides producing energy, 

mitochondria also accumulates calcium for cell signalling activities, produce heat, 

generate reactive oxygen species, facilitate cell development and apoptosis 

(programmed cell death) (Figure 5) (Henze and Martin, 2003). Mitochondria are 

exceptional organelles due to their several distinctive features. In diverse organisms and 

tissue types number of mitochondria alters. Some cells have single mitochondria while 

others have several thousand mitochondria. The number of mitochondria per cell 
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fluctuates extensively; for instance, human erythrocytes do not comprise any 

mitochondria, although cardiac cells and liver cells may include thousands of 

mitochondria. Mitochondrial proteins also vary reliant on the tissue and the species. For 

instance, 615 proteins have been found in human cardiac mitochondria while 940 

proteins in rat cardiac tissue mitochondria (Taylor et al., 2003). Mitochonrial membrane 

is composed of sections that have roles in specialised functions. These sections include 

the outer mitochondrial membrane (cristae) which is spontaneously permeable to small 

molecules and comprises of distinct channels proficient in transporting large molecules. 

On the other hand, the inter-membrane space (matrix) is less permeable, permitting very 

small molecules to pass through the gel-like matrix that defines the organelle’s central 

mass (Taylor et al., 2003). The mitochondrial inter-membrane space is also involved in 

storing H+ ion.     

 

 

 

 

 

 

	
 
 

 

 
Figure 4. Electron transport chain. 

A series of electron transporters embedded in the inner mitochondrial membrane that 

transfer electrons from NADH and FADH2 to molecular oxygen. In the chain, protons 

are pumped from the mitochondrial matrix to the intermembrane space, and oxygen is 

reduced to form water. The hydrogen ion gradient formed by the ETC is then used by 

ATP synthetase (Complex V) to synthesize ATP (OpenStax, 2015).  
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The mitochondrial matrix contains the DNA of the mitochondrial genome along 

with the enzymes required for the tricarboxylic acid (TCA) cycle as well-known as 

(citric acid cycle, or Kreb cycle) (Figure 5) (Fernie et al., 2004). The TCA cycle 

functions by metabolizing nutrients into by-products which get utilized by the 

mitochondrion for ATP production. The conversion of these by-products into ATP 

occurs mainly on the inner membrane, which is curved into folds known as cristae that 

stock the protein components of the electron transport chain (ETC) main energy-

generating system of cells (Fernie et al., 2004).   

In mitochondrial ETC electrons move from an electron donor (NADH or QH2) to 

a terminal electron acceptor (Q2) via a chain of oxidation-reduction reactions (Alberts et 

al., 2002). These reactions are coupled to the creation of a proton gradient across the 

mitochondrial inner membrane; there are three proton pumps, complex I, III and IV the 

resultant transmembrane proton gradient is utilised by ATP synthase (complex V) to 

make ATP (Alberts et al., 2002). This mechanism is called chemiosmotic coupling of 

oxidative phosphorylation, which provides ATP to all cellular activities along those that 

generate brain functions and muscle movement (Cooper, 2000). The majority of proteins 

and other molecules that form mitochondria initiate in the cell nucleus (Cooper, 2000). 

Contrariwise, the human mitochondrial genome contains 37 genes, from which 13 

produce different components of the ETC (Strachan and Read, 1999). In addition, the 

mitochondrial DNA (mtDNA) is extremely vulnerable to mutations mainly because 

mtDNA does not have the dynamic DNA repair system common to the nuclear DNA 

(Strachan and Read, 1999).  

As previously reported one of the main roles of the mitochondrion is the 

production of reactive oxygen species (ROS; or free radicals) resulting from the 

irregular release of free electrons (de Oliveira et al., 2012). While, numerous 

diverse antioxidant proteins inside the mitochondria scavenge and neutralize these ROS, 
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certain ROS molecules may cause impairment to mtDNA (de Oliveira et al., 2012). 

Moreover, some environmental factors such as chemicals and infectious agents, along 

with alcohol abuse, can impair mitochondrial DNA (mtDNA). In certain cases, elevated 

levels of ethanol intake can saturate enzymes required for detoxification, leading to 

highly reactive electrons to outflow from the inner membrane into the cytoplasm or into 

the mitochondrial matrix, where they intermingle with other molecules to form an 

abundance of radicals (de Oliveira et al., 2012).   

Mitochondria play a significant role in the cells. Therefore dysfunction of 

mitochondria is related to a variety of pathological processes and diseases. Various 

mitochondrial diseases results from acquired and inherited factors. Inherited syndromes 

may initiate from mutations transferred from paternal or maternal nuclear DNA or in 

maternal mtDNA (Sutovsky et al., 1999). These diseases include mitochondrial 

disorders, cardiac dysfunction, and they also play a role in the aging process (Li et al., 

2012a). The dysfunction of mitochondria is associated with a variety of pathological 

processes and diseases. For instance alterations to mitochondrial function and 

ultrastructure have been observed in mental disorders (Gong et al., 2011). Accumulated 

mtDNA mutations during an organism’s lifetime, deletions and ROS overproduction 

have been recognized to contribute to the aging process as well as in the progress of 

certain cancers and other diseases (Lemieux et al., 2010). Moreover, low expressions of 

the mitochondrial structure were linked with impaired human development (Au et al., 

2005). Mitochondria arrange dynamic networks and continuously undergo fission and 

fusion to continue integrity and quantity (Detmer and Chan, 2007). Additionally, the 

impaired balance of mitochondrial fission and fusion along with altered morphology of 

cristae are correlated with Alzheimer’s disease (Wang et al., 2009b; Baloyannis 2006). 

Moreover, insufficiency in electron transport chain has been identified in diabetes (Ritov 

et al., 2010). Mitochondria are also responsible for apoptosis, which is consistently 
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utilized to clean the body from non-functional cells, mitochondrial failure that prevents 

cell death can support the development of cancer. 

2.6 Glycolysis 
The glycolytic pathway undergoes flux in response to two states inside and 

outside the cell. The conversion of glucose to pyruvate is regulated by two key cellular 

requirements: the generation of ATP, produced by glycolysis of glucose, and secondly 

the delivery of building blocks for synthetic reactions, for instance, the development of 

fatty acids (Fernie et al., 2004). Enzymes catalyzing vital irretrievable reactions in 

metabolic pathways are the possible regions of regulation. To elaborate on this in 

glycolysis, the reactions catalyzed by phosphofructokinase, hexokinase and pyruvate 

kinase are effectively irretrievable; therefore, these enzymes are anticipated to possess 

both catalytic (boosting a reaction) and regulatory (controlling a reaction) functions 

(Fernie et al., 2004). Indeed, the majority of these enzymes functions as control regions. 

Activities of these enzymes are controlled by modifiable binding of allosteric molecules 

(molecule alters conformation) or via covalent amendments. Furthermore, the quantity 

of these significant enzymes is wide-ranging due to the modulation of transcription to 

satisfy altering metabolic requirements (Ristow, 2006).   

 

2.7 Glycolysis in cancer   

It is a well-known fact that tumours exhibit an elevated amount of glucose 

uptake and glycolysis (break down of glucose). The greater levels of glycolysis and 

glucose uptake are not essential to the progression of cancer; hence they provide an 

additional advantage for the cancer cells (Bienertova-Vasku et al., 2013). Propagation of 

cancer cells are faster than the function of blood vessels; thus, as solid tumours develop 

they are incapable of attaining sufficient amount of oxygen. Therefore these developing 

solid tumours undergo hypoxia (Figure 6) (Ganapathy-Kanniappan et al., 2013). During 

hypoxia the metabolic shift from mitochondrial respiration to glycolysis along with 
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mitochondrial impairment is essential for cancer cell development (Figure 6) (Weiqin et 

al., 2012). 

 

 

 

 

 

 

 

 

Figure 5. Hypoxic environment activation of angiogenic factors. 

The hypoxic environments inside tumour result in initiation of hypoxia-inducible 

transcription factor (HIF-1), which induces metabolic adaptation (increase in glycolytic 

enzymes) and activates angiogenic factors that induce neoangiogensis (Concept obtained 

from Eales et al., 2016). 

 In cancer mitochondrial damage or defective oxidative phosphorylation is 

regularly observed. Enzymes that are involved in OXPHOS are affected due to 

mutations in mitochondrial DNA (mtDNA), some of the common enzymes are from the 

TCA cycle, fumarate dehydrogenase (FDH), succinate dehydrogenase (SDH), and 

isocitrate dehydrogenase (IDH) (Wallace, 2012). In addition, Wallace also verified that 

mitochondrial genes mutated in the nuclear DNA (nDNA) predominately intervene the 

metabolic status of cancer cells (Wallace, 2012).  

 

However, enzymatic mutations have been associated with various fundamental 

pathways that combined or independently reprogram the metabolic integrated circuit of 
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cancer cells. Succinate dehydrogenase (SDH) enzyme plays a key role in mitochondria; 

they are structures inside cells that transform the energy from food into a form that cells 

can use. Inside mitochondria, the SDH enzyme associates with two main pathways in 

energy conversion: the citric acid cycle and oxidative phosphorylation. In the citric acid 

cycle, the SDH enzyme converts succinate to another compound termed 

fumarate. Mutation in SDH leads to the accumulation of succinate, which sequentially 

impedes prolyl hydroxylase dehydrogenase (PHD) ultimately causing stabilization of 

HIF-1α. This process is satisfactory to distinguish the prominence of HIF-1α’s function 

as an activator of aerobic glycolysis and lactate generation (Ganapathy-Kanniappan et 

al., 2013).   

 

Moreover, cancer cells do not cease their growth instead they obtain their energy 

(ATP) through glycolysis and lactic acid fermentation. In hypoxic tumours glycolysis 

becomes most effective by the role of transcription factor; hypoxia-inducible 

transcription factor (HIF-1) (Ganapathy-Kanniappan et al., 2013). In the absence of 

oxygen, HIF-1 escalates the expression of many glycolytic enzymes and the glucose 

transporters GLUT1 and GLUT3 (Denko, 2008). Accordingly, elevated glucose uptake 

is associated with the tumour aggressiveness and reduced prognosis. These features of 

cancer cells enable them to survive up until angiogenesis takes places. HIF-1 as well 

elevates the expression of signal molecules which stimulates the development of new 

tumours (Denko, 2008). For instance, vascular endothelial growth factor (VEGF-A), that 

enable the progression of blood vessels. Deprived of such vascularization and 

angiogenesis, the tumour would terminate to develop and may either die or remain 

innocuously small.  

Recent studies have suggested selective advantages of aerobic glycolysis; even 

though glycolysis produces a lesser quantity of ATP compared to mitochondrial 

OXPHOS. There are numerous significant features integral in aerobic glycolysis which 
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permits cancer cells to favour glycolysis over mitochondrial oxidation (de Souza et al., 

2011). Initially, the frequency of glycolysis and turnover of glucose into lactic acid is 

augmented, thus leading to faster and larger amounts of ATP production. The proportion 

of ATP production may be one hundred times more rapid with glycolysis than with 

OXPHOS (Locasale and Cantley, 2010). The low level of ATP obtained from glycolysis 

is adequate for the intracellular demand. Microorganisms that multiply rapidly 

(amplifying time extending from a few minutes to several hours) necessitate ATP for 

proliferation, in contrast, cancer cells with a relatively lengthier proliferating time (days 

instead of minutes) may perhaps need ATP primarily for cell maintenance not for 

proliferation. As a consequence, the ATP produced via glycolysis is abundant for the 

cancer proliferation.  

Besides ATP, cancer cells need other metabolic intermediates and precursors that 

are crucial for the biogenesis of macromolecules, the final building blocks essential to 

augment the tumour quantity throughout the development and proliferation 

(Deberardinis et al., 2008). The accrued glycolytic intermediate is identified to induce 

the pentose phosphate pathway (PPP) leading in the production of NADPH and ribose-

5-phosphatase. Together NADPH and ribose-5-phosphatase are essential for the 

biogenesis of lipids and nucleic acid. Finally, the generation of NADPH permits the 

cancer cells to preserve sufficient quantity of reduced forms of glutathione (GSH), an 

essential non-enzymatic antioxidant. The purpose of glutathione is to defend cancer cells 

against anti-tumour agents via sustaining the redox status along with neutralising some 

of the effects from chemotherapeutic agents (Traverso et al., 2013). Henceforth, this 

main feature of cancer cells, tumour metabolism, predominantly the tumour glycolysis, 

delivers a system for therapeutic intervention. 
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2.8 Warburg effect 

In 1924 Nobel laureate Otto Heinrich Warburg suggested Warburg's hypothesis. 

He speculated that cancer cells chiefly generate ATP by non-oxidative glycolysis 

followed by lactic acid fermentation in the cytosol. Alternatively, in the majority of 

normal cells, the rate of glycolysis is low followed by production of ATP from oxidative 

breakdown of pyruvate (Hsu and Sabatini, 2008). The end product of glycolysis is 

pyruvate which is oxidized inside the mitochondria.  

 

Warburg stated an ultimate variance amongst cancerous and normal cells to be 

the ratio of glycolysis to respiration; this remark is also called the Warburg effect (Hsu 

and Sabatini, 2008). Cancer is caused by mutations and altered gene expression, in a 

process called malignant transformation, resulting in uncontrolled growth of cells. The 

metabolic differences observed by Warburg adapts cancer cells to the hypoxic 

conditions inside solid tumours, and results largely from the same mutations in 

oncogenes and tumour suppressor genes that cause the other abnormal characteristics of 

cancer cells (Hsu and Sabatini, 2008).  

 

Consequently, the metabolic change detected by Warburg is not the basis of 

cancer; hence it is one of the features of cancer-causing mutations. In current years, 

Warburg's hypothesis has re-gained attention because of numerous findings associating 

damaged mitochondrial function along with diminished respiration to the development, 

division and expansion of tumour cells (Hsu and Sabatini, 2008). In a study by Ristow 

and co-workers, colon cancer lines were modified to overexpress frataxin (Ristow, 

2006). Frataxin is a protein located in the mitochondrion and humans is encoded by the 

FXN gene; and its mRNA is predominantly present in high metabolic rate tissues (such 

as liver, kidney and heart). It is presumed that Frataxin acts as an iron chaperone or an 
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iron storage protein. The outcomes of their study propose that mitochondrial frataxin 

enhances oxidative metabolism which than inhibit cancer growth in mammals.  

 

In most cancers, the K+ channels Kv1.5 is suppressed while the mitochondrial 

membrane potential is elevated both features contribute to the inhibition of apoptosis 

(Bonnet et al., 2007). Dichloroacetic acid (DCA) inhibits mitochondrial pyruvate 

dehydrogenase kinase (PDK), shifts metabolism from glycolysis to glucose oxidation, 

declines mitochondrial membrane potential, increases mitochondrial H2O2, and activates 

Kv channels in all cancer along with up-regulation of Kv1.5 via NFAT1 (nuclear factor 

of activated T cell). Furthermore, DCA reduces cell proliferation and enhances 

apoptosis, suppresses tumour growth, without visible side effects (Bonnet et al., 2007).  

 

Mitochondria are involved in apoptosis of non-functional cells (Ko et al., 2001). 

Conversely, this mechanism fails in cancer cells as the mitochondria are collapsed. 

However, work has been done to recognize therapeutic agents that solely kill cancer 

cells leaving normal cells intact. Ko et al. indicated three methods that could be used to 

tackle the cancer cells (Ko et al., 2001). In vigorously proliferating cancer using the 

analogue of lactic acid 3-bromopyruvate (3-BrPA) inhibited both glycolytic and 

mitochondrial ATP production without harming normal cells eliminate cancers. 

Secondly, stimulate the cancer cells to go through apoptotic cell death via mitochondrial 

cytochrome c (apoptosis-inducing factor). Finally, the third method is to stimulate the 

cancer cells to undergo both necrotic and apoptotic events and die (Ko et al., 2001). 

However, the agents that cause necrotic and apoptotic events have not been yet 

identified (Pedersen, 2007). Since cancer cells upsurges glycolysis, there has been 

intensive research on the inhibition of glycolysis via 2-deoxy-D-glucose (2DG), 3-

BrPA, 3-BrOP, 5-thioglucose and dichloroacetic acid (DCA). These inhibitory agents 
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are being studied comprehensively at the moment with some of them under trials such as 

2-DG and DCA (Pelicano et al., 2006).  

 

Glycolysis delivers most of the energy essential for cell proliferation in cancer 

cells in absence of oxygen unlike non-cancerous proliferating cells. Evidence points 

some of the high aerobic glycolytic rates to an overexpressed form of mitochondrial-

bound hexokinase responsible for delivering high glycolytic activity (Bustamante et al., 

1977). In kidney cancer, this outcome may be due to the presence of mutations in the 

tumour suppressor gene (Von Hippel–Lindau; autosomal dominant genetic condition) 

up-regulating glycolytic enzymes, including the M2 splice isoform of pyruvate kinase 

(Unwin et al., 2003). Christofk and colleagues identified the enzyme that gave rise to the 

Warburg effect (Christofk et al., 2008). The researchers stated tumour M2-PK, a form of 

the pyruvate kinase enzyme, is produced in all rapidly dividing cells, and is responsible 

for enabling cancer cells to consume glucose at an accelerated rate; on forcing the cells 

to switch to pyruvate kinase's different form by inhibiting the production of tumour M2-

PK, their growth was restricted (Christofk et al., 2008). The investigators suggested that 

feature of glucose metabolism is likely to vary across different forms of cancer; hence 

M2-PK was recognized in all of the cancer cells verified. This enzyme is not frequently 

present in healthy tissues; however it is essential when cells require proliferation rapidly, 

perhaps in healing wounds or haematopoiesis (Christofk et al., 2008).  

 

2.9 MicroRNAs  

Upon exploration of literature, candidate miRNAs were identified together with 

their downstream pathways on which these miRNAs act in order to function. Micro-

ribonucleic acids (miRNAs) are small (17–25 bases) single-stranded, evolutionarily 

conserved, non-coding RNAs (El-Murr et al., 2012; Aslam et al., 2009). miRNAs play a 



Regulation of colorectal cancer metastasis by modulating mitochondrial miRNAs 
 	

Faeza Ebrahimi (s2758346)                                                                                                              School of Medicine 44 

key role in the regulation of gene expression during crucial cell processes, such as cell 

differentiation, cell cycle progression, stress response and apoptosis (Noori-Daloii et al., 

2011). Earlier studies have reported that miRNAs regulate approximately up to 30% of 

human genes. Most miRNAs localize within introns of protein-coding regions or may 

reside in purely non-coding transcriptional units (Agostini et al., 2010).  

 

When expressed, the gene encoding a miRNA is the template for the primary 

transcript, the pri-miRNA; it is then processed in a short 70-nucleotide stem loop 

structure, a pre-miRNA, by the ribonuclease ‘Drosha’ (Singh et al., 2008). The exportin 

protein transports the pre-miRNA to the cytoplasm for further processing. In the 

cytoplasm, the pre-miRNA is processed to mature miRNAs by the endonuclease enzyme 

‘Dicer’. The resulting single-stranded 19–25-nucleotide mature miRNA binds with 

RNA-induced silencing complex (RISC) (Singh et al., 2008). This RISC-bound miRNA 

pairs with complementary messenger RNA (mRNA) and induces either cleavage or 

inhibits the translation of the target mRNA, depending on the degree of 

complementarity. miRNAs that bind to their mRNA targets (Figure 4) with perfect 

complementarities induce target mRNA cleavage; however, miRNAs that bind with 

defective complementarities control gene expression by inhibiting protein translation. 

Because perfect complementarity is not required to control gene expression, miRNAs 

can regulate multiple protein-producing genes. 
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Figure 6. Cellular mechanisms of miRNA transcription and translation. 

This diagram outlines the process of miRNA maturation from initial expression from the 

miRNA gene, processing by Drosha, export from the nucleus, processing by Dicer, 

assembly into the RISC complex and binding to target sequences on mRNAs. The 

diagram also includes the effect of adding complimetary anti-miRNA to a cell on gene 

expression (Alsidawi et al., 2014). 

 

Due to their regulation of protein production, miRNAs play a vital role in tumour 

biology, in areas including oncogenesis, progression, invasion, metastasis and 

angiogenesis (Hanahan and Weinberg, 2000). Studies suggest that specific miRNAs in 

colonic tissue and blood can be utilised to screen for the presence of adenomas and 

colorectal cancers due to their involvement in these important cancer processes (Aslam 

et al., 2009). The dysregulation of miRNAs can induce tumourigenesis if they target 

mRNAs encoded by tumour suppressor genes or oncogenes, thus both overexpression 

and silencing of particular miRNAs may play a vital role in the tumourigenesis of 
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colorectal cancer (Slaby et al., 2009). Overexpression of mature miRNA may result due 

to amplification of the miRNA encoding gene, whereas silencing or reduced expression 

may be the result of defects in their biogenesis, or silencing of the expression of the 

protein-coding gene in which they are embedded (Slaby et al., 2009). 

 
 
2.10 microRNAs in colorectal cancers 

 

Adenomas (polyps) are precursors of most colorectal cancers and the progression 

of these lesions to cancer is a multistep process that involves different sequential DNA 

abnormalities and alterations in gene expression. A colonic adenomatous polyp in the 

epithelium of colon, if left untreated, usually develops into colorectal cancer (Gryfe et 

al., 2009).  Altered expression levels of miRNAs (e.g. miR-21) (Zarate et al., 2012) in 

adenomas and carcinomas relative to normal surrounding colonic tissue suggest that this 

miRNA dysregulation represents an early cellular event in the progression to cancer. 

 

Both overexpressed and underexpressed miRNAs occur in colonic tumour 

tissues. For example, miR-21 is usually found to be overexpressed whereas miR-126 has 

been found to be underexpressed in human colon cancer tissues (Slaby et al., 2009). 

Apart from these two, there are numerous other miRNAs that play a pivotal role in 

development and metastasis of colorectal cancer either by overexpression or 

underexpression. According to many studies, the variability in the number and type of 

miRNAs that have undergone alteration in cancer means that a single miRNA would not 

be useful on its own for detecting cancer; the use of panels of miRNAs together can 

show better results, allowing the detection of general phenotypic trends (Slaby et al., 

2009).  

Amongst the various miRNAs, miR-126’s role in colorectal cancer has been 

studied extensively, and the outcomes of these studies have shown high concordance.  In 
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2008, Diaz et al. studied the function of miR-126 for the first time in colorectal cancer 

using quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) and 

reported that miR-126 expression is deregulated in colon cancer.  The expression of 

miR-126 was related to pathological stages but not associated with other clinical and 

pathological parameters. They used 110 colorectal cancer tissues, and determined that 

miR-126 and its host gene EGFL7 are both regulated with different stimuli (Diaz et al., 

2008).  Also, using miRNA arrays on two colon cell lines reported a loss of miR-126 in 

colon cancer compared to normal colon tissue, hypothesized to be due to 

phosphoinositide-3 (PI3)-kinase signalling cascade regulation via miR-126.  Using 

reporter constructs, p85β -3’ UTR was identified to be a direct target of miR-126 (Guo 

et al., 2008).  Down-regulation of miR-126 resulted in elevated levels of p85β 

accompanied by augmented levels of phosphorylated AKT (protein kinase B) in 

colorectal cancer cells (Guo et al., 2008).   In another study, Ahmed and colleagues 

studied stool and tissue samples from 10 controls (with inflammatory bowel diseases) 

and 15 patients with various stages of colon adenocarcinoma using qRT-PCR and 

reported that miR-126 was deregulated in colon cancer (Ahmed et al., 2009).   

 

Wang et al. used miRNA arrays and qRT-PCR to demonstrate that 

nasopharyngeal carcinoma-associated gene 6 (NGX6) was identified as a novel tumour 

suppressor gene in colon cancer.  In the study, they transfected the NGX6 gene in poorly 

differentiated colon cancer cell line (HT-29) and found that miR-126 was overexpressed 

after transfection (Wang et al., 2010b). Li and colleagues reported that miR-126 was 

downregulated in colorectal cancer tissues of 66 patients when compared to non-cancer 

tissues (more than 5cm from cancer) using qRT-PCR (Li et al., 2011).  They reported 

that pathological staging and other clinical/pathological parameters were not associated 

with miR-126 expression (Li et al., 2011).  In another study, a panel of miRNAs in 

rectal cancer was examined by microarray and qRT-PCR.  Like many other genes 
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molecular analysis of miR-126 in colorectal cancers showed miR-126 to be differently 

expressed in colon and rectum (Li et al., 2012c).  

 

 Hansen and colleagues analysed 89 patients with metastatic colorectal cancer 

and reported the significantly lower expression of miR-126 in patients with multiple 

metastatic sites compared to those with a single metastatic site (Hansen et al., 2012).  

Furthermore, in situ hybridization analysis confirmed a significant association between 

miR-126 expression in primary cancer and response to first-line chemotherapy 

(XELOX) in metastatic colorectal cancer patients (Hansen et al., 2012).  

 

In 2013, Li et al. using qRT-PCR with two colon cancer cell lines reported that 

miR-126 expression levels were lower in colon cancer cells compared with matched 

normal cells.  Also, luciferase reporter assay and Western blot were used to confirm that 

C-X-C chemokine receptor type 4 (CXCR4 or CD184) is a target of miR-126. They 

reported miR-126 expression suppresses colon cancer cell viability and diminishes 

cancer cell migration, invasion capability via negatively regulating expression of 

CXCR4 (Li et al., 2013b; Liu et al., 2014b).  In addition, lower miR-126 expression was 

evident in colorectal cancer cell lines with metastatic potential. Microarray results were 

combined with bioinformatics that miR-126 inhibits the RhoA/ROCK (Rho-associated 

protein kinase) signalling pathway resulting in repression of colon cancer proliferation 

and invasion (Li et al., 2013a).   

 

Overall, these findings implied that miR-126 is a potential tumour suppressor in 

colorectal cancer and that its dysregulation may assist to differentiate among non-cancer 

from cancer, metastatic from non-metastatic colorectal cancer.  Also, miR-126 can 

target numerous genes either to stimulate or inhibit signalling pathways to facilitate the 
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suppression of colorectal cancer.  Thus, it can be a potential candidate for the future 

therapeutic approach in management of this disease.  

 

2.11 Function of miRNAs on glycolysis 

Various studies indicated that miRNAs play key roles in modulating irreversible 

steps in glycolysis, predominately via key enzymes (Singh et al., 2011). miR-124, miR-

137 and miR-340 are downregulated in colorectal cancer and up-regulation of these 

miRNAs switch PKM gene expression from PKM2 to PKM1. High proportions of 

PKM1/PKM2 repress the glycolysis rate; hence promote the glucose flux into oxidative 

phosphorylation.  

 

This finding verified that miRNAs (miR-124, miR-137 and miR-340) suppress 

colorectal cancer progression by stabilizing the Warburg effect via regulating alternative 

splicing of the PKM gene (Sun et al., 2012). miR-143 is an important regulator of 

glycolysis, controls glycolysis via targeting HK2 (Fang et al., 2012). HK2 

phosphorylates glucose to generate glucose-6-phosphate, hence compelling glucose to 

glycolytic pathway. miR-143 inhibits HK2 expression in both primary keratinocytes and 

head and neck squamous cell carcinoma (Peschiaroli et al., 2013). Through targeting 

HK2, miR-143 as well regulates glucose metabolism in colon cancer cells and human 

lung cancer (Gregersen et al., 2012; Fang et al., 2012). Therefore, numerous studies 

done at the same time in different cancers verified that miR-143 targets HK2 and 

through this pathway regulates glucose metabolism in cancer cells.   

 

On the other hand, tumour suppressor p53 is well known to controls cell cycle 

and cell death in response to cell stressors. Kim and colleagues showed that p53 caused 

metabolic changes in cancer. p53-inducible miR-34a inhibited glycolytic enzymes 



Regulation of colorectal cancer metastasis by modulating mitochondrial miRNAs 
 	

Faeza Ebrahimi (s2758346)                                                                                                              School of Medicine 50 

(hexokinase 1, hexokinase 2, glucose-6-phosphate isomerase), and pyruvate 

dehydrogenase kinase 1. Inhibition of these enzymes suppressed glycolysis and 

improved mitochondrial respiration. It was verified that p53 could regulate glucose 

metabolism via miR-34a (Kim et al., 2013). As well miRNAs modulate other significant 

intermediates in the glycolysis pathway. miR-122 was verified to target Aldo A 

(Coulouarm et al., 2009). In the glycolysis pathway the enzyme Aldo A catalyses a 

reversible aldol reaction, in which fructose 1,6-biphosphate is cleaved into 

glyceraldehyde 3-phosphate and dihydroxyacetone phosphate (Chen et al., 2012). 

Another study indicated that miR-15a/16-1 could downregulate the levels of Aldo A 

(Calin et al., 2008). Henceforth, these miRNAs are found to be involved in the 

glycolysis pathway in cancer cells.  

 

2.12 microRNAs and mitochondria 

As specified previously, miRNAs are commonly encoded by the nuclear genome 

to regulate gene expression mainly in the cytosol. Interestingly, current research has 

indicated using miRNA microarray from purified mitochondria and found that unique 

miRNAs are augmented in the mitochondria separate from entire cellular profusion 

(Kren et al., 2009; Bian et al., 2010; Bandiera et al., 2011; Barrey et al., 2011).  Though, 

miRNAs reserved in the mitochondria are cell type dependent.  Kren and coworkers 

discovered fifteen nuclear-encoded miRNAs to be ubiquitously available in 

mitochondria isolated from rat liver (Kren et al., 2009). Moreover, Bian and colleagues 

identified twenty miRNAs in mouse liver mitochondria comprising of miR-805, 

miR122, and miR-609 (Bian et al., 2010).   

 

There are more than 20 miRNAs in the mitochondria sequestered from the 

human myotubes (Barrey et al., 2011). miR-1973, miR-1275, and miR-494 along with 
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thirteen others are significantly augmented in the mitochondria from HeLa cells 

(Bandiera et al., 2011). Parker and Sheth identified that together with the miRNA other 

necessary constituents of the miRNA machinery are as well present in the mitochondria 

such as RNA-induced silencing complex (RISC). miRNAs bind to the RISC prior to 

regulating the expression of their target genes (Parker and Sheth, 2007).  A vital active 

protein of the RISC complex is called argonaute Ago2 which was currently indicated to 

be present in the mitochondria (Bian et al., 2010; Bandiera et al., 2011). However, it can 

be implicated that the depth of miRNA physiology and pathology is yet unknown. 

Proteins encoded by both nuclear and mitochondrial genomes determined the regulation 

of mitochondrial function. From a small non-coding region, the D-loop, replication and 

transcription of mtDNA are commenced and modulated by the nuclear-encoded proteins 

that are post-transcriptionally formed inside mitochondria.  

 

The processing of mitochondrial transcripts as well as transcription and 

translation of mtDNA necessities numerous types of non-coding RNAs, this can be 

either encoded in mitochondria or transcribed within the nuclear and consequently 

localized to mitochondria. Additionally, recent research has identified that some 

miRNAs transfer to and function in various other cellular sections than the cytosol. For 

instance, miRNAs encoded in the nucleus have been identified to be linked to the 

mitochondrial outer membrane (MOM) (Mercer et al., 2011). Fascinatingly, miR-181c 

has been found to be encoded in the nucleus, mature in the cytoplasm followed by 

translocation to the mitochondria of cardiac myocytes. Upon translocation miR-181c 

target the mitochondrial genome leading to re-modelling of complex IV (CIV) as well as 

a mitochondrial impairment (Das et al., 2012).  

 

Mitochondria possess their genomic structure that could be an imminent site for 

miRNA-mediated regulation of mitochondrial genes which takes place post-
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transcription. There are various views on the miRNA translocation hypothesis. A 

probable association amongst mitochondria and RNAi originated from co-

immunoprecipitation of human AGO2 with mitochondrial tRNA (Maniataki and 

Mourelatos, 2005). This assumption indicates that AGO2 is possibly involved in the 

transportation of miRNAs into mitochondria. In mitochondria, post-transcriptional 

modulation by miRNAs would deliver a profound and swift mechanism that will 

regulate the expression of the mitochondrial genome in relation to the conditions and 

metabolic demands of the cell.  

 

2.13 microRNAs and mitochondrial metabolism  

The primary function of mitochondria is to generate ATP by OXPHOS which 

utilizes products of glycolysis and TCA cycle and distribute this ATP to cells for 

numerous cellular functions (Fernie et al., 2004). Whereas, in anaerobic conditions, the 

end product of glycolysis, comparatively pyruvate, is transferred to the TCA cycle 

where it is converted to lactate (Fernie et al., 2004). Though, dynamically this metabolic 

conversion of glucose seems to be unfavourable. This mechanism is detrimental because 

glycolytic pathway is the secondary source of energy, glycolysis produces 2 ATP per 

molecule of glucose, and hence ATP is produced at a slower rate compared to OXPHOS 

where 26 ATP is produced from a single molecule of glucose. In addition, glycolysis 

produces lactic acid which results in fatigue, glycolysis is not very energy efficient 

(Oronsky et al., 2014). Intriguingly, this mechanism is common in several cancer cells 

since they favour glycolysis as a substitute of OXPHOS even when adequate quantity of 

oxygen is available. This inconsistent energy metabolism is called the Warburg effect 

(Hsu and Sabatini 2008). Thus, the precise origins and function of this metabolic process 

remain to be clarified; there is an emergent debate that the Warburg effect is not an 

extraneous by-product of cancer. Yet it is significant for the cancer cells to continue 

their proliferative potential, this mechanism succeeds by innumerable factors, including 
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miRNAs (Hsu and Sabatini 2008). As described, the initial progression of catabolism of 

glucose is glycolysis occurring outside of the mitochondria, within the cytoplasm, and 

its deregulation causes Warburg effect.  

In perspective of miRNAs, it was verified that miR-155 concomitantly 

upregulates an enzyme intricate in glucose phosphorylation, hexokinase 2 (HK2), hence 

may affect energy metabolism in breast cancer cells. The two probable mechanisms 

interceding regulation of HK2 by miR-155 consists of miR-143. miR-155 suppresses a 

negative regulator of HK2 namely mir-143 by targeting C/EBPb (CCAAT/enhancer 

binding protein, beta), a transcriptional activator of mir-143, accordingly causing up-

regulation of HK2 expression at the post-transcriptional level (Gregersen et al., 2012). 

Glucose metabolism is also affected via alternative splicing of pyruvate kinase 

(PKm). PKm splicing proteins (PTB1, hnRNAPA1, and hnRNAPA2), regulate the 

addition of exon 9 (PKm1) or exon 10 (PKm2), targeted by miR-124, miR-137 and 

miR-340 in colorectal cancer (Sun et al., 2012). Accordingly, PKm gene expression 

from PKm2 to PKm1 gets switched on via these miRNAs. The rate of glycolysis is 

inhibited by elevated ratios of PKm1/PKm2, hence, enhanced glucose flow-through into 

oxidative phosphorylation (Sun et al., 2012). The miRNAs mentioned above are capable 

of damaging colorectal cancer development by impeding the Warburg effect via 

regulating alternative splicing of PKm gene (Sun et al., 2012). In addition, tumour 

suppressor miR-326 directly targets PKm2, which is a possible regulator of glucose 

metabolism (Kefas et al., 2010).   

 

As stated earlier regulation of energy metabolism takes place in both TCA cycle 

and OXPHOS (Kulshreshtha et al., 2007). TCA cycle is where the aerobic metabolism 

occurs for constant removal of excess electron via the reduction of oxygen.  Thus during 

hypoxia  mitochondria have been associated as a defendant via sensing followed by 
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release of reactive oxygen species (ROS) which in sequence activates cascade of events 

including the stabilization of hypoxia-inducible factor (HIF-1 and HIF-2) (Eales et al., 

2016).  

 

In the course of hypoxic stress in several cell types miR-210 and several other 

miRNAs including; miR-23, -24, -26, -27, -103, -107, -181, and -213 are significantly 

upregulated (Kulshreshtha et al., 2007; Chan et al., 2009). miR-210 has been found to 

suppress mitochondrial respiration and the downstream pathways (Chan et al., 2009, 

Favaro et al., 2010). As described earlier, in hypoxia mitochondrial metabolism shifts 

from OXPHOS to glycolysis. miR-210 downregulates numerous events of 

mitochondrial metabolism specifically ETC complexes via metabolic shift. miR-210 

directly inhibits iron sulphur cluster proteins ISCU1 and ISCU2; which subsequently 

affects metabolic functions (Kulshreshtha et al., 2007). This study indicated that HIF-

expressing tissues (such as cancerous tissues) contained elevated levels of miR-210 

which in turn targets ISCU1/2 proteins thus inhibits these proteins. Under hypoxic 

conditions, miR-210 inhibits ISCU1/2 and therefore reduces the function of iron-sulphur 

enzymes that regulates mitochondrial metabolism along with aconitase and complex I 

(CI). Subsequently inhibits mitochondrial respiration which in normoxia results in 

reduced ATP levels.  

 

Chan et al., found that miR-210 elevates ATP levels in hypoxic conditions  and 

via Pasteur Effect (oxygen inhibiting the fermentation process) optimizes energy 

generation in the hypoxic cell (Chan et al., 2009; Semenza, 2007). The mitochondrial 

ROS generation is also affected by the inhibitory action of miR-210 which results in 

electron outflow. Transfection of normoxic cells with miR-210 mimic increases 

oxidative stress facilitated by ISCU (Iron-sulfur cluster assembly ensyme) (Chan et al., 

2009; Favaro et al., 2010). Thus, inconsistent results have been reported for hypoxia. 
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miR-210 in cancer cell lines enhanced the hypoxia-induced ROS generation. As an 

alternative, normal endothelial cells exposed to hypoxia did not indicate a significant 

alteration in ROS generation, whereas, when miR-210 was inhibited ROS generation 

increased.   

Recently, Tomasetti and coauthors indicated that miR-126 caused a metabolic 

alteration from OXPHOS to glycolytic phenotype in malignant mesothelioma (MM). 

miR-126 induced this action via suppression of mitochondrial respiration in MM cells, 

activated glycolysis in response to suppression of mitochondrial oxygen consumption. 

This mechanism is united to the glycolytically derived pyruvate that enters abridged 

TCA cycle, followed by transfer of citrate to cytosol through tricarboxylate transporter 

(Tomasetti et al., 2014). Upon arrival in the cytosol citrate is cleaved via ATP citrate 

lyase (ACL) to form cytosolic acetyl-CoA utilised for synthesis of cholesterol, fatty 

acids, isoprenoids, and acetylation reactions that modify proteins. miR-126 has been 

identified to affect mitochondrial citrate metabolism via suppressing Akt pathway to 

repair the TCA cycle for generation of ATP (Figure 7). Therefore this mechanism of 

oxidation of glucose is useful for the production of ATP instead of transferring it into 

macromolecules for cellular biosynthesis.  
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Figure 7. miR-126 modulates mitochondrial respiration. 

miR-126 intrudes mitochondrial respiration promoting tumour suppression via inhibiting 

Akt signalling pathway to restore TCA cycle for the ATP synthesis instead of glycolysis 

of macromolecules (Tomasetti et al., 2014).    

 

It can be implied that when mitochondrial function and TCA cycle reduces there 

is a significant drop in pyruvate with elevated levels of lactate, thus this results to a 

glycolysis inversion in normoxia, leading to enhanced cell survival (Tomasetti et al., 

2014). Reduced expression of miR-199a is required for the up-regulation of its target 

HIF1a in hypoxic cardiac myocytes. Consequently, miR-199a is indicated to be a 

tumour suppressor in various studies, and its expression is deregulated in cancers 

involved in HIF1a/ISCU signalling pathways (Rane et al., 2009). Furthermore, 

signalling pathway that results in modulation of TCA cycle was described to be 
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stimulated by elevated levels of ROS (Tomasetti et al., 2014). In a study, they utilized 

hippocampal neuronal cell line of mouse and established that low expression of miR-

743a leads to activation of malate dehydrogenase via hydrogen peroxide. In hypoxic 

cancer, mitochondria avoid the TCA cycle intermediates to store their biosynthetic 

function. Constant HIF stimulation reduces entry of the mitochondrial electron-

transferring complexes which as a result lowers TCA cycle function and β-oxidation, 

also lowers ETC expression elements limiting biosynthetic pathways associated with 

mitochondria and augments their eradication via autophagy (Dehne and Brune., 2014). 

 

Cytochrome c oxidase IV (COXIV) is a crucial nuclear-encoded protein within 

the electron transfer chain in mitochondria, and it generates ATP. The alteration of 

COXIV protein levels can affect mitochondrial function. miR-338 is a brain-specific 

miRNA expressed in neuronal tissue (Aschrafi et al., 2008). miR-338 targets 

cytochrome c oxidase IV (COX IV) mRNA and sequentially regulated OXPHOS and 

the mitochondrial function (Aschrafi et al., 2008). Overexpression of miR-338 in 

neurons by transfection caused reduced mitochondrial oxygen consumption, COX IV, 

decreases mitochondrial activity and low ATP.  

 

Contrarily, anti-miRNA oligonucleotides expression elevated COX IV levels and 

enhanced OXPHOS. Hence, it was verified that miR-338 overexpression endangers 

mitochondrial function (Aschrafi et al., 2008). Nishi et al. in 2010 identified that levels 

of ATP were modulated via miR-15b, miR-16, miR-195 and miR-424 as they all possess 

similar seed region at the 5’ end of the animal mRNA. Overexpression of these miRNAs 

represses levels of ATP and disturbs the mitochondrial activity. In order to repress ATP, 

these miRNAs target the ADP-ribosylation factor-like 2 (ARL2) mRNA. This was 
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confirmed by the knock-down of ARL2 by siRNA which resulted in low levels of ATP 

and dysfunction of mitochondria (Nishi et al., 2010).    

 

Mitochondrial dysfunction elevated levels of CO2 which in turn affected cell 

proliferation. Moreover, raised levels of CO2 stimulated miR-183 which in turn 

downregulated isocitrate dehydrogenase 2 (IDH2), thus leading to impairment of cell 

proliferation and mitochondrial function via IDH2 (Vohwinkel et al., 2011). From the 

outcomes of different studies undertaken on miR-183 and its role in cancer cells, it has 

been found that miR-183 has pleiotropic (one gene effects multiple) feature (Vohwinkel 

et al., 2011). miR-122 was downregulated in hepatocellular carcinoma and miR-122 is 

thought to be a secondary target of PGC-1a (peroxisome proliferator-activated receptor 

gamma, coactivator 1 alpha), SDH (succinate dehydrogenase) subunits A and B.  The 

primary function of these targets is mitochondrial energy metabolism. Additionally, 

amplified miR-122 expression of seed-matched genes resulted in damage of 

mitochondrial metabolic function (Burchard et al., 2010).   

 

For mitochondrial metabolism glutaminase (GLS) is essential as it transforms 

glutamine to glutamate, further catabolized via the TCA cycle for the generation of ATP 

or assists as the substrate for glutathione production in mitochondria. For example, 

carbon is utilized for the anabolic pathways (requires energy) and nitrogen is used for 

biosynthetic pathways. Current studies have identified that transcriptional modulation of 

the Myc oncogene is synchronized with the expression of genes that stimulate cells to 

participate in elevated glutamine catabolism; hence it exceeds the standard cellular 

requirement for nucleotide biosynthesis and protein (Matés et al., 2013). Myc-dependent 

glutaminolysis results in altered mitochondrial metabolism to depend on glutamine 
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catabolism and to preserve cellular viability and TCA cycle anaplerosis (a reaction that 

is intermediate of a metabolic pathway). Stimulation of mitochondrial glutamine 

metabolism ultimately results in low glucose-derived metabolites to enter the TCA cycle 

thus decreases involvement of glucose to the mitochondria-dependent phospholipids 

production (Wise et al., 2008). 

 

Separately from aerobic glycolysis, glutamine metabolism is also increased in 

most tumour cells instigated by GLS (Lu et al., 2010). A study by Gao et al. indicated 

that miR-23 targets GLS mRNA hence suppressing GLS expression. Likewise, c-Myc 

also transcriptionally suppresses miR-23a/miR-23b causing elevated GLS protein 

expression, therefore, it raises catabolism of glutamine in human lymphoma and prostate 

cancer cells (Gao et al., 2009). As indicated previously cancer cells undergo aerobic 

glycolysis, yet many tumours such as leukemic cells elevate glutamine metabolism 

induced by GLS. miR-23 targets GLS mRNA and suppresses the expression of GLS 

protein. Moreover, it was indicated that in human leukemic Jurkat cells expression of 

miR-23a is inhibited by the binding of the NF-kB p65 subunit to miR-23a promoter 

inhibiting miR-23a expression. This results in overexpression of p65 in Jurkat cells also 

elevated levels of GLS expression followed by faster cell proliferation in glutamine 

medium. Conversely, miR-23a overexpression in leukemic cells inhibited glutamine and 

stimulates mitochondrial dysfunction leading to cell death (Rathore et al., 2012).  

 

A transcriptional regulator of oxidative energy metabolism PGC-1b gene is 

where miR-378* (* denotes miRNA is complementary to miR-378 and originates from 

same hairpin) is located. Excessive expression of miR-378* instigates the metabolic 

alteration from an OXPHOS to glycolysis pathway in breast cancer cells via suppressing 

expression of two PGC-1b associates, ERRγ (estrogen-related receptor gamma) and 
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GABPA (GA binding protein transcription factor, alpha subunit). This results in lower 

TCA cycle gene expression and oxygen uptake along with augmented levels of lactate 

generation and cell proliferation (Eichner et al., 2010). From the characteristics of miR-

378* it seems as though it functions as an oncogene as it is orchestrating the Warburg 

effect in breast cancer cells by inhibiting the standard transcription regulators. 

Alternatively, another study reported that miR-378/378* targets carnitine O-

acetyltransferase, a mitochondrial enzyme and MED13 (mediator complex subunit 13), 

a component of the complex that controls nuclear hormone receptor activity (Carrer et 

al., 2012). Knockdown of miR-378/378* in mice indicated resistance to high fat died 

stimulated obesity and resulted in elevated mitochondrial fatty acid metabolism and 

enhanced oxidative aptitude of insulin-target tissues (Carrer et al., 2012). In summary, it 

can be implied that miR-378* regulates mitochondrial functions in cancer, obesity; and 

may play roles in other diseases.  

 

2.14 miRNAs and mitochondrial dysfunction  

It is evident from various studies that mitochondrial dysfunction is linked to 

cancer, obesity, diabetes, and insulin resistance (Barbour and Turner., 2014). In cancer 

cells enhanced expression of MiR-378* has been anticipated to facilitate elevated lactate 

production due to the shift from oxidative to glycolytic metabolism, which is allied with 

tumourigenesis (Eichner et al., 2010).  

 

Genetic variation such as mtDNA depletion or metabolic inhibition via rotenone 

toxicity can lead to mitochondrial dysfunction which in sequence induces insulin 

resistance in hepatocytes by low expression of the IRS1 protein (Zhang et al., 2008). 

Additionally, numerous miRNAs that target IRS-1 mRNA are indicated to be expressed 

due to induction via mitochondrial dysfunction. miR-126 is amongst the miRNAs that 
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get induced by mitochondrial dysfunction; it is involved in the development of insulin 

resistance since IRS1 is its direct target (Zhang et al., 2008; Ryu et al., 2011). miR-126 

also behaves as a metabolic regulator; overexpression of miR-126 inhibits Akt signalling 

pathway (Yang et al., 2012; Tomasetti et al., 2014).   

Damage to the mitochondrial membrane is presumed to be mutagenic which is 

caused via elevated ROS production. ROS is an essential factor for cellular metabolism 

and it is generated through mitochondria together with NADPH oxidases (NOX) (Cheng 

and Ristow, 2013). Several studies on the cellular metabolism showed that elevated 

stress on cells results in modifications of miRNA biogenesis; for instance alters their 

target expression and function of miRNA-protein complexes. The quantity of 

suppression via miRNA is dependent on the ratio of mRNA comparative to the miRNA 

and quantity of miRNAs available in the transcriptome targeted through the same 

miRNA. Following this, stress regulates expression of miRNAs, as evident that cells 

exposed to UV radiation alter expression of miRNAs (Pothof et al., 2009). Tomasetti et 

al. reported that H2O2 changes the expression of miRNAs (Figure 7). This was evident 

as oxidative stress was induced by miR-126, in this case miR-126 is playing a protective 

role by enhancing the antioxidant enzymes expression (Tomasetti et al., 2014).   

 

Likewise, upregulated miR-145 significantly repressed H2O2-induced cellular 

apoptosis, ROS production, mitochondrial structure disruption as well as the activation 

of key signalling proteins in the mitochondrial apoptotic pathway (Li et al., 2012b). 

Haque et al. verified that a sub-lethal dose of H2O2 elevated the expression of miR-30b 

which lead to suppression of catalase (CAT) expression (Haque et al., 2012). Expression 

of superoxide dismutase-2 (SOD2) and thioredoxin reductase 2 (Txnrd2) was 

suppressed by miR-335 and miR-34a upon binding to their 3’-UTR of mRNA. Up-

regulation of miR-335 and miR-34a resulted in early senescence of mesangial cells by 
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suppression of SOD2 and Txnrd2 and linked elevation in ROS levels (Bai et al., 2011). 

In addition, another study described that miR-320a is available to oxidative stress along 

with contribution in the regulation of glycolysis (Tang et al., 2012). In summary, 

modulation of miRNAs appears to have a significant part in reaction to environmental 

stress and genetic disorders.   

 

2.15 miRNAs in Metastasis 

The incidence of colorectal cancer has been constant. Colorectal cancer 

prognosis is declined severely once the patient has been diagnosed with stage IV cancer. 

This signifies the importance of therapeutic approaches for targeting cellular invasion 

and metastasis programs as the next phase in cancer management. Epithelial-

mesenchymal transition (EMT) is the process, which assists carcinoma development and 

leads to enhanced invasion and motility, which is linked with loss of epithelial polarity 

and epithelial junctions, migration permissive cytoskeleton alterations, and the 

acquirement of mesenchymal properties (Sreekumar et al., 2011). After miRNAs were 

discovered as regulators of primary cellular pathways they can now be used for the 

transcripts that control expression of proteins involved in EMT pathways (Sreekumar et 

al., 2011). Numerous miRNAs have been recognized with presumed or proven 

significance in metastasis.  

 

The function of miRNAs in the development of metastases has been confirmed 

in various cancers, including hepatocellular carcinomas, head and neck cancer, and brain 

tumours (de Krijger et al., 2011). Thus miRNAs are attractive targets for the treatment 

of primary cancer and instantaneously for therapeutic involvement in metastasis. 

Nonetheless, majority of miRNAs involved in metastasis have been identified in breast 

cancer. As the expression of miRNAs is highly tumour and tissue specific, more study 
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should be done on the association of miRNAs and metastases in other types of cancer, 

such as colorectal carcinomas. Most studies in CRC analysed the association between 

miRNAs and the metastatic pathway using in vitro and mouse models. There are also 

tissue-based experiments in CRC patients, but the amount of data is still limited. In other 

human cancers, progress has already been made in therapeutic approaches based on 

miRNAs. Therefore, it is necessary to summarize the role of miRNAs in the 

development of metastasis, specifically in CRC. It is vital to comprehend the 

relationship between miRNAs and the CRC metastatic pathway, as well as the escape of 

apoptosis, epithelial-mesenchymal transition (EMT), angiogenesis, invasion, migration, 

and proliferation. 

 

MiR-21 is one of the most comprehensively studied miRNA in CRC and its 

expression is correlated with advanced tumour stage (Slaby et al., 2007, Schetter et al., 

2008). However, miR-21 exhibited no significant correlation between clinical and 

pathological features. Selcuklu et al., also stated that miR-21 has metastasis-promoting 

character. Concomitantly, it utilizes anti-apoptotic, pro-proliferative, and chemo-

protectant properties and is allied with aggressiveness and hormone receptor status 

(Selcuklu et al., 2009; Hummel et al., 2010). The Let-7 family is comprised of 13 

miRNA members residing on nine different chromosomes. They are aberrantly 

expressed in many human cancers, suppressing metastasis, together with having an 

impact on chemo- and radio-sensitivity (Hummel et al., 2010).  

 

Furthermore, miR15/16 cluster behave as tumour suppressors by preventing 

tumour cell proliferation and promoting apoptosis. Inhibition of miR15/16 in many 

cancers for instance prostate cancer resulted in impaired tumour suppression (Aqeilan et 

al., 2010). Accordingly, the ectopic expression of miR-16 mimic can be a beneficial 



Regulation of colorectal cancer metastasis by modulating mitochondrial miRNAs 
 	

Faeza Ebrahimi (s2758346)                                                                                                              School of Medicine 64 

therapeutic approach (Takeshita et al., 2010). miRNAs that are involved in metastasis 

target genes such as (MMPs, HER receptors, BMPs, PTEN, ZEB1, ZEB2, or E-

cadherin) with their roles in tumour cell invasion, migration, and other functions in the 

metastatic process (Aigner, 2011). For instance, E-cadherin is expressed in normal 

epithelial tissues. Loss of E-cadherin can result in dedifferentiation and invasiveness in 

human carcinomas, implying that E-cadherin is a tumour suppressor. Loss of E-cadherin 

has been demonstrated in invasive lobular carcinoma of the breast (Singhai et al., 2011). 

E-cadherin is regulated by numerous other miRNAs including miR-101 by EZH2 or 

miR-9, and EZH2 interferes with metastasis through other pathways; for instance, by 

activating Ras and NF-κB (Aigner, 2011). 

 

 miRNAs may modulate a variety of metastasis-related genes. Several miRNAs 

either directly or indirectly modulate some metastasis-related genes. For instance, miR-

200 family has been recognized to regulate the epithelial character of cells via silencing 

of ZEB proteins, ZEB1/ZEB2 are as well controlled by miR-205 or miR-192 (Aigner, 

2011). ZEB1 and ZEB2 are regulators of the mesenchymal phenotype and 

transcriptional inhibitors of E-cadherin. This can lead to additive effects as a result of 

interference with multiple pathways. Thus, it is necessary to elucidate the individual 

contribution of various regulatory pathways to metastasis in addition to their complex 

interplay.  Consequently, miR-200 is capable of inducing or inhibiting metastasis 

through the same molecular pathway (such as inhibition of ZEB1 and ZEB2).  

 

Conversely, miR-31 has been verified to have anti-metastatic functions. miR-31 

effects breast cancer metastasis via three target molecules, integrin-alpha5 (ITGA5), 

radixin (RDX), and RhoA, (Valastyan et al., 2011). As a consequence, different steps in 

the metastatic process are inhibited via miR-31, such as invasion, extravasation, 
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survival, and colonization (Valastyan et al., 2009). These findings may elucidate the 

high influence of miRNAs on metastasis of colorectal cancer.  
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Chapter 3: Mitochondrial miRNAs and its clinical significance 
in human cancers 

 
3.1 miR-126 in human cancers: clinical roles and current perspectives. 

 
miR-126 is one of the miRNAs that have important roles in cellular biology 

including cancer.  Schmidt and colleagues have reviewed the two main functions of 

miR-126, namely angiogenesis and inflammation, and briefly stated that miR-126 might 

play critical roles in several human cancers (Meister and Schmidt, 2010).  

 

The host gene of miR-126, an epidermal growth factor-like domain 7 (EGFL7), 

is itself one of the primary targets of miR-126. Transcription of both occurs and mature 

miR-126 binds to a complementary sequence within EGFL7, preventing translation of 

the mRNA, resulting in a decrease of EGFL7 protein levels (Sun et al., 2010b).  Cancer 

needs the constant formation of blood vessels to supply the cancer cells with nutrients 

(Salajegheh et al., 2013).  Also, EGFL7 is associated with cell migration pathways to 

mediate tissue invasion. This suggests that one of the leading functions of miR-126 is to 

regulate EGFL7 protein formation, leading to a reduction of angiogenesis and cell 

migration (Sun et al., 2010b).   
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Figure 8. Expression of miR-126 in various human tissues. 

(A) Relative expression (to the U6 spliceosomal RNA and 5S ribosomal subunit) of 

miR-126 in various human tissues and cell lines. (B) The position of miR-126 

sequences, stem-loop structure and corresponding sequence in multiple species (Wang et 

al., 2008a).   

 

miR-126 (usually referring to the 3’ part of the transcript, also called miR-126-

3p) is located within the 7th intron of EGFL7 gene which resides on 

human chromosome 9 (Figure 8) (Fish et al., 2008; Wang et al., 2008a; Meister and 

Schmidt, 2010).  miR-126 is a human miRNA that is expressed in endothelial cells, 

including capillaries and larger blood vessels, and operates upon several transcripts to 

control angiogenesis (Figure 9).  miR-126* (referring to the 5’ part of the transcript, also 

called miR-126-5p) is the analogous strand to miR-126, which binds to the primary 

miR-126 transcript in the stem loop structure of the pre-miRNA (Figure 8) (Meister and 
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Schmidt, 2010).  The asterisk in miR-126* signifies that miR-126* is the anti-sense of 

miR-126, which was originally named miR-123 (Lagos-Quintana et al., 2002).  miR-

126* is less copiously present in organisms than miR-126 and has fewer known 

functions in regulating gene expression.  

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Pre-miRNA structure of miR-126. 

A pre-miRNA structure situated within intron 7 of the egfl7 gene from which miR-126 

originates. MAPK and PI (3) K signals; another miRNA which is encoded by an intron 

of the Slit genes, miR-218 also regulate angiogenesis (Small and Olson, 2011). 

 

miR-126 regulates angiogenesis and atherosclerosis, expression analyses 

revealed high levels of miR-126 is expressed in highly vascularized tissues, such as; 

heart, liver, lung, and in human umbilical vein endothelial cells (Figure 9).  The miRNA 

was expressed in the endothelial cell lineage, progenitor cells, hematopoietic and 

endothelial cell lines (Lagos-Quintana et al., 2002; Wang et al., 2008a; Meister and 

Schmidt, 2010).  In general, the expression of miR-126/miR-126* appears to be 

paralleled by the expression of the EGFL7 protein, as they share a common mRNA and 
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were likely transcribed together (Meister and Schmidt, 2010). However, studies have 

determined that miR-126 expression can be regulated independently of the EGFL7 

protein, signifying the existence of a separate promoter that drives the expression of 

miR-126/miR-126* (Diaz et al., 2008; Meister and Schmidt, 2010).  Specific 

mechanisms for this regulation have not been identified, and further studies are required 

to reveal the separate promoter of miR-126/miR-126*.  There is a lack of review on the 

function and clinical roles of miR-126 in human cancers.  Reviews of the literature show 

that miR-126 has been explored in many human cancers. However the exact mechanism 

in regulating colorectal cancer needs further investigation.  

3.1.1 miR-126 expression in colorectal cancers 

Amongst the various miRNAs, miR-126’s role in colorectal cancer has been 

studied extensively, and the outcomes of these studies have shown high concordance 

(Figure 10).  In 2008, Diaz et al. studied the role of miR-126 for the first time in 

colorectal cancer using quantitative reverse transcriptase polymerase chain reaction 

(qRT-PCR) and reported that miR-126 expression is deregulated in colon cancer.  The 

expression of miR-126 was related to pathological stages but not related to other clinical 

and pathological parameters. They used 110 colorectal cancer tissues and determined 

that miR-126 and its host gene EGFL7 are both regulated with different stimuli (Diaz et 

al., 2008).  Also, using miRNA arrays on two colon cell lines reported a loss of miR-126 

in colon cancer compared to normal colon tissue, hypothesized to be due to 

phosphoinositide-3 (PI3)-kinase signalling cascade regulation via miR-126.  Using 

reporter constructs, p85β -3’ UTR was identified to be a direct target of miR-126 (Guo 

et al., 2008).  Down-regulation of miR-126 resulted in elevated levels of p85β 

accompanied by augmented levels of phosphorylated AKT (protein kinase B) in 

colorectal cancer cells (Guo et al., 2008).   In another study, Ahmed and colleagues 

studied stool and tissue samples from 10 controls (with inflammatory bowel diseases) 
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and 15 patients with various stages of colon adenocarcinoma using qRT-PCR and 

reported that miR-126 was deregulated in colon cancer (Ahmed et al., 2009).   

 

Wang et al. using miRNA arrays and qRT-PCR to demonstrate that 

nasopharyngeal carcinoma-associated gene 6 (NGX6) was a novel tumour suppressor 

gene in colon cancer.  In the study, they transfected the NGX6 gene in poorly-

differentiated colon cancer cell line (HT-29) and found that miR-126 was overexpressed 

after transfection (Wang et al., 2010b).  

 

Li and colleagues reported that miR-126 was downregulated in colorectal cancer 

tissues of 66 patients when compared to non-cancer tissues (more than 5cm from cancer) 

using qRT-PCR (Li et al., 2011).  They reported that pathological staging and other 

clinical/pathological parameters were not associated with miR-126 expression (Li et al., 

2011).  In another study, a panel of miRNAs in rectal cancer was examined by 

microarray and qRT-PCR.  Also, miR-126 was noted to have different expression in 

colon and rectum (Li et al., 2012c).  

  

Hansen and colleagues analysed 89 patients with metastatic colorectal cancer 

and reported the significantly lower expression of miR-126 in patients with multiple 

metastatic sites compared to those with a single metastatic site (Hansen et al., 2012).  

Furthermore, in situ hybridization analysis confirmed a significant association between 

miR-126 expression in primary cancer and response to first-line chemotherapy 

(XELOX) in metastatic colorectal cancer patients (Hansen et al., 2012).  

 

In 2013, Li et al. using qRT-PCR with two colon cancer cell lines reported that 

miR-126 expression levels were lower in colon cancer cells compared with matched 

normal cells.  Also, luciferase reporter assay and Western blot were also used to confirm 
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that C-X-C chemokine receptor type 4 (CXCR4 or CD184) is a target of miR-126. They 

reported that miR-126 expression suppresses colon cancer cell viability and diminishes 

cancer cell migration, invasion capability via negatively regulating expression of 

CXCR4 (Li et al., 2013b).  In addition, lower miR-126 expression was evident in 

colorectal cancer cell lines with metastatic potential. Microarray results were combined 

with bioinformatics that miR-126 inhibits the RhoA/ROCK (Rho-associated protein 

kinase) signalling pathway resulting in repression of colon cancer proliferation and 

invasion (Li et al., 2013a).   

Overall, these findings implied that miR-126 is a potential tumour suppressor in 

colorectal cancer and that its dysregulation may assist to differentiate among non-cancer 

from cancer, metastatic from non-metastatic colorectal cancer.  Also, miR-126 can 

target numerous genes either to stimulate or inhibit signalling pathways to facilitate the 

suppression of colorectal cancer.  Thus, it can be a potential candidate for future 

therapeutic approaches in this disease.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 10. miR-126 expression in gastrointestinal cancers. 

Studies that were undertaken to detect the expression of miR-126 in gastrointestinal 

cancers assembled in a review (Ebrahimi et al., 2014). 
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3.1.2 miR-126 expression in other gastro intestinal systems 

Gastric cancers 

Li and colleagues analysed 100 patients with gastric carcinoma and reported that 

miR-126 expression was downregulated in gastric carcinoma tissues compared with 

matched non-cancer tissues by qRT-PCR (Figure 10).  Also, the expression of miR-126 

was correlated with the survival rates of the patients with gastric carcinoma (Li et al., 

2010).   

Using miRNA microarray, it was shown that miR-126 expression was altered in 

gastric carcinoma.  Furthermore, miR-126 was found to reduce gastric cancer cell 

proliferation by inducing cell cycle arrest in G0/G1 phase, migration and invasion in 

vitro with carcinogenesis and metastasis in vivo (Feng et al., 2010).   The mechanism of 

down-regulation of miR-126 contributing to metastases was predicted to occur through 

suppression of CRK (p38) which has a key role in signalling pathways regulating cell 

adhesion, proliferation, and migration (Feng et al., 2010). Using qRT-PCR, this study 

confirmed that miR-126 may function as a tumour suppressor in human gastric 

carcinioma by suppressing its direct target CRK (Feng et al., 2010).  The expression of 

miR-126 was demonstrated in 60 patients with gastric carcinoma to be related to the 

pathological stages and size of the gastric cancer (Feng et al., 2010).     

Using luciferase assays on 10 human gastric carcinoma cell lines, Otsubo and 

colleagues found that miR-126 targets SOX2 (sex determining region Y-box 2), and 

microarray analysis showed that the placenta-specific protein 1 (PLAC1) gene might be 

a downstream target of SOX2 in gastric carcinoma (Otsubo et al., 2011).  SOX2’s 

natural role is growth inhibition via cell cycle arrest and apoptosis (Otsubo et al., 2011).  

In addition, expression of SOX-2 on gastric carcinoma studied by 

immunohistochemistry was related to the miR-126 levels in which overexpressed miR-
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126 suppresses SOX2 expression (Otsubo et al., 2011).  This study indicated that miR-

126 has a more complex behaviour in gastric cancer.   

CRKL is a member of CRK family and behaves as adaptor protein contributing 

in intracellular signal transduction. Wang et al. performed studies on 52 gastric cancer 

specimens and gastric cell lines.  They found that miR-126 is a tumour suppressor in 

gastric cancer and is an inhibitor of CRKL by targeting its 3’UTR region of CRKL 

mRNA.  Cell line studies indicated that overexpression of miR-126 inhibited CRKL 

protein expression. These outcomes elucidate that CRKL may function as an oncogene 

in gastric cancer cell proliferation (Wang et al., 2013a).   

From these outcomes it can be inferred that miR-126 may function as a tumour 

suppressor gene or oncogene, depending on the cellular expression patterns of its target 

genes and their role in local cell biology.  

 

Oesophageal cancers 

Hu and colleagues used miRNA microarray analysis to show that expression 

levels of miR-126 were lower in oesophageal cancer tissues compared to normal tissues. 

They also analysed the expression of miRNAs in 10 oesophageal cancer cell lines 

(adenocarcinomas and squamous cell carcinomas) and 158 carcinomas (both squamous 

cell carcinoma and adenocarcinoma) tissues using Northern blotting and in situ 

hybridization on tissue microarrays. The authors demonstrated that reduced miR-126 

expression was linked with cancer de-differentiation and lymph node metastasis (Hu et 

al., 2011). Additionally, they found that reduced miR-126 expression was borderline 

significant for affecting disease-free survival in the patients with oesophageal 

adenocarcinomas (Hu et al., 2011).  In the other study of miR-126 in oesophageal 

cancer, Liu and colleagues in 2013 reported using miRNA microarrays that miR-126 in 

the oesophageal cancer tissues compared with those in the matched normal tissues was 

differentially expressed, being reduced in cancer tissues.  Additionally, miR-126 was 
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amongst those miRNAs most markedly downregulated, which were validated by qRT-

PCR in oesophageal squamous cell carcinoma (Liu et al., 2013).   The limited studies in 

the literature revealed that miR-126 thus seems to maintain its tumour suppressor 

qualities in oesophageal carcinoma.  

Oral Cancers 

Low expression of miR-126 is associated with cancer progression via the 

induction of angiogenesis and lymphangiogenesis in oral squamous cell carcinoma cell 

lines (Sasahira et al., 2012).  In this study, miR-126 was found to be a negative regulator 

of vascular endothelial factor-A (VEGF-A).  Via analysing 118 patients with oral 

squamous cell carcinomas, a significant association was observed between reduced miR-

126 expression and cancer progression, nodal metastasis, vessel density, or poor 

prognosis in oral squamous cell carcinoma cases.  This study also found that expression 

of EGFL7 and miR-126 were repressed via methylation in carcinomas with high 

metastatic potential compared with lower metastatic oral squamous cell carcinoma cells.  

Highly metastatic cancer cells re-expressed miR-126 at normal expression levels 

following treatment with 5-aza-2’-deoxycytidine.  Furthermore, another study reported 

that down-regulation of miR-126 promotes oral carcinogenesis in animal models (Syrian 

hamster cells) (Yu et al., 2009) using microarray and qRT-PCR.  These two studies 

suggest that reduced miR-126 expression is associated with cancer progression. 

Therefore, it is likely that miR-126 behaves as a tumour suppressor in oral cancer.   

 

Pancreatic cancer 

The metalloproteinase, ADAM9 (disintegrin and metalloproteinase domain-

containing protein 9), is highly expressed in pancreatic cancer.  It was shown in a 

pancreatic cell line that ADAM9 is a target of miR-126 in pancreatic cells (Hamada et 

al., 2012).  Re-expression of miR-126 and siRNA-based knockdown of ADAM9 results 

in reduced cell migration, invasion, and induction of the epithelial marker E-cadherin 
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(Hamada et al., 2012). Also, by using qRT-PCR on 17 pancreatic tissue samples, miR-

126 expression in pancreatic ductal adenocarcinoma was suppressed and ADAM9 was 

expressed (Hamada et al., 2012).  The results indicated that the interactions of miR-126 

and ADAM9 are related to epithelial-mesenchymal transition/invasive growth of 

pancreatic cancer cells.  

 

Jiao and co-authors compared pancreatic benign cystic tumours with high and 

low malignant potential with pancreatic ductal adenocarcinomas in 58 patients via 

microarray and qRT-PCR methods (Jiao et al., 2012).  Numerous miRNAs were 

downregulated in pancreatic ductal adenocarcinomas including miR-126.  In pancreatic 

ductal adenocarcinomas, miR-126 was downregulated with linked increases in CRK, 

KRAS (V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog) and bcl-2. The results 

of studies in pancreatic cancer so far indicate that miR-126 may repress pancreatic 

tumours by targeting multiple oncogenes, which may be a promising avenue of future 

therapy for these aggressive cancers. 

 

Liver cancers 

Ladeiro and colleagues used one hundred and nine liver samples from 93 

patients to study the effect of miR-126 on hepatocellular carcinoma via qRT-PCR 

methods. It was noted that miR-126* was downregulated in alcohol-related 

hepatocellular carcinoma (Ladeiro et al., 2008). Barshack et al. performed microarray 

and qRT-PCR on 30 hepatocellular carcinomas and compared the expression of miR-

126 with primary cancers from other organs as well as cancer metastases to the liver.  

The results showed higher expression of miR-126 in hepatocellular carcinoma 

(Barshack et al., 2010).  This may indicate a more complex relationship for miR-126 in 

hepatocellular carcinoma development than in other cancers, through down-regulation 

of expression is still linked to metastasis, which may reflect effects on tumour 
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vasculature. It is likely that in hepatocellular carcinoma, expression of some genes rarely 

seen in epithelial type cancers causes miR-126 to favour cell growth or invasion, though 

there is no specific research to show how such an effect would be mediated. 

 

Han and colleagues studied tissues samples from patients with hepatocellular 

carcinomas and demonstrated that amongst a few miRNAs using microarray, miR-126 

was downregulated in hepatocellular carcinoma, which can predict recurrence of the 

carcinoma (Han et al., 2012).  In another study, the same group of investigators revealed 

that expression of miR-126 was lower in cancer tissues of 68 patients with post-liver 

transplant hepatocellular carcinoma recurrence compared with those with non-

recurrence (Chen et al., 2013).  In animal and cell lines studies, they also demonstrated 

that reduced miR-126 correlates with the progression of hepatocellular carcinoma and 

metastasis (Chen et al., 2013). Overall findings of their study imply that down-

regulation of miR-126 has a critical and complex role in hepatocellular carcinoma 

metastatic pathways.  

 

Thyroid cancer 

Kitano et al. conducted the first study that evaluated the correlation between 

miRNAs and thyroid cancer in 47 tumour samples (21 benign, 26 malignant) (Figure 

11). Using qRT-PCR, they reported that miR-126 to be amongst the miRNAs that were 

statistically differentially expressed in benign and malignant tumours.  miR-126 was 

found to be downregulated in thyroid carcinomas (papillary thyroid carcinoma and 

follicular carcinoma)  compared to benign tumours (Kitano et al., 2011).  The use of 

miR-126 may help to distinguish thyroid carcinoma from benign thyroid lesions in fine 

needle aspiration biopsy (Kitano et al., 2011). The findings indicated that miR-126 

might function as a tumour suppressor in thyroid cancer.  Thyroid carcinoma has 
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different pathological subtypes (Salajegheh et al., 2011) Additional research is needed to 

determine if this capacity holds true for all subtypes of the disease. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. miR-126 expression in Endocrine and Genito-urinary system. 

Studies that were undertaken to detect the expression of miR-126 in an endocrine gland 

and genital tracts cancers assembled in a review (Ebrahimi et al., 2014). 

Breast cancer  

Tavazoie et al. reported that miR-126 levels were low in metastatic breast cancer 

cells detected by microarray hybridisation and PCR-based methods (Tavazoie et al., 

2008) (Figure 11).  Moreover, they indicated that miR-126 overexpression reduced both 

breast cancer cell growth in vitro and metastases in vivo.  Furthermore, they noted the 

loss of miR-126 expression in patients with recurrent breast carcinoma and absence of 

miR-126 was linked with reduced distal metastases-free survival (Tavazoie et al., 2008).  

These findings indicated that miR-126 maintains its role as a suppressor of metastasis 

that could reduce metastatic rate and size of breast carcinoma.   

miR-126 and miR-126* were shown to be downregulated in human breast 

carcinoma cell lines by qRT-PCR (Zhang et al., 2008).  Flow cytometric analysis 

demonstrated that miR-126 overexpression inhibits cell growth in breast cancer cells by 
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repressing cell cycle progression from G0/G1 to S phase.  Zhang et al. identified a 

complementary site for miR-126 in the 3’ UTR of insulin receptor substrate 1 (IRSI) 

mRNA and verified that miR-126 targets insulin receptor substrate 1 (Zhang et al., 

2008).  Overexpressed miR-126 significantly reduces insulin receptor substrate 1 protein 

by excluding IRS1 mRNA.  This resulted in decreased cell growth in breast carcinoma 

cells (Zhang et al., 2008).  

 

Altered expression of miR-126 in breast carcinoma can also be detected from 

blood samples.  Wang and colleagues reported that 58 patients with ductal carcinoma of 

the breast had lower circulating levels of miR-126 when compared to healthy 

individuals (Wang et al., 2010a).  The expression of miR-126 in tissues also correlated 

with serum levels.  The level of miR-126 also correlates with the histological grade and 

sex hormone receptor status of the breast carcinoma.  

 

miR-126 has been shown to be one of the several miRNAs whose expression 

differentiate malignant from benign breast carcinoma in samples from 30 patients 

(Bockmeyer et al., 2011).  The expression of miR-126 is different between luminal and 

basal cells in normal and malignant breast tissue.  miR-126 was noted to be elevated in 

malignant myoepithelioma but not in basal-type of breast carcinoma. Zhu et al. used 

qRT-PCR and Northern blotting to detect expression of miR-126 in cell lines, animal 

and human breast cancer tissues. They reported that vasoendothelial growth factor-A 

(VEGF-A) and phosphoinositide-3-kinase, regulatory subunit 2 (beta) (PIK3R2) are 

authentic targets of miR-126, and miR-126 expression was suppressed in breast cancer 

(Zhu et al., 2011).  Moreover, overexpression of miR-126 may play a significant role in 

carcinogenesis and development by regulating the VEGF-A/PI3K/AKT (protein kinase 

B) signalling pathway (Zhu et al., 2011).   
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Png et al. found that endothelial cells co-injected with breast cancer cells can 

independently release their miR-126 and can, stimulate a metastatic deficiency in vivo 

(Png et al., 2012). This illustrates the role of miR-126 in endothelial interactions in 

metastatic initiation.  miR-126 has been found to repress various metastatic elements: 

endothelial recruitment, angiogenesis (Figure 11) and migration via directly targeting 

pro-angiogenic genes of cancer metastases such as IGFBP2 (insulin-like growth factor 

binding protein 2), PITPNC1 (Phosphatidylinositol transfer protein, cytoplasmic 1) and  

MERTK (C-Mer proto-oncogene tyrosine kinase).  Through loss-of-function and 

epistasis experiments on breast cancer cell line, miR-126 was shown to regulate 

IGFBP2, PITPNC1, and MERTK and in turn control endothelial recruitment, 

angiogenesis, and metastatic migration.   

 

Hafez et al. identified that low expression of miR-126 in 40 breast cancer 

samples (by qRT-PCR), as well identified that low miR-126 expression was associated 

with metastasis and other clinicopathological features for breast cancer (Hafez et al., 

2012).  In addition, many miRNAs are downregulated in non-malignant and breast 

cancer cell lines including miR-126, via in vitro functional screening (Tahiri et al., 

2013).  Overall, miR-126 could behave as a tumour suppressor in breast cancer through 

regulation of various target mRNAs.  

Cervical cancer 

Using miRNA arrays in combination with a Northern blot, Wang and colleagues 

identified significantly deregulated miRNAs in cervical cancer tissues (Figure 11).  

Also, amongst which expression of miR-126 was downregulated in eight cervical cancer 

cell lines (Wang et al., 2008b).  Huang et al. suggested that proangiogenic gene, 

adrenomedullin (ADM), was upregulated in the stroma of cervical cancer and is also 

involved in invasion, metastasis due to its ability of localisation to the blood and 

lymphatic vessels. They also stated that the cancer stroma crosstalk induced suppression 
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of miR-126 and up-regulation of ADM. Therefore, they suggested ADM be a target of 

inhibition via miR-126 from pre-invasive to invasive carcinoma (Huang et al., 2014).  

These outcomes illustrate that miR-126 may not be as significant a player in the 

development of cervical cancer, perhaps due to reduced importance for vasculature in 

cervical cancer development or the involvement of human papillomavirus in driving the 

disease.  

Ovarian cancer  

Resnick et al. studied 28 patients with confirmed ovarian epithelial carcinoma 

(serous, clear cell, endometrioid and mucinous carcinoma) and demonstrated that miR-

126 was overexpressed in sera from these patients (Resnick et al., 2009).  This finding 

contradicts several other studies on different cancer types where miR-126 behaves as a 

tumour suppressor gene. It is currently uncertain as to what causes the elevated levels of 

miR-126 in the serum of ovarian cancer patients. If ovarian cancers themselves produce 

high levels of miR-126, it is possible that this reflects a difference in biology from 

epithelial type cancers. The finding needs further studies to confirm.  

 

Renal cancer  

Zhang et al. found that both miR-126/miR-126* were downregulated in human 

embryonic kidney (HEK293) cells. Overexpression of miR-126 inhibited cell growth in 

HEK293 by suppressing cell cycle progression from G0/G1 to S phase (Zhang et al., 

2008).  They also confirmed that miR-126 targets insulin receptor substrate 1 by 

binding to the 3’ UTR of insulin receptor substrate 1 mRNA and followed by reduced 

growth of the transfected cells.  Slaby and colleagues, analysed the expression of miR-

126 in 77 patients (50 men, 27 women) with renal cell carcinoma using qRT-PCR, and 

confirmed that miR-126 expression levels were lower in patients with renal cell 

carcinomas who developed cancer relapse.  Moreover, low miR-126 expression levels 

were also observed in metastatic carcinomas. miR-126 expression was also noted to be 
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significantly correlated with recurrence-free survival of patients with non-metastatic 

renal cell carcinoma  (Slaby et al., 2012).   

 

Fridman et al. studied 125 samples of renal cell carcinoma and indicated via 

miRNA microarrays and qRT-PCR that miR-126 has a distinct expression in clear cell 

renal cell carcinomas compared with papillary renal cell carcinomas.  It was noted that 

miR-126 was more strongly expressed in clear cell renal cell carcinomas (Fridman et al., 

2010; Youssef et al., 2011). Likewise, Powers and colleagues found miR-126 expression 

levels distinguish clear cell renal cell carcinoma from papillary renal cell carcinoma 

(Powers et al., 2011).  

 

White et al. used both primary and metastatic renal cell carcinoma tissues and 

measured miRNA expression via miRNA microarray and qRT-PCR methods.  They 

reported that miR-126 is reduced in metastatic renal cell carcinoma and contributes to 

kidney cancer metastasis through altered biological pathways (White et al., 2011).  Also, 

Khella et al. studied 20 pairs of matched primary and metastatic clear cell renal cell 

carcinoma tissues and validated differentially expressed miRNAs on matched primary 

and metastatic pairs by qRT-PCR.  They found a negative association between miR-126 

expression and its target VEGF-A, with low levels of miR-126 linked with high VEGF-

A and vice-versa (Khella et al., 2011).  This study reported that VEGF-A is a target of 

miR-126.  The authors also indicated miR-126 and its host gene, EGFL7, to have the 

same pattern of expression in metastatic cancers (Khella et al., 2011). In paediatric renal 

tumours, a study was undertaken by Schmitt et al. used miRNA microarray and qRT-

PCR methods to analyse altered expression of miRNAs in more than 100 blood samples 

from patients with Wilms a tumour.  They reported down-regulation of miR-126 in 

Wilms a tumour when compared to normal controls (Schmitt et al., 2012). 
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Prostate cancer  

Prostate, a non-endothelial tissue, is naturally deficient in EGFL7 gene 

expression (Musiyenko et al., 2008) resulting in a limited number of miR-126 

transcripts.  RNAi assays have been used to determine that the absence of miR-126 in 

the prostate is an essential requirement for the ability of prostate cells to synthesise 

prostein (a prostate-specific marker), which is commonly upregulated in the disease.  

Also, induced overexpression of miR-126 reduced migration of the prostate cancer cells.  

This suggests that the inherent deficiency of miR-126 in prostate cancer can be a 

contributing factor to its invasiveness.  Another study indicated that prostein expression 

could be increased in the prostate via silencing both miR-126* and EGFL7. Hence, it is 

possible that miR-126* has a greater role in the suppression of prostien and miR-126 

based suppression of prostate cancer migration occurs through other mechanisms 

(Meister and Schmidt, 2010).  

   

Saito et al. using Northern blotting and methylation assays in cell lines and 

tissues reported that the reduced expression of miR-126 and EGFL7 seen in prostate 

cancer tissue compared with normal prostate tissue was likely due to DNA 

hypermethylation.  Further, they noted that miR-126 and EGFL7 expression are restored 

after treatment with 5-aza-2’-deoxycytidine and phenylbutyric acid, an epigenetic 

therapy drug, in prostate cancer (Saito et al., 2009).  Patient-derived prostate cancer 

xenograft rat models and cell lines were analysed using microarray gene expression, 

next generation sequencing technology, and transfection studies found that miR-126 

promotes metastasis in prostate cancer (Watahiki et al., 2011). These results indicated 
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that miR-126 behaves in multifaceted ways in cancers. In prostate cancer, it combines 

with epigenetic agents gain normal function or potentially acting to promote metastasis.  

 

 

Bladder cancer 

Urinary miRNA expression patterns were detected in 47 patients with various 

grades of bladder carcinoma via qRT-PCR have determined that urine of patients with 

bladder cancer contains significantly elevated levels of miR-126, compared to those of 

normal healthy controls (Hanke et al., 2010).  The same study also indicated that the 

ratio of miR-126 to miR-152 could accurately diagnose bladder cancer with a specificity 

of 82% and sensitivity of 72% (Hanke et al., 2010).  Further to this, Saito and co-

workers using cell lines, Northern blot and qRT-PCR experiments confirmed that miR-

126 and EGFL7, the host gene for miR-126, were downregulated by DNA 

hypermethylation, and miR-126 and EGFL7 expression are restored following treatment 

with 5-aza-2’-deoxycytidine in bladder cancer (Saito et al., 2009). 

Lung cancer 

Yanaihara and colleagues used 104 pairs of primary lung cancer and non-

cancerous lung tissue and reported via miRNA microarray analysis that miR-126* was 

downregulated in lung carcinoma tissues compared to non-cancerous tissues, which was 

validated by solution hybridisation and qRT-PCR methods (Yanaihara et al., 2006) 

(Figure 12). Crawford and co-authors reported, using qRT-PCR, that miR-126 is 

reduced in expression in lung carcinoma.  Overexpression of miR-126 in 19 non-small 

cell lung cancer tissues and lung cancer cell line showed reduced expression of CRK 

protein without any alteration in the associated mRNA (Crawford et al., 2008).  CRK is 

known to elevate adhesion, invasion and migration. miR-126 transfected tumour cells 

showed reduced adhesion, migration and invasion compared to control and scrambled 

pre-miR cells (Crawford et al., 2008; Miller et al., 2003; Gong et al., 2014b).  These 
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results indicated that miR-126 could suppress lung cancer invasion by directly targeting 

CRK. Cho and colleagues compared 10 paired samples of lung cancer tissue and non-

cancer lung tissue using miRNA microarrays and validated the results via qRT-PCR. 

They found miR-126* to be the most differentially expressed miRNA in lung cancer, 

being reduced in lung cancers (Cho et al., 2009).  Also, miR-126 was downregulated in 

lung carcinoma tissues of non-smoking patients when compared to non-cancer lung 

tissues (Cho et al., 2009).   

 

In another study, miR-126 expression was downregulated in lung cancer tissues 

compared to normal lung tissues and with an enhanced VEGF-A expression in lung cell 

lines (Liu et al., 2009). VEGF-A is a positive regulator of angiogenesis, and its 

expression is upregulated in many cancers (Salajegheh et al. 2013; Salajegheh et al. 

2011; Yu et al., 2008; Yu et al., 2005). Transfection experiments demonstrated that 

miR-126 suppresses the expression of VEGF-A, inhibits cancer cell growth, and can 

induce cell cycle G1 arrest in cancer cells. Overall outcomes thus indicate that miR-126 

may behave as a tumour suppressor in lung cancer and can be a potential avenue for 

treatment in anticancer therapy (Liu et al., 2009).   

 

In contrast, Barshack et al. used cancer tissues and found miR-126 expression to 

be robustly overexpressed in metastatic cancers to the lung (Barshack et al., 2010). All 

type of cancers have the tendency to metastasis to the lung but only in some cancers 

miR-126 is overexpressed in metastatic lung tissues.  Perhaps, this is due to the 

characteristics of cancer, which is possible using miR-126 for its advantage. Sun et al. 

found that miR-126 can inhibit proliferation of non-small cell lung cancer cells by 

targeting EGFL7 using plasmid constructs. They confirmed these findings using qRT-

PCR, flow cytometry assay, western blot and immunohistochemistry staining.  EGFL7 
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is usually involved in cellular responses, including cell migration, angiogenesis (Figure 

12). Suppression via miR-126 results in inhibition of tumour cell proliferation (Sun et 

al., 2010a).   

 

Yang et al. found that elevated expression of miR-126 in non-small cell lung 

cancer cell lines reduced cell growth in vitro and tumour proliferation in a nude mouse 

xenograft model (Yang et al., 2012).  As well, the activity of PI3K 

(phosphatidylinositide 3-kinases) –Akt (protein kinase B) pathway was suppressed by 

miR-126 as it targets the binding site of PI3KR2 (Phosphatidylinositol 3-kinase 

regulatory beta subunit) mRNA in the 3’UTR region (Yang et al., 2012).  Donnem et al. 

obtained 10 lung cancer patients with short disease specific survival, 10 lung cancer 

patients with a long disease-specific survival and 10 normal controls and analysed the 

tissues from them via microarray hybridisation and qRT-PCR. They found that miR-126 

is amongst the miRNAs that are significantly associated with angiogenesis and is 

potentially critical in non-small cell lung cancer progression, and manipulation of 

EGFL7 is likely to be one of the mechanisms by which it works (Donnem et al., 2012).  

 

miR-126 is underexpressed in non-small cell lung carcinoma cell lines, and that 

restoration of miR-126 reduces cancer cell proliferation, migration, and invasion via 

targeting specific oncogenes (Zhu et al., 2012).  Moreover, Zhu et al. reported using 

transfection experiments that VEGF-A was downregulated by enhanced expression of 

miR-126 (Liu et al., 2009; Zhu et al., 2012). The study also the first study reported the 

association of miR-126 expression and cancer chemotherapy.  In brief, this study 

suggests that enhanced expression of miR-126 elevates sensitivity of non-small cell lung 

cancer cells to anticancer therapy via negative regulation of VEGF-A/PI3K/Akt/MRP1 

(multidrug resistance protein 1) signalling pathway.  
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Miko et al. performed cell culture and transfection experiments and reported 

miR-126 to be underexpressed in the majority of small cell lung carcinoma. Using 

siRNA mediated suppression of solute carrier family 7, member 5 (SLC7A5), they 

indicated that SLC7A5 is a direct target of miR-126.  Overexpressed miR-126 

suppressed SLC7A5, which in turn delayed cancer cells in the G1 phase.  SLC7A5 

expression levels are usually associated with cancer progression and aggressiveness 

(Miko et al., 2011).  Other studies have reported that miR-126 is capable of targeting 

PI3K/Akt/mTOR (mammalian target of rapamycin) networks through multiple targets 

including SLC7A5 (Miko et al.,  2011).   

  

Wang and colleagues collected 30 patients with non-small cell lung cancer and 

performed miRNA microarray, qRT-PCR and northern blotting to detect effects of 

expressed miR-126 on the growth and apoptosis of lung cancer cells induced by 

irradiation. The authors found that knock-in expression of miR-126 promoted 

irradiation-induced apoptosis of non-small cell lung cancer cells through the PI3K/Akt 

pathway, thus sensitizing non-small cell lung cancer cells to radiotherapy (Wang et al., 

2011).  In summary, these studies indicated that overexpression of miR-126 with or 

without anticancer therapies reduce the progression of lung cancer cells.  

Wang and colleagues also showed that expression of miR-126 was lower in non-

small cell lung carcinoma tissue compared to non-cancer tissue (Wang et al., 2012).  

Moreover, they reported that expression of miR-126 decreased with progression of 

cancer (Wang et al., 2012).   
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Figure 12. miR-126 expression in Respiratory and other systems. 

Studies that were undertaken to detect the expression of miR-126 in other cancers 

assembled in a review (Ebrahimi et al., 2014). 

Melanoma 

Elevated expression of miR-126/miR-126* was noted in normal melanocytes and 

primary melanoma cell lines, whilst it was reduced in metastatic melanoma (Felli et al., 

2013). The study also showed that forced overexpression of miR-126/miR-126* in two 

melanoma cell lines resulted in significant reduction of proliferation, invasion, 

propagation and chemotaxis.  Also, they found two metalloproteases, ADAM9 and 

MMP7 previously known to play a substantial role in melanoma progression, as direct 

targets of miR-126/miR-126* at the cellular level.  The normal function of ADAM9 and 

MMP7 are proteolytic cleavage of the heparin binding-EGF like growth precursor. In 

melanoma, heparin binding-EGF-like growth factor activation is reduced as a result of 

miR-126/miR-126* mediated repression of ADAM9 and MMP7 (Felli et al., 2013).  

miR-126/ miR-126* overexpression was adequate to suppress other key signalling 

pathways involved in oncogenic transformation, including PI3K/AKT and MAPK.  

Overexpression of miR-126 elevates the expression of KIT/MITF/TYR to restore 

melanogenesis. Considering the multifunctional action of miR-126/miR-126* it can be 

assumed that these microRNAs might be a potential therapeutic agent in melanoma. 
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Osteosarcoma 

Xu and co-authors found that expression levels of miR-126 were downregulated 

in 46 human osteosarcoma tissues compared to adjacent non-cancerous tissues. As well, 

cell line studies indicated that overexpression of miR-126 inhibited cell proliferation 

while antisense miR-126 promoted cell proliferation (Xu et al., 2013).  They studied the 

function of miR-126 in molecular level and indicated that Sirt1 (silent mating type 

information regulation 2 homolog 1), a member of histone deacetylase was negatively 

regulated by miR-126 (Xu et al., 2013).  In summary, it can be deduced that miR-126 

functions as regulator of osteosarcoma cell proliferation and may as well behave as 

tumour suppressor (Figure 12).   

 
Leukaemia 

miR-126 was found to downregulated HOXA9 (Homeobox protein Hox-A9), an 

oncogene often upregulated in myeloid leukaemia and associated with poor prognosis 

(Shen et al., 2008).  They reported that miR-126 combined with let-7 (lethal-7) (a key 

developmental regulator and a micro RNA) normally targets HOXA9 during early 

differentiation of hematopoietic stem cells.  In myeloid leukaemia, loss of miR-126 

elevates HOXA9 levels.  Using qRT-PCR, it was reported that overexpression of miR-

126/126* in core binding factor acute myeloid leukaemia is not caused by amplification 

or mutation of genomic locus but is linked with de-methylation of the miR-126/126* 

promoter (Li et al., 2008).  

 

By gain- and loss- of function experiments in 98 acute leukaemia’s (89 patients’ 

samples and 9 cell lines) and 9 normal bone marrow controls, Li and colleagues 

determined that polo-like kinase (PLK) is an authentic target of miR-126.  PLK is 

involved in regulation of the cell cycle and DNA damage-induced checkpoints in 
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mammals.  After DNA damage, p53 elevates PLK, which activates the G2 checkpoint 

(Li et al., 2008). miR-126 downregulates PLK resulting in inhibition of apoptosis, and 

increased viability of acute myeloid leukaemia cells. It was suggested that miR-126 has 

a critical role in leukaemogenesis via negatively regulating PLK2, as well as HOXA9.  

A separate study by Cammarata et al. used 29 cases of acute myeloid leukaemia showed 

via qRT-PCR that miR-126 is upregulated in acute myeloid leukaemia, targeting PLK 

and resulting in upregulated AML cell proliferation and differentiation (Cammarata et 

al., 2010).   

 

On the other hand, miRNAs in adult T cell leukaemia indicated that adult T cell 

leukaemia cells showed reduced expression of miR-126. Following confirmation by 

qRT-PCR, Ishihara indicated that miR-126 could be a potential biomarker to estimate 

cancer growth and prognosis (Ishihara et al., 2012).  These results indicated that in 

leukaemia’s, miR-126 has both oncogenic and tumour suppressive capabilities, 

depending on the subtype and gene networks involved (Shen et al., 2008; Li et al., 2008; 

Otsubo et al., 2011). 
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Figure 13. Diverse roles of miR-126 in human cancers. 

MicroRNA 126 play multifaceted roles in regulating cellular proliferation and also can 

behave as either a tumour suppressor or oncogene in numerous tumours. miR-126 can 

inhibit progression of some cancers via negative control of proliferation, migration, 

invasion, and cell survival, while in some cases miR-126 supports cancer progression 

via promotion of blood vessel formation  (Ebrahimi et al., 2014). 
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To conclude, miRNA 126 appears to be involved in the pathogenesis of many 

cancers by a different mechanism and through different gene targets, it is commonly 

downregulated in cancer. Comprehending downstream pathways via which miR-126 is 

involved in cancer pathogenesis can be useful in development of therapeutic targets in 

the management of cancer patients (Figure 13). Accordingly, it is critical to understand 

the main mechanisms of miR-126 to harness its capacity for successful cancer therapy to 

eliminate proliferating tumour cells, inhibit cell growth, inhibit oncogenes or restore the 

expression of silenced tumour suppressor genes. A potential treatment for cancer is the 

use of epigenetic drugs, which inhibit tumour growth by several mechanisms such as 

restoring the expression of epigenetically, silenced tumour suppressor genes, including 

miR-126.  

3.2 miR-15a in Human Cancers 

The miR-15a/16-1 cluster resides on chromosome 13q14.3, a genomic region 

frequently deleted in B cell chronic lymphocytic leukaemias. miR-15a and miR-16-1 are 

downregulated in the majority of Chronic lymphocytic leukaemia. miR-15a and miR-16-

1 expression were inversely associated with BCL-2 expression in Chronic lymphocytic 

leukaemia and that both miRNAs negatively regulate BCL-2 at a posttranscriptional 

level. Chronic lymphocytic leukaemia most common human leukaemia and is 

characterized by mainly non-dividing malignant B cells overexpressing the anti-

apoptotic B cell lymphoma 2 (BCL-2) protein. BCL-2 suppression by these miRNAs 

induces apoptosis in leukemic cell lines. Thus, miR-15 and miR-16 are natural antisense 

BCL-2 interactors that could be used for therapy of BCL-2-overexpressing tumours 

(Cimmino et al., 2005). The miR-15/16 family are downregulated in multidrug-resistant 

gastric cancer cell line SGC7901/VCR compared to its parental SGC7901 cell line. Drug 

sensitivity assay in vitro verified that overexpression of miR-15b or miR-16 sensitized 

SGC7901/VCR cells to anticancer drugs. The down-regulation of miR-15b and miR-16 
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in SGC7901/VCR cells were concurrent with the up-regulation of Bcl-2 protein. BCL-2 

is a direct target of miR-15b and miR-16. Overexpression of miR-15b or miR-16 

reduced Bcl-2 protein levels. In summary, they deduced that miR-15b and miR-16 could 

play a key role in the development of multidrug resistance in gastric cancer cells by 

modulation of apoptosis via targeting BCL-2 (Figure 14) (Xia et al., 2008). 

 

 

 

 

 

 

 

Figure 14. miR-15a/16 induce apoptosis. 

miR-15a and miR-16 induce apoptosis via regulating the mitochondrial function by 

inhibiting multiple oncogenes such as BCL-2 (Gao et al., 2010).  

  

miR-15/16 cluster is known to act as tumour suppressors. Expression of these 

miRNAs inhibits cell proliferation, stimulates apoptosis of cancer cells, and suppresses 

tumourigenicity both in vitro and in vivo. miR-15a and miR-16-1 function via targeting 

multiple oncogenes including; BCL-2, MCL1, CCND1, and WNT3A (Figure 14). 

Down-regulation of these miRNAs have been reported in chronic lymphocytic 

lymphoma, pituitary adenomas, and prostate carcinoma (Aqeilan et al., 2010; Gao et al., 

2010). Leukaemia is the most common haematological malignancy, characterized by 

distorted proliferation and development of leukocytes and their precursors in the blood 

and bone marrow. Abnormal expression of miRNAs appears to be a common feature of 

haematological malignancies. Since the discovery of miR-15 and miR-16 in CLL, work 

has been done to examine the small molecule in leukaemia. Studies deduced that miR-
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15/16 might be involved in leukaemia pathogenesis. Some targets of miRNAs are anti-

apoptotic genes such as BCL-2 and Tcl1 (Figure 14) (Dong et al., 2009). 

 
3.3 miR-145 in Human Cancers 

miR-145 is located on chromosome 5 (5q32-33) within a 4.09 kb region 

(miRBase) (Figure 15) (Rangrez et al., 2011). The pri-microRNA structure of miR-145 

has not been identified; hitherto it is proposed that miR-145 is co-transcribed with miR-

143. This gene has been associated with both tumour and metastasis suppressor in 

multiple tumour types (Sachdeva and Mo, 2010a). miR-145 is transcribed by RNA pol-

II into pri-miRNA sequence, which is initially processed to pre-miRNA including RNA 

cutting and exporting, and lastly into mature miR-145 (Figure 15).  

 

 

 

 

 

 

 

 

Figure 15. Pre-miRNa structure of miR-145. 

miR-145/143 are co-transcribed as a single primary-miRNA transcript, further processed 

by DiGeorge Syndromn Critical Region 8 (DGCR8) and Drosha to form the premiRNAs 

of miR-145 and miR-143. Both premiRNAs are then transported to the cytosol via 

nucleocytoplasmic shuttle protein, exportin. In the cytoplasm, Dicer cleaves the hair-pin 

of premiR-145 and premiR-143, producing imperfect miRNA:miRNA* duplexes. The 

miRNA duplex is then unwinded to produce a mature miR-145/143 (Rangrez et al., 

2011).   
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Earlier Wang et al. identified that amplified expression of miR-145 inhibits 

proliferation of breast cancers via inhibiting Rhotekin (RTKN) in turn promoting 

apoptosis (Figure 16) (Wang et al., 2009a). miR-145 is a p53-regulated gene. Numerous 

studies indicate that miR-145 can be induced transcriptionally by p53 in response to 

stress such as serum starvation or anticancer drugs (Sachdeva et al., 2009; Spizzo et al., 

2010). Interestingly, another report showed a novel mechanism of posttranscriptional 

regulation of miR-145 that occurs via p53-mediated RNA processing (Suzuki et al., 

2009). Recently, a study verified that activated Ras could suppress the promoter of miR-

143/145 cluster through Ras-responsive element-binding protein (RREB1) (Kent et al., 

2010). Arndt et al. showed via in vitro functional studies that miR-143 and miR-145 

functions aberrantly in inhibition or enhancement of cell proliferation in metastatic 

colorectal cancer cell lines (Arndt et al., 2009). The pathways targeted by miR-143 and 

miR-145 indicated no significant overlap. Additionally, gene expression analysis of 

metastatic versus non-metastatic isogenic cell lines designated that miR-145 targets 

were significantly downregulated in the metastatic context involved in cell cycle and 

neuregulin pathways.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. miR-145 is involved in apoptosis. 

miR-145 is involved in apoptosis in breast cancer via inhibiting RTKN to induce 

apoptosis in a mitochondria-dependent manner (Wang et al., 2009a).  
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miR-145 has been identified to be downregulated in cancers of various tissues 

such as; colon, prostate, pancreas and prostate (Sachdeva et al., 2009; Bandrés et al., 

2006; Michael et al., 2003). In situ hybridization identified high expression of miR-145 

in normal colon epithelia and reduced expression in adenocarcinomas cells. Expression 

of miR-145 was downregulated in various tumours indicated its nature to be a tumour 

suppressive since it has anti-proliferative and pro-apoptotic effects. Numerous studies 

have illustrated that overexpression of miR145 suppresses multiple oncogenes such as; 

IRS1, KRAS, Myc and ERK5 involved in cell proliferation and survival (Sachdeva et 

al., 2009; Kent et al., 2010; Ibrahim et al., 2011). Moreover, miR-145 is also involved in 

inhibition of metastasis as evident it targets MUC1 and as a result suppresses invasion 

and metastasis of the breast cancer (Sachdeva and Mo, 2010b). miR-145 has also been 

indicated to suppress metastasis in gliomas and prostate cancer via targeting FASCN1 

and SOX2 genes (Fang et al., 2012; Watahiki et al., 2011). 

 
3.4 miR-335 in Human Cancers 

miR-335 is located in the genomic region of chromosome 7q32.2 and functions 

in various fields. Explicitly miR-335 behaves as a tumour suppressor or an oncogene in 

various human cancers. miR-335 was found to be upregulated in a set of human multiple 

myeloma cell lines (Ronchetti et al., 2008). Tavazoie et al. verified that miR-335 could 

inhibit metastasis and migration of breast cancer cells via targeting the progenitor cell 

transcription factor SOX4 and extracellular matrix component tenascin C (Tavazoie et 

al., 2008). Moreover, miR-335 suppresses neuroblastoma cells migration and invasion 

via targeting BCL-w, SP1, MEK, ROCK1, and MAPK1 genes (Figure 17) (Lynch et al., 

2012). It is identified that miR-335 regulates Rb1 and controls cell proliferation in a 

p53-dependent manner (Scarola et al., 2010).  In addition, loss of miR-335 expression 

might be linked with reduced distal metastasis-free survival of patients with breast 

cancer (Scarola et al., 2010). Xu and coauthors also recognized miR-335 as a metastasis 
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suppressor in gastric cancer (Xu et al., 2012c). miR-335 levels were downregulated in 

highly invasive colorectal cancer cell lines and tissues. Enhancing the expression of 

miR-335 inhibited colorectal cancer cell migration and invasion in vitro and lung and 

liver metastasis in vivo. Additionally, they identified a novel miR-335 target, ZEB2, and 

the direct interaction between them was verified by 3’UTR dual-luciferase reporter 

assay. They demonstrated that miR-335 functions as a tumour suppressor and play a role 

in inhibiting metastasis of colorectal cancer cells via targeting ZEB2 (Sun et al., 2014).  

 

 

 

 

 

Figure 17. miR-335 targets Rb1. 

miR-335 inhibits BCL-w, SP1, MEK, ROCK1 which reduces invasion and migration of 

cancer cell (concept adapted from Lynch et al., 2012). 

 

Expression of miR-335 in normal ovaries and omental metastases was 

determined by RT-qPCR. miR-335 expression level was reduced in malignant tissue 

samples, especially in omental metastases. miR-335 was downregulated in the 

recurrence group compared with the non-recurrence group. Cao et al. indicate that miR-

335 relates to the prognosis of patients with epithelial ovarian cancer (EOC) and is a 

promising predictor of EOC recurrence (Cao et al., 2014). miR-335 expression in 

166 human primary gallbladder carcinoma tissues and matched adjacent non-dysplastic 

gallbladder epithelia was measured by the qRT-PCR assay. Additionally, the expression 

of miR-335 was significantly lower in primary gallbladder carcinoma tissues with high 

histologic grade, advanced pathologic T stage, and clinical stage, and with positive 

lymph node metastasis. This study verifies that miR-335 was downregulated in a 
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majority of primary gallbladder carcinoma patients and may be associated with the 

aggressive tumour features (Peng et al., 2013).  

 

Recently, miR-335 has been identified as a tumour-suppressing miRNA in 

many human cancers. The expression of miR-335 in osteosarcoma tissues and cell lines 

was much lower than that in normal control, respectively, and downregulated miR-

335 was significantly associated with lymph-node metastasis (Wang et al., 2013b). 

Moreover, they verified ROCK1 was negatively regulated by miR-335 at the 

posttranscriptional level, via a specific target site within the 3'UTR by luciferase 

reporter assay (Wang et al., 2013b). Hence, they suggested that miR-335 acts as a 

tumour suppressor by targeting the ROCK1 gene and inhibiting osteosarcoma cells 

migration and invasion.    

 

Gastric Cancer patients were chosen for systematic analysis, involving 31 

patients with recurrence and 43 patients without recurrence from a total of 74 patients. 

In recurrence group, 12 differential miRNAs including 7 upregulated and 5 

downregulated miRNAs were observed. They specified that the hsa-miR-335 has the 

potential to distinguish the recurrence risk and relate to the prognosis of Gastric Cancer 

patients. Furthermore, they verified that hsa-miR-335 was involved in regulating target 

genes in several oncogenic signal-pathways, for instance, p53, MAPK, TGF-β, Wnt, 

ERbB, mTOR, Toll-like receptor and focal adhesion (Yan et al., 2012). Heyn and co-

authors investigated the role of miR-335 in the formation of sporadic human breast 

cancer and its involvement in the regulatory network of the breast cancer exposure gene 

BRCA1. They identified miR-335 as instantaneously regulating the BRCA1 activators 

ERα, IGF1R, specificity protein 1 (SP1) and the repressor ID4, including a feedback 

regulation of miR-335 expression by estrogens. Overexpression of miR-335 resulted in 

an up-regulation of BRCA1 mRNA expression, suggesting a functional dominance of 
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ID4 signalling. In summary, they indicate that tumour suppressor miR-335 affects 

different targets in the upstream BRCA1-regulatory cascade with impact on key cellular 

functions such as proliferation and apoptosis (Heyn et al., 2011). 

 

A few years ago Shu et al. studied the behaviour of Astrocytomas (most common 

and aggressive brain tumours) known because of their highly invasive proliferation. Shu 

and colleagues reported that miR-335 behaves as an oncogene as it assists in growth and 

invasion of malignant astrocytoma. miR-335 levels were highly expressed 

in human malignant astrocytomas.  miR-335 targets disheveled-associated activator of 

morphogenesis 1(Daam1) at the posttranscriptional level. Additionally, silencing of 

endogenous Daam1 (siDaam1) could mimic the oncogenic effects of miR-335 and 

reverse the growth arrest, pro-apoptotic and invasion suppression effects induced by 

antagomir-335. The oncogenic role of miR-335 suggests a new therapy for malignant 

astrocytomas by targeting miR-335 (Shu et al., 2011). 

 

The aryl hydrocarbon receptor (AHR) binds to 2, 3, 7, 8-tetrachlorodibenzo-p-

dioxin (TCDD). Moreover, AHR is a significant new drug target for treating multiple 

diseases including breast cancer.  Zhang et al. treated estrogen receptor (ER)-negative 

MDA-MB-231 and BT474 breast cancer cells with TCDD, which inhibited breast 

cancer cell invasion in a Boyden chamber assay. This finding was analogous to those 

previously reported for the anti-metastatic miR-335. Both TCDD and MCDF 

stimulated miR-335 in MDA-MB-231 and BT474 cells and this downregulated SOX4, 

a miR-335-regulated gene. The effects of TCDD and MCDF on miR-335 and SOX4 

expression and interaction of miR-335 with SOX4 gene were all inhibited in cells 

transfected with an oligonucleotide (iAHR) that knocks down the AHR, thus confirming 

AHR-miR-335 interactions. MCDF also inhibited lung metastasis of MDA-MB-231 
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cells in a tail vein injection model, showing that the AHR is a potential new target for 

treating patients with ER-negative breast cancer (Zhang et al., 2012).  

 

Another study confirmed underexpression of miR-335 by RT-PCR in 4 gastric 

cancer cell lines and in 70 gastric cancer tissues compared with controls (Xu et al., 

2012c). Low expression of miR-335 was significantly associated with lymph-node 

metastasis, poor T stage, poor N stage and invasion of lymphatic vessels. 

Overexpression of miR-335 suppressed gastric cancer cell invasion and metastasis in 

vitro and in vivo but has no significant effects on cell proliferation. Furthermore, miR-

335 may suppress gastric cancer invasion and metastasis via targeting Bcl-w and SP1. In 

summary, they inferred that miR-335 functions as a metastasis suppressor in gastric 

cancer by targeting SP1 directly and indirectly through the Bcl-w-induced 

phosphoinositide 3-kinase-Akt-Sp1 pathway (Xu et al., 2012c). 
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Chapter 4: General Materials and Methods 

(Aims 1-5) 
Gene expression assays 

4.1 Patient selection and tissue preparation for all miRNAs 

Australian patients who were chosen for this study had resection for primary 

colorectal carcinomas, colorectal adenomas and non-neoplastic colorectal tissue 

between January 2004 and December 2013, in Queensland, Australia. Ethical 

approval for this study was obtained from the Griffith University Human Research 

Ethics Committee (GU Ref No: MSC/17/10/HREC). The patients were consecutively 

chosen with no selection bias. 

The age, gender, clinical presentation, management and survival data of these 

patients were prospectively collected in a computerized database. The actuarial 

survival rate of the patients was calculated from the date of surgical resection of the 

colorectal carcinomas to the date of death or last follow-up. Management was by a 

pre-agreed standardized multidisciplinary protocol supervised by a senior specialist 

colorectal cancer surgeon. None of the rectal cancer patients had undergone 

neoadjuvant radiotherapy or chemotherapy prior to surgery.  Lymph node metastases 

at the time of surgery were also recorded. 

The site and size (maximum length in millimetres) of lesions were recorded. 

The resected tissues were fixed in 10 percent formalin and embedded in paraffin wax. 

Histological sections were cut and mounted on a glass slide of 4.0 mm thickness 

consequently stained with haematoxylin and eosin for light microscopic examination. 

Authors reviewed the sections to ensure concordance between the database 

information and sample identity. The carcinomas were graded according to the World 

Health Organization (WHO) criteria (Hamilton et al., 2000).  Only adenocarcinomas 

were included in the study. 



Regulation of colorectal cancer metastasis by modulating mitochondrial miRNAs 
 	

Faeza Ebrahimi (s2758346)                                                                                                              School of Medicine 101 

4.2 Patients and clinicopathological characterisations for miR-126 

The resected tissues were fixed in 10 percent formalin and embedded in 

paraffin wax.  Histological sections were cut and stained for haematoxylin and eosin 

(H&E) for light microscopic examination.  The pathological features of patients with 

colorectal adenocarcinomas and adenomas were analysed. The colorectal 

adenocarcinomas were classified, graded and staged according to the World Health 

Organisation (WHO) criteria (Hamilton et al., 2000). After histological review, 389 

tissues from 245 patients (42 non-tumour: 40 Adenoma; 163 primary 

adenocarcinomas) were recruited for this study (Figure 18). Among the 163 primary 

colorectal adenocarcinoma patients, the clinicopathological parameters were available 

only for 132 patients.  

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 18. Number of Colorectal cancer samples. 

The number of patient samples used from different stages of colorectal cancer tissues.  

 
The pathologic features of patients with colorectal adenocarcinoma were 

analysed. These included the histological variants and pathologic grades by 

assessing the cellular morphology and extent of mucin production. The carcinoma 

was staged according to International Union against Cancer (UICC) TNM 

classification (Hamilton et al., 2000). The carcinomas were also divided into 2 

groups concerning their site of origin.  Carcinoma in proximal colorectum (PC) was 
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categorised as carcinoma arising either from caecum, ascending colon, transverse 

colon (including hepatic and splenic flexures).  Carcinoma in distal colorectum (DC) 

was defined as carcinoma arising either from descending colon, sigmoid colon and 

rectum. 

4.3 Patient number for miR-15a, miR-145 and miR-335 

Tissue samples were recruited from patients at Gold Coast University Hospital in 

Queensland, Australia. Ethical approval for this study was obtained from the Griffith 

University Human Research Ethics Committee (GU Ref No: MSC/17/10/HREC). Post 

histopathological analysis, 182 tissue samples from 124 patients (37 non-neoplastic, 87 

primary adenocarcinomas, 50 matched metastatic lymph node, and 8 distant metastatic) 

samples were used to examine the expression of miR-15a; a total of 185 tissue samples 

comprising of 37 non-neoplastic, 90 primary adenocarcinomas, 50 matched metastatic 

lymph node, and 8 distant metastatic samples were used to examine expression of miR-

145 and finally a total of 101 tissue samples comprising of 16 non-neoplastic, 59 

primary adenocarcinomas, 18 matched metastatic lymph node, 8 distant metastatic 

samples were used to examine expression of miR-335.  

 

4.4 Extraction of miRNA  

Tissue blocks from the selected samples were sectioned into 7-micron slices for 

miRNA extraction. Tumour tissue was scraped from slides into an Eppendorf tube for 

purification of RNA. Xylene was added to the tubes containing paraffin-embedded 

tissue to dissolve the wax, followed by centrifugation at 14,000 RPM to isolate the 

tissue at the bottom of the tube. Xylene with the dissolved paraffin was then removed 

using a pipette, leaving the tissue behind, followed by the addition of ethanol to the 

tissue in the test tube. Ethanol was used to remove any remaining xylene with the 

dissolved paraffin, with an additional centrifugation step. After this step, the ethanol was 

removed using a pipette to remove the remnants of the ethanol the test tubes were 
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subject to vacuum evaporation with open lids at full speed for 15mins.  miRNA was 

extracted from cell lines using miRNeasy Mini kit (Qiagen Pty. Ltd.) which were 

specifically designed for purifying both mRNAs and miRNAs. The miRNA was then 

purified with Qiagen miRNeasy FFPE Kits (Qiagen Pty. Ltd., Hilden, NRW, Germany), 

which were specially designed for purifying total RNA, including miRNA from 

formalin-fixed, paraffin-embedded tissue sections. RNA purification was carried out 

according to manufacturer instructions.  

 

4.5 cDNA preparation from extracted miRNA   

Reverse transcription reactions were performed using 1µg miRNA in a final 

reaction volume of 20µL. miRNA was converted to cDNA using the miScript Reverse 

Transcription kit according to the manufacturer’s instructions (Qiagen). When the 

miRNA was converted to cDNA, the concentration of the cDNA was checked using 

nanodrop. Acceptable concentrations of cDNAs were considered to be accurate if they 

were not less than 100 ng/µL; hence, cDNA concentrations for this study obtained were 

mostly ≥500 µL/ng.  Following conversion the cDNAs were diluted to 30ng using 

RNAase free water, and the final dilution was 1.5ng using RNAase free water for PCR. 

Post-dilution the miRNA/cDNAs were placed at 20 °C. 

 

4.6 Quantitative Real-Time Polymerase Chain Reaction  

Real-time quantitative polymerase chain reaction (PCR) was performed to detect 

expression of mitochondrial miRNAs.  An IQ5 Multicolour Real-Time PCR Detection 

system (Bio-Rad) was used to run real-time quantification PCR. PCR was performed in 

a total volume of 20 µL reaction mixture containing 10µL iQ SYBR green supermix 

(Bio-Rad), 2µL of each 5 µmol/L primer, 4 µL of cDNA at 30 ng/µL, and 2µL of 0.1% 

diethylpyrocarbonate (DEPC) treated water (Table 1).  In the last tube, 2 µL of DEPC 

treated water was added instead of DNA as a non-template control.  A melting curve 
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was run after each PCR to verify amplification specificity.  For each tissue sample, the 

PCR reactions were performed in triplicate and accompanied by a non-template control 

to confirm the reliability of the results.  

Table 1: RT-PCR Protocol for miRNAs. 

Reagent Volume 

miScript SYBR Green 10 µl 
Primer Forward (5 µM) 2 µl 

Primer Reverse (5 µM) 2µl 

RNase free water  2 µL 

Template DNA or cDNA 4 µl 
  Total 20 µl 

 
 

4.7 In vitro studies (Cell culture)  

The study will utilize 3 colorectal cancer cell lines, (SW480, SW48 and 

HCT116), one normal colon epithelial cell line (FHC). The cell lines were obtained 

from ATCC; the culture conditions for each cell lines were different and are provided 

in ATCC website as stated in the research plan above.  

4.8 Cell Transfection  

SW480, HCT116 cells were passaged into (3x105 cells/cm2) in 12-well plates in 

the recommended media and kept in the incubation for 24 hours. Post 24 hours they 

were transfected with miRNA mimics (75ng) (miR-126, miR-15a, miR-145 and miR-

335, respectively). miRNAs mimics were diluted with 100ul of media without serum 

then treated with 6ul of HiperFect reagent and were incubated at RT for 10 mins for 

complex formation. These complexes were transferred drop wise over the cells after 10 

mins. Transfection efficiency was calculated by measuring the amount of miRNA in the 

transfected cells using RT-PCR. Trypan blue exclusion test was performed to check the 

cell viability. The cells were also treated with transfection reagent alone as negative 

controls.  
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4.9 Cell Proliferation Assay  

3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) 

calorimetric assay was performed for detecting cell proliferation. Both control and 

miRNA treated cells were used for this experiment. The cells were seeded in flat-bottom 

96-well plates with 1x104 cells/ well. At day 1, 2, 3, 4 and 5 after miRNA transfection, 

0.5 mg/ml MTT (Invitrogen) was added to each well. After cells were incubated at 37oC 

for another 4 hours, the media was removed and 150ul dimethyl sulfoxide (DMSO; 

Sigma–Aldrich Co., St. Louis, MO) was added, and the cells were agitated for 10 min 

with protection from light. Absorbance was determined by fluorescence polarization 

microplate reader-POLARstar Omega (BMG TABTECH, Ortenberg, Germany) using a 

wavelength of 570 nm with 630 nm as a reference. 

4.10 Cell Cycle Analysis  

To determine the miR-126 effect on cell cycle regulation, control and miR-126 

(mimic) treated cells were collected by trypsinization and fixed in phosphate buffered 

saline (PBS) with 70% ethanol for 1 hour at 48oC. Then, the cells were re-suspended in 

PBS and treated with 5ul of 10 mg/ml RNAse A. After 1 hour of incubation at 37oC, 

10ul of 1 mg/ml propidium iodide was added and kept it in dark until the analysis was 

performed. The analysis was performed with a flow cytometer (Millipore-Guava, 

Billerica, MA) by reading on cytometer at 488 nm. To determine the significant 

difference between control and treatments, the analysis will be repeated with triplicate 

samples for each treatment. 

4.11 Cell Invasion Assays 

 Invasion ability of colon cancer cells HCT116miR-15a, HCT116miR-145, HCT116miR-

335 HCT116control, and HCT116wild-type were assayed using Culture 96-well BME cell 

invasion assay, respectively (Trevigen, Gaithersburg, Maryland) as per the 
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recommendations of the manufacturer.  In brief, transfected HCT116 cells with target 

miRNA mimic and scrambled miRNA were cultured until 80% confluent.  Twenty-four 

hours prior to beginning the assay, all cells were transfected and invasion chambers 

incubated overnight with 50µl of BME solution/coating buffer. After 24 hours of 

transfection, cells were centrifuged, counted and diluted to working concentration (1 x 

106 cells/ml).  Coating solutions were aspirated carefully from the top chamber.  

Subsequently, 50µl of cells were added per well to top chambers and 150µl of medium 

per well to the culture chamber. The invasion device was then incubated at 37oC in CO2 

for 48 hours.  After incubation, without puncturing the membrane top chambers were 

aspirated, and washed with 100µl of wash buffer.  Equally, the medium from culture 

chambers were aspirated and washed with 200µl of wash buffer.  Following this 12µl of 

calcein adrenomedullin solution was added to 10ml of cell dissociation solution, from 

this 100µl of the mixed solution was added to each assay chamber well, and incubated at 

37oC in CO2 for 30 minutes.  The device was tapped 10 times on the side after 30 

minutes of incubation and incubated for an additional 30 minutes (total 1 hour) ensuring 

optimal dissociation.  After final incubation, the device was dissembled, and the assay 

plate was read using a plate reader with filters set to 485nm for excitation and 520nm for 

emission (BMG Labtech, Ortenberg, Germany).  

4.12 Colony formation  

Individually the clonogenic capacity of HCT116miR-15a, HCT116miR-145, 

HCT116miR-335 HCT116control, and HCT116wild-type cells were examined by seeding ~200 

cells in 6-well plates with 2 ml of complete medium at 37°C in 5% CO2. On day 16, 

microscopic colonies were detected on the plate and cell growth was ceased. Using 70% 

cold ethanol for 15 minutes the cells were fixed on the plate. Next, the cell colonies were 

stained with 0.5% crystal violet for 2 hours at RT, followed by a wash under running tap 
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water. As a final step, plates containing stained cell colonies were air-dried, images were 

taken, and the frequency of colonies gauged.  

4.13 Immunofluorescence 

Immunofluorescence analysis was achieved to visualise the localisation of target 

proteins regulated by miR-15a, miR-145 and miR-335. The colon cancer cell (HCT116) 

were seeded, transfected, and prepared for incubation with primary antibodies according 

to the published protocol (Gopalan et al., 2016). Cells were then blocked with 5% 

bovine serum albumin in phosphate buffered saline for 1 hour at room temperature. 

Subsequently, the HCT116miR-15a cells were washed with phosphate-buffered saline and 

incubated with rabbit monoclonal BCL-2 antibody (1:50) at 4°C overnight, while 

HCT116miR-145 and HCT116miR-335 cells were incubated with rabbit monoclonal FOXO1 

antibody (1:100) at 4°C overnight. This was followed by 2 hours of incubation with 

anti-rabbit secondary antibodies labelled with fluorescein isothiocyanate fluorophore 

(Sigma-Aldrich) at room temperature. Finally, coverslips were mounted on glass slides 

with mounting media containing 4′,6-diamidino-2-phenylindole (a fluorescent nuclear 

stain). The glass slides were observed under a confocal microscope (Nikon A1R+; 

Nikon Inc., Tokyo, Japan). 

4.14 Transformation using competent cells  

In order to obtain a high concentration of plasmid for permanent transfection 

competent E.coli cells were used for transformation using Heat Shock Protocol. Firstly, 

the competent E.coli cells from -80οC freezers were thawed on ice before use at the 

same time turning the oven to 42οC. Consequently, after the competent cells are thawed, 

they were mixed gently to confirm even distribution, and then 50ul of the competent 

cells were transferred into 1.5 ml micro-centrifuge tube without vortexing. Following 

this 5ng of plasmid DNA was added to the competent cells for transformation. After the 

addition, the complex was placed on ice for 30 mins. Subsequently, the cells were 
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placed in 42οC for 2 mins for the heat shock process to occur; followed by placing the 

tubes on ice for 2 mins to reduce damage to the E.coli cells. Super Optimal Broth (SOC 

medium) was pre-warmed in 37οC before use, and then the SOC medium was added to the 

complex to bring the final volume to 500ul. At this point, the tubes were incubated for 1 

hour at 37οC. After the incubation, the tubes were centrifuged, and approximately 450ul 

of the SOC medium was removed. The pellet at the bottom of the tube was mixed well 

with pipetting and dropped on the plate. Spreading the droplet of the cells (with 

appropriate antibiotic added Kanamycin) and left for growth overnight. Colonies were 

picked about 12-16 hours later. 

4.15 Plasmid Extraction  

Bacterial culture from overnight was harvested by centrifuging at 6000x g for 15 

mins at 4οC. And the bacterial pellet obtained after the centrifugation was re-suspended 

in 0.3 ml Buffer P1. Therefore, 0.3 ml buffer P2 was added and incubated at RT (15-

25οC) for 5 mins. Subsequently, 0.3 ml pre-chilled buffer P3 was added and incubated 

on ice for 5 mins. The samples were then centrifuge at 14,000-18,000x g for 10 mins at 

4οC. At this point the Qaigen-tip 20 was equilibrated by applying 1 ml Buffer QBT, and 

was allowed to empty by gravity flow from the column. The supernatant was then 

applied to the Qiagen-tip and allowed to enter the resin by gravity flow. Followed by 

washing of the Qiagen-tip with 2 x 2 ml Buffer QC. Next, DNA was eluted with 0.8 ml 

Buffer QF into a clean 2 ml eppendorf tube. The eluted DNA was then precipitated by 

addition of 0.56 ml RT isopropanol and mixed well and centrifuge at ≥ 15, 000 x g for 

30 mins at 4οC. The supernatant was carefully emptied and the DNA pellet was washed 

with 1 ml RT 70% ethanol and centrifuge at ≥ 15, 000 x g for 10 mins. Finally, the pellet 

was air-dried for 5-10 mins and DNA was re-dissolved in a suitable volume of TE 

buffer. 
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4.16 Stable cell Transfection  

 Twenty-four hours post-transfection, cells were passaged (at 1:10 or higher 

dilution) into fresh growth medium containing selective agent in 12-well plates.  A 

positive control vector was transfected in parallel with the plasmid both in triplicates. 

Approximately 5x10 adherent cells or ~5x10 suspension cells were plated per well in 

wells 24 hours prior to transfection. Following this step MegaTran 1.0/DNA complexes 

were prepared immediately prior to transfection. For the complex formation, 1µg of 

DNA was diluted in 100uL of Opti-MEM I (Gibco 51985) and gently vortexed. Thus, 

3uL of MegaTran 1.0 was added to the diluted DNA (not the reverse order) and 

vortexed the solution immediately for 10 seconds. The complexes were incubated for 10 

minutes at room temperature. Consequently, transfection was performed by gently 

adding the MegaTran 1.0/DNA mixture to each well (already containing about 900uL 

culture medium). The volume of the MegaTran 1.0/ DNA mixture represents 1/10 of the 

total volume of the culture medium (Figure 19). The plate was gently rocked to achieve 

even distribution of the complexes. And the transfected cells were left for incubation at 

37°C for 24-48 hrs.  

 
 
  
 
 
 
 
 
 
 
 
 
Figure 19. Number and pattern of transfection. 

SW480 cells were seeded 24 hours prior to transfection with miR-126 plasmid, empty 

vector and mock. 
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4.17 Western Blot -Identification of Targets   

 This confirmed target protein expression and allowed the basic quantitation of 

miR-126, miR-15a, miR-145, and miR-335 target proteins in each post-transfected cells 

with miR-126, miR-15a, miR-145, and miR-335 individually. Total proteins were 

extracted from cells with lysis buffer (Bio-Rad). Next, proteins (30 ug) were subjected 

to SDS-PAGE with 10% polyacrylamide gels and transferred to PVDF membranes. 

These were blocked with 5% non-fat milk for 2 hours at room temperature, before 

incubation with primary antibodies. Then membranes were incubated in primary 

antibody at 4°C overnight. The next day membranes were washed twice and incubated 

with horseradish peroxidise-conjugated secondary antibody at room temperature for 2 

hours. Protein bands were detected by enhanced chemiluminescence (ECL) and 

visualised using VersaDoc-MP Imaging system (Bio-Rad). High protein expression is 

correlated with a strong/thick band and lower expression of proteins represents as a 

thin/weak band. 
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Table 2. Gene and secondary antibodies used in western blotting. 

miRNA Primary Antibody Secondary Antibody Manufacturer  Dilution 

miR-126 1P53 (Cat #sc-98) 2Anti-mouse 
monoclonal (Cat # 
SC47778) 

1Santa Cruz, California, USA 
2 Santa Cruz, California, USA 

11:200 
21:200 

1KRAS (Cat #sc-30) 2Anti-mouse 
monoclonal (Cat # 
SC47778) 

1Santa Cruz, California, USA 
2 Santa Cruz, California, USA 

11:200 
21:200 

1BCL2 (Cat #sc-492) 2Anti-rabbit polyclonal 
(cat # F9887) 

1Santa Cruz, California, USA 
2 Sigma Aldrich, NSW, AUS 

11:200 
21:100 

miR-15a 1TAB3 (Cat #ab123723) 2Anti-rabbit 
monoclonal (cat # 
F9887) 

1Abcam, VIC, AUS 
2 Sigma Aldrich, NSW, AUS 

11:1000 
21:100 

1BCL2 (Cat #sc-492) 2Anti-rabbit polyclonal 
(cat # F9887) 

1Santa Cruz, California, USA 
2 Sigma Aldrich, NSW, AUS 

11:200 
21:100 

1FAM134B (Cat #sc-
101986) 

2Anti- Rabbit 
polyclonal (cat # 
F9887) 

1Santa Cruz, California, USA 
2 Sigma Aldrich, NSW, AUS 

11:150 
21:100 

1SOX2 (Cat #sc17320) 2Anti-goat polyclonal 
(Cat # SAB3700254) 

1Santa Cruz, California, USA 
2 Sigma Aldrich, NSW, AUS 

11:50 
21:100 

miR-145 1P53 (Cat # sc-98) 2Anti-mouse 
monoclonal (Cat # 
SC47778) 

1Santa Cruz, California, USA 
2 Santa Cruz, California, USA 

11:200 
21:200 

1SOX2 (Cat #sc17320) 2Anti-goat polyclonal 
(Cat # SAB3700254) 

1Santa Cruz, California, USA 
2 Sigma Aldrich, NSW, AUS 

11:50 
21:100 

1VEGF-A (Cat #sc152) 2Anti-rabbit polyclonal 
(cat # F9887) 

1Santa Cruz, California, USA 
2 Sigma Aldrich, NSW, AUS  

11:200 
21:100 

miR-335 1KRAS (Cat #sc-30) 2Anti-mouse 
monoclonal (Cat # 
SC47778) 

1Santa Cruz, California, USA 
2 Santa Cruz, California, USA 

11:200 
21:200 

1VEGF-A (Cat #sc-152) 2Anti-rabbit polyclonal 
(cat # F9887) 

1Santa Cruz, California, USA 
2 Sigma Aldrich, NSW, AUS 

11:200 
21:100 
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4.18 Seahorse XFp Cell Mito Stress Test 

XFp analyser (Seahorse Bioscience) was used to measure the oxygen 

consumption rate (OCR) of SW480 cells. Cells were trypsinized, centrifuged for 5 min 

at 1.5 RCF, counted, resuspended with DMEM media and seeded on a 1% Matrigel 

(Corning) coated Seahorse XFp cell culture miniplates (Seahorse Bioscience) in a 

density of 1.6x104 cells per well and incubated for 24 hours in 37ºC. After incubation 

cells were transfected with miR-126, miR-15a, miR-145, miR-335 and scrambled-

control miRNA mimic for 24 hours and another lot cells for 36 hours before analysis. 

Mitochondrial Stress Test assay was conducted according to manufacturer’s 

instructions. Briefly, cells were incubated in XF Base Medium (Seahorse Bioscience) 

supplemented with 2mM Glutamine, 1mM sodium pyruvate and 10mM glucose (pH 

7.4) for 45 minutes at 37°C in a non-CO2 incubator. Three OCR measurements were 

performed at ten-minute intervals. Mitochondrial function was evaluated by sequential 

injections of 1µM oligomycin, 0.5µM-carbonyl cyanide-

ptrifluoromethoxyphenylhydrazone (FCCP), and a mixture of 0.5µM antimycin-A and 

0.5µM rotenone. NP40 lysis buffer was used to lyse cells in each well incubated the 

cells for 30 mins and used BCA protein assay kit to quantify the protein levels, allowing 

relative expression of protein normalisation for remaining wells. Spare capacity of 

oxygen consumption was calculated as the difference between basal oxygen 

consumption (first 30 minutes) to the maximal oxygen consumption, following FCCP 

injection. Data analysis was performed using the Seahorse XF Wave software, including 

the Seahorse XF Cell Energy Phenotype Test Report Generator. 

 

4.19 Data analysis 

Statistical analysis was performed via the Statistical Package for Social Sciences 

for Windows (version 20.0, SPSS Inc. Chicago, IL). Chi-square test was used for the 

Categorical data such as categorized expression of miR-126, miR-15a, miR-145, miR-
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335, gender, tumour site, distant metastasis; lymph node metastasis, histological 

subtypes, stage and pathological grade were analysed. For the continuous variables 

including age, raw miR-126, miR-15a, miR-145, miR-335 expression, size of tumour 

Pearson correlation test was used. Quantitative data were analysed using paired t-tests 

for the primary colorectal cancer tissues and matched lymph nodes. Survival analysis 

was tested using the Kaplan-Meier method. Level of significance of the tests were taken 

at P < 0.05.  The P value less than 0.05 for significance is a measure of association 

between variables.  

 

Expression levels of miRNAs and its targets in different colorectal tissues were 

analysed using the 2-(delta)(delta)Ct (fold change) method (Livak and Schmittgen. 2001). 

Data were acquired as Ct values for each sample and gene and delta Ct values 

determined for each sample (delta Ct= Average Ct of miRNAs triplicates – Average Ct 

of RNU6B triplicates) (Livak and Schmittgen. 2001). The fold change in the target gene 

for the results of quantitative amplification was then calculated for each sample using 

the formula 2-(delta)(delta)Ct , where (delta)(delta)Ct= (CtmiRNAs – CtU6B) CANCER/ADENOMA 

SAMPLE – (CtTarget gene - CtControl gene) AVERAGE OF NORMAL SAMPLES. A fold change of more 

than 1.5 was considered as high miRNAs expression. A value of 1.5 or greater fold 

change instead of 1 was used to raise the threshold for objective interpretation of high 

expression. A fold change of less than 1.5 was considered as low miRNA expression. 

  

Quantitative amplification data acquired for target gene was also analysed by 

expressing it as a ratio of the Ct for miRNAs to RNU6B for each sample, which 

wasconducted on the same experimental run for each a tumour and control sample. The 

inverse ratio of miRNAs versus RNU6B (control miRNA) (expression ratio) was used to 

represent the miRNA expression levels in different colorectal tissues and cell lines.  
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Chapter 5: Findings of miR-126 and its role in colon cancer 

Publication details:  

Ebrahimi F, Gopalan V, Wahab R, Smith R, Lam A. MIR-126 expression and 
regulation in colorectal cancer biology and its impact on clinicopathological features. 
InEUROPEAN JOURNAL OF CANCER 2015 Sep 1 (Vol. 51, pp. S14-S14).  
 
 
For complete materials and methods refer to pages 98-111. 
 
5.1 miR-126 Results Interpretation 

5.1.1 Altered expression of miR-126 in colorectal tissues 

MiR-126 expression was studied by a quantitative RT-PCR in the 389 tissues, 

which included 96 matched lymph node and 48 distant metastasis samples. The 

expression levels of miR-126 in almost all primary cancer cases were low in comparison 

with normal colon tissue (Figure 20). Comparison of the expression categories in each 

tissue sub-type showed that in CRC, miR-126 was most commonly downregulated in 

primary tumours, adenomas, and distant metastasis compared to normal tissues 

(obtained from a site of normal colonic tissue of patients with a polyp, and/or volvulm). 

Metastatic Lymph nodes, however, showed a common increase in expression, as did a 

significant proportion of colorectal cancer primary tumours.  
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Figure 20. Altered expression levels of miR-126 in colorectal cancer tissues. 

Altered expression levels of miR-126 in colorectal tissues from early to advance stages 

of the cancer. Expression levels of miR-126 were lower in the majority of the advanced 

carcinomas compared to the early staged tumours (Ebrahimi et al., 2015).  

 

Considering the data as categorical expression relative to normal tissue (Figure 

21, Table 3), it is again evident that low expression was predominant for miR-126, 

except for metastatic lymph node tissues. In adenoma patients, miR-126 showed a 

greater percentage of under-expressing samples than colorectal cancer, despite its higher 

average expression when considered as a continuous variable. Colorectal cancers most 

commonly show underexpression, though a significant proportion of colorectal cancers 

also show increased miR-126 expression. In contrast, expression of miR-126 in 

metastatic lymph nodes shows a high proportion of overexpression of miR-126, while 

distant metastases show almost universal reduction in miR-126 expression. Analysis of 

these differences by a chi-square test of independence and ANOVA indicated that the 

differences in expression profiles in different cancer tissue subtypes were highly 

significant (P = 0.009) (Table 3). 
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Figure 21. Expression pattern of miR-126 in colorectal tissues. 

The different expression ratio of miR-126 in colorectal tissues from primary to advance 

stages. The expression level of miR-126 was changed in cancer compare to non-

neoplastic mucosa and adenoma (Ebrahimi et al., 2015).  

 
The analysis was also carried out for miR-126 expression status of the primary 

cancers and their matched lymph node metastases (Table 3). The proportion of primary 

cancers showing low expression in the lymph node positive (LN+) group was similar to 

the proportions in the colorectal cancer primary tumours as a whole. Chi-square analysis 

indicated that the difference in proportion between the LN+ primary cancers and their 

lymph nodes was significantly different (p=0.009) (Table 3) 

Table 3. Expression of miR-126 in colorectal tissues compared to non-tumour. 

Type No. High exp. Low exp.  P-value 

Adenoma 40 21(52.5%) 19 (47.5%)  0.009 

Colorectal cancer 163 62 (38%) 101 (62.0%)  

Metastatic lymph node  96 25 (26.0%) 71 (74.0%)  

Distant metastasis 48 17 (35.4%) 31 (64.6%)  
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5.1.2 miR-126 expression and clinicopathological factors  

Following analysis of miR-126 expression in the wide tissue types in the study, 

examination of the relationship between miR-126 expression and various 

clinicopathological factors in the primary CRC population was undertaken (Table 4). 

The level of miR-126 expression in the cancer population was analysed using chi-square 

methods, examining differences in high, low and normal expression. This analysis found 

that miR-126 expression only showed significant relationships with tumour staging and 

lymph node metastasis.  

 

At the tissue level analysis was performed using chi-square and significance is 

referring to the relative changes in high/low expression with different histological 

subtypes. Thus, comparing high/low expression of miR-126 between adenocarcinoma 

versus mucinous adenocarcinoma; 86% (n = 113 of 132) of colorectal carcinomas 

indicated that they belong to the conventional subtype of cancer and showed low 

expression of miR-126 in 76% (n = 86 of 113), while mucinous subtype was only 14% 

(n = 19 of 132) with a p-value of 0.001. Mucinous subtype indicated high expression of 

miR-126 compared with conventional subtype. However, the sample numbers were 

lower in the mucinous subtype. From the results, it can be deduced that most colorectal 

carcinomas are conventional subtype in which the expression of miR-126 is prominently 

low (Table 4).  
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Table 4. Correlation of miR-126 expression with clinicopathological features of 
colorectal adenocarcinoma 

Type           Total no. (%)           High expression      Low expression            p-value 
Age  
 ≤ 60    39 (29.5 %)  11 (28%)      28 (72%)    0.501
   
 >60    93 (70.5%)  28 (30%)                  65 (70%) 
Gender 
 Male    70 (53%)  21 (30%)      49 (70%)    0.528 
 Female    62 (47%)  18 (29%)      44 (71%) 
Metachronous tumour 
 Presence    11 (8%)   6 (55%)           5 (45%)    0.065 
 Not detected   121 (92%)  33 (27%)                  88 (73%) 
Location  
 Colon    99 (75%)  31 (31%)     68 (69%)    0.295 
 Rectum    33 (25%)  8 (24%)                   25 (76%) 
Grade 
 Well-differentiated   13 (10%)  2 (15%)           11 (85%)    0.418 
 Moderately-differentiated  93 (70%)  28 (30%)                 65 (70%) 
 Poorly-differentiated   26 (20%)  9 (35%)      17 (65%) 
Subtype 
 Conventional   113 (86%)  27 (24%)      86 (76%)    0.001 
 Mucinous   19 (14%)  12 (63%)                7 (37%) 
Lymphovascular permeation 
 Presence    67 (51%)      16 (24%)         51 (76%)    0.104 
 Not detected   65 (49%)  23 (35%)                 42 (65%) 
Peri-neural infiltration 
 Presence    28 (21%)  4 (14%)            24 (86%)    0.035 
 Not detected   104 (79%)  35 (34%)                 69 (66%) 
T stage 
 I/II    5 (4%)   1 (20%)            4 (80%)    0.859 
 III/IV   127 (96%)  38 (30%)                 89 (70%) 
Lymph node metastasis 
 Positive    101 (76.5%)  24 (24%)       77 (76%)   0.009 
 Negative   31 (23.5%)  15 (48%) 16 (52%) 
Distant metastasis  
 Positive    49 (37.1%)  6 (12%)          43 (88%)    0.001 
 Negative   83 (62.9%)  33 (40%)                 50 (60%) 
TNM stage 
 I/II    26 (19.7%)  15 (58%)      11 (42%)  0.0001 
 III/IV             106 (80.3%)  24 (23%)                  82 (77%) 
Recurrence 
 Presence    76 (57.6%)  18 (24%)     58 (76%)    0.064 
 Not detected   56 (42.4%)  21 (38%)                 35 (62%) 
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5.1.3 Correlation of Perineural invasion with miR-126 expression  

Peri-neural infiltration or peri-neural invasion is the state in which cancer 

spreads to the space surrounding a nerve. In this study, it was evident that in most 

samples the peri-neural infiltration was not detected 79% (n= 104) while the presence of 

peri-neural infiltration was evident in 21 % (n= 28) samples. The case with presence 

peri-neural infiltration 86% (n= 24) and not detection of peri-neural infiltration 66% (n= 

88) were both showing lower expression of miR-126. Thus, in colorectal 

adenocarcinomas peri-neural infiltration causes a deduction in levels of miR-126 and its 

statistically significant in this study (P= 0.035) (Table 4).  

5.1.4 miR-126 expression and metastasis  

In colorectal adenocarcinomas, metastasis is a common event. The detection of 

lymph node metastasis indicated that most samples were LN+ 77% (n= 101), while 31 

samples were from those patients with LN- 23% (n= 31). Both LN+ and LN- displayed 

lower expression of miR-126. However, miR-126 expression was remarkably lower in 

LN+ 76% (n= 77). Hence, colorectal adenocarcinomas are positive for LN with a 

notable reduction in miR-126 levels (P=0.009). On the other hand, expression of miR-

126 was greatly reduced in distant metastasis samples (P=0.001). In this study ~ 37% 

(n= 49) of the cases were from patients that had distant metastasis while the remaining 

63% (n= 83) of the cases had no metastasis to their distant organs. Both negative and 

positive distant metastasis samples showed a remarkable reduction in expression of 

miR-126. However, distant metastasis negative indicated conspicuously reduced 

expression of miR-126. Therefore, it can be deduced that distant metastasis is a common 

event in matched and unmatched colorectal adenocarcinomas (P= 0.00l). Moreover, the 

TNM stage was also noted in this study, and it was seen that in stages III and IV 

expression of miR-126 was prominently reduced 77% (n= 82), while stages I and II did 
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not show a distinct change in expression. Thus, elevated samples were in stages III and 

IV which indicated decreased levels of miR-126 (P= 0.0001) (Table 4). 

5.1.5 Recurrence and metachronous tumours  

The detection of recurrence was higher 58% (n= 76) than the samples in which 

recurrence was not detected 42% (n= 56). However, the samples with recurrence 

showed a greater reduction in miR-126 expression yet this did not reach statistical 

significance (P= 0.064) (Table 4). Similarly, metachronous tumours were very close to 

reaching the level of significance (P= 0.064). However, metachronous tumours showed 

repressed expression of miR-126 in samples with negative metachronous tumours 73% 

(n= 88).   

5.1.6 Survival analysis 

 The survival rate of the patients with colorectal carcinoma was related to the 

pathological staging of the carcinoma (p=0.003) (Figure 22).  Recurrence or persistent 

cancer after the operation was more often detected in patients with low level of miR-126 

expressions when compared to patients with high level of miR-126 expressions.  The 

difference was close to but not reach statistical significance (p=0.06) (Table 4).   

Patients with cancer having a high level of miR-126 had slightly better survival rates 

than those with a low level of miR-126 (mean survival = 76 months versus 70 months) 

(Figure 22).  However, the difference did not reach statistical significance.  
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Figure 22. Survival and expression levels of miR-126. 

The correlation between patients’ survival rate and expression levels of miR-126 in 

colorectal carcinoma. Patients with high expression levels of miR-126 in their colorectal 

cancer tissue had marginally improved survival rates compared with low miR-126 levels 

(Ebrahimi et al., 2015).   

5.1.7 Expression of miR-126 in CRC cell lines 

SW480 and SW48 the colon cancer cell lines exhibited suppressed the 

expression of miR-126 compared to normal colonic epithelial cell line (FHC). MiR-126 

expression levels were also lower in SW48 (advanced stage cancer) compared to SW480 

(primary cancer) (fold change; 1.13 vs 0.31).  

5.1.8 Overexpression Induced by miR-126 mimic in SW480 cell line 

Overexpression of miR-126 was observed in the cancer cells after transfection of 

10 nM miR-126 mimic with 3 ml of transfection reagent. MiR-126 expression was also 

analysed over a period of 5 days after transfection. Expression levels were altered and 

the highest expression was noted on day 4 of transfection with miR-126.  
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5.1.9 Reduced cell Proliferation in miR-126 Transfected cells 

To measure the activity of miR-126 regarding cell growth, SW480 cells were 

treated with 10 nM miR126 mimic. Cell proliferation assay was performed on 

transfected SW480 cells with miR-126 mimic, scrambled siRNA and Hi-Perfect reagent 

(control) respectively. The miR-126 transfected cancer cells proliferated faster than 

control cells and cells transfected with scrambled siRNA. During the five days, 

increased cell proliferation was noticed after day 3 of transfection with miR-126 (P = 

0.057) (Figure 23). 

 

Figure 23. miR-126 reduces cell proliferation. 

Reduced cell proliferation in SW480 cells transfected with miR-126 as compared with 

scrambled and control SW480 cells (P = 0.057).  

 

5.1.10 Alteration of cell cycle events 

Flow cytometry analysis of colon cancer cells transfected with miR-126 mimic 

showed decreased accumulation of cells at the G0-G1 and S phase compared with the 

scrambled miRNA and control cells (treated with Hi-Perfect reagent only).However, 
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more or equal amounts of cells were observed in the G2-M phase in miR-126 

transfected cells compared to control cells (Figure 24 A and B). 

 
 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 24. Overexpression of miR-126 alters cell cycle events. 

 (A) G0–G1, S, and G2–M phases were attained after flow cytometry analysis. 

Debris/dead cells can be seen at the far left end of the SSC and FSC graph (B). Cells 

treated with miR126 showed more cells in the M phase than the controls (Ebrahimi et 

al., 2015).  
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5.1.11 Target Protein identification 

 Western blot analysis of the proteins extracted from the transfected colon cancer 

cell (SW480) with miR-126 mimic compared with scrambled miRNA and mock SW480 

cell indicated variations in expression levels of target genes. These proteins were used to 

check the expression of gene BCL-2, P53, and KRAS (Figure 25, 26A-C). Expression 

levels of P53 were elevated in SW480 cells transfected with miR-126 mimic while 

scrambled miRNA transfected cells showed reduced expression. Expression of BCL-2 

was reduced in miR-126 transfected cells compared to scrambled miRNA transfected 

cells. Expression of KRAS was similar in miR-126 and scrambled transfected cells 

(Figure 25, 26C).   

 
 
 
 
 
 
  
 
 
  
 
 
 
 
 
 
 
 
 

Figure 25. Target protein detection via western blot. 

SW480 cells were transiently transfected with miR-126 mimic (0.3 ul) and a scrambled 

miRNA (0.3 ul) for 24 hours, and cell after extraction of protein western blot analysis 

confirmed the expression of BCL-2, KRAS, and P53 (Ebrahimi et al., 2015).    
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Figure 26. miR-126 target protein quantification. 

BCL-2 protein expression was reduced in SW480miR-126 cells compared to control cells 

(A). In SW480miR-126 cells, P53 protein was higher compared to the control group (B). 

While KRAS protein expression was significantly reduced in control cells compared to 

SW480miR-126 (C).  
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5.1.12 Mitochondrial respiration of SW480miR-126 cells  

After 24 hours of transfection, we observed that the ratios for basal respiration, 

ATP production, maximal respiration, non-mitochondrial respiration, and ATP 

production showed increased levels of OCR in SW480miR-126. The oxygen consumption 

rate (OCR), and extracellular acidification rate (ECAR) profiles were also elevated 

while metabolic potential reduced in SW480miR-126 cells compared to control groups 

(Figure 27 A-B, C-D, F). To gain further insight into the bioenergetics profiles of our 

sample population, we additionally examined the parameters related to mitochondrial 

function and glycolysis after 36 hours of transfection of cells with miRNA mimics. 

Following 36 hours of transfection in SW480miR-126 cells OCR, and ECAR profiles were 

all reduced compared to controls (Figure 2 see Appendix). Calculated ratios derived 

from Seahorse XF analysed values demonstrated a reduction of basal respiration, ATP 

production, proton leak, maximal respiration, coupling effect, PPR, and glycolytic 

capacity in SW480miR-126 compared to control groups (Figure 2 see Appendix). 

Altogether, these data indicate that SW480 cells overexpressed in tumour suppressor 

miRNA; miR-126, exhibit reduction in glycolysis, and show features of reduced 

mitochondrial activity, but their overall mitochondrial metabolic potential is impaired. 
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Figure 27. Effects of miR-126 on mitochondrial respiration post 24 hours. 

(A and D) Oxygen consumption rate (OCR), (B and E) extracellular acidification rate 

(ECAR), (C) maximal respiratory capacity, spare respiratory capacity, ATP coupled 

respiration, and proton leak, (F) metabolic potential in SW480miR-126 cells, scramble 

miRNA and wild-type as control were analysed after 24 hours or transfection using the 

Seahorse XF analyser. OCR and ECAR were measured, followed by treatment with 

oligomycin, FCCP, and rotenone/antimycin A pharmacological inhibitors of ETC. 
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5.2 miR-126 discussion  

5.2.1 Down-regulation of miR-126 and its clinicopathological significance 

This study examined the clinicopathological parameters that correlate with the 

expression levels of miR-126 in colorectal tissues including adenoma, colorectal cancer, 

metastatic lymph node, distant metastasis and non-neoplastic tissues. From the results 

(Table 3) it can be observed that expression of miR-126 differed significantly in lymph 

node metastasis and T staging, along with non-significant variation in other pathological 

parameters. In this study it was found that the expression levels of miR-126 were 

associated with the total TNM stages, but not T-staging specifically (Table 3). These 

results do appear to vary from the previous study performed by Li et al. who found that 

miR-126 expression was downregulated in CRC, but that expression level of miR-126 is 

not linked with TNM stage (Li et al., 2011). The discrepancy between our results and 

those of Li et al. are likely caused by our collapsing stage I and II cancers into one group 

and stage III and IV into another for analysis. When looking at the presented data for the 

study of Li et al. it can be seen that the expression of miR-126 in Stage I and II 

combined is higher than that in Stage III and IV combined. This would broadly agree 

with our results, though without the primary data, it cannot be determined if this 

difference would be significant.  

The carcinoma samples examined in this study demonstrated that loss of 

expression of miR-126 is a common event in cancers compared to gain of expression. 

However, in different tumour tissues such as adenoma, colorectal cancer, metastatic 

lymph node, and distant metastasis tissue expression of miR-126 fluctuated. Analysis of 

the results indicates that the broad pattern of miR-126 expression is such that as a 

tumour progresses there is a notable attenuation or cease in the expression of miR-126. 

From (Table 3) and (Figure 20, and 21) it can be hypothesised that during the initial 

stages of the tumour for instance in adenoma and in low stage colorectal cancer samples 
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the expression of miR-126 was higher compared to the tissue samples from metastatic 

lymph node producing tumours and advanced stage cancers which displayed low 

expression or complete loss of miR-126. This may indicate the role of miR-126 in 

regulating the target protein expression that may function as tumour suppressors and/or 

oncogenes.  

It was initially established that there is a significant difference in expression of 

miR-126 between CRC tissues and non-tumour tissues. Previous studies implied that the 

expression levels of miR-126 in CRC tissues were significantly lower than those in non-

tumour tissues, and elevated expression of miR-126 inhibited the growth of CRC cells 

(Li et al., 2011). Our results for expression of miR-126 in CRC indicated that amongst 

cancer samples 40% miR-126 showed overexpression, potentially resulting in 

suppressing tumour progression, perhaps due to remnants of growth control mechanisms 

still functioning in these cancers hence the rate of tumour progression may be lower as 

an outcome greater miR-126 is expressed. Alternatively, this change in expression could 

be due to sufficient supply of nutrients, the tissue the tumour resides in may be highly 

vascularised, and thus miR-126 is produced to prevent overly chaotic vessel growth and 

keep blood supply stable.  

From the results, it can be evidently seen that CRCs had a higher proportion of 

patients overexpressing miR-126 compared to adenoma samples (Figure 20, 21). This 

outcome is against the prediction that adenoma (as a precursor to cancer) displays higher 

levels of miR-126 expression. The changes in miR-126 expression could be attributed to 

the disparity in the population size between patients with colorectal adenocarcinoma and 

adenoma. Since CRC had more than twice the sample size (n=163) compared to 

adenoma samples (n=40) table 2, the presence of a few outliers in the adenoma 

population would significantly affect the proportion of the population showing certain 

kinds of expression. Another reason could be that the adenoma samples we have 

obtained may be the result of selection bias, as an adenoma that is well differentiated 
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may not be identified in infrequent screening, thus meaning that adenoma samples that 

are removed tend to be of a more advanced subtype. A further cause of the low 

proportion of highly expressing adenoma samples could be that the variation in these 

samples represents adenomas on different pathways to regression or progression of the 

tumour. Other studies have not mentioned the presence of adenomas high expression of 

miR-126 colorectal adenomas, but it is worth considering that the average expression of 

our adenoma samples is lower than normal tissue, and that it is also higher than cancer 

tissue (Figure 20, 21), which would reinforce the potential influence of outliers on our 

categorical analysis.  

 

In recent years, remarkable studies have been carried out to comprehend whether 

miRNAs suppress tumour or help in its progression. The outcome of this study has 

shown general agreement with the initial prediction that in adenoma, and CRC, 

expression of miR-126 is most likely to start at relatively high expression and as a the 

tumour progressed to advanced stages expression of miR-126 was expected to be 

immensely reduced or abolished. In our study miR-126 expression was elevated in 

adenoma and CRC tissue as predicted, with further reductions in advanced cancers. In 

contrast, however, this study illustrated that miR-126 was overexpressed in a metastatic 

lymph node but showed a return to reduction as cancer metastasized into distant organs 

(Table 3). The result of previous studies depicts similar outcomes where miR-126 is 

significantly under-expressed in carcinoma as compared with adenoma and can be a 

useful diagnostic marker after thyroid fine-needle aspiration biopsy (Kitano et al., 2011).  

Our results and these indicate that miR-126 might have some role in the progression or 

metastasis of the tumour.  

 

The detected overexpression of miR-126 in metastatic lymph nodes stands in 

contrast to these results. The reason for overexpression of miR-126 in metastatic lymph 
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node tissue could be due to various factors, including the relatively low sample size of 

the lymph nodes compared to cancer. The high proportion (88.9%) of lymph nodes 

showing high expression, however, would seem to preclude the effect of outliers, 

however. Instead, this change in expression may be due to a true physiological effect, 

for instance as a result of the local conditions and environment experienced in the lymph 

nodes, especially as regards angiogenesis, one of the major factors that miR-126 

controls through its targeting of VEGF-A. Local conditions of lymph nodes are such that 

cancer cells residing there would not need angiogenesis since they are close to or 

exposed directly to the fluids within the lymphatic system that flows out from capillary 

walls to bathe the tissues of the body. These regions would be well oxygenated, and 

there would be some carriage of nutrients to cells, with the interaction of white blood 

cells potentially also affecting tumour behaviour in the lymph node.  

 

These conditions might result in altered tumour behaviour since cancer cells 

located within a lymph node are close to conditions found in the bloodstream. Within 

the lymph node, the tumour could be present with slowed growth (perhaps mediated 

partially by mir-126) with no angiogenesis is taking place while it adjusts to the alien 

conditions found outside its tissue of origin. Tumour cells within the lymph node 

occasionally release cells that pass through the bloodstream and arrest in another organ, 

resulting in metastasis in those organs. The tumour cells in these positive tumour lymph 

nodes may not be proliferating and perhaps only rarely produce new cells that may lead 

to the development of distant metastasis.  

 

Our results also showed that even within the same cancer types, there is variance 

in miR-126 expression. This variation may reflect rates of tumour growth. If a given 

tumour tends to be fast growing, it will suppress miR-126 expression earlier in its 

progression as it will require more extensive angiogenesis and can likely not tolerate 
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high levels of miR-126 and maintain its high growth rate. It is known that individual 

tumours differ in their molecular pathways as a result of specific mutations, falling into 

different subtypes with altered biology, resulting in diverse nature and outcomes in the 

progression of the tumour.  

 

We found that metastatic lymph nodes showed overexpression of miR-126 and 

we have hypothesized that this is due to aspects such as local environmental conditions 

rather than as a particular subtype. Le and colleagues found in 2010 that during 

metastasis majority of the cancer cells that intravasate into the circulation are destroyed 

in the bloodstream via shear stress to the cells, or by an attack from the immune system. 

It is probable that miRNAs that control cell development and apoptosis have some 

function at this stage of cancer metastasis (Le et al., 2010). The results of our 

comparison of the matched primary and lymph node metastases would support this 

possibility as well (Table 3). While almost all lymph node metastases showed high miR-

126 expression, their matched primaries were matched evenly between low expression 

and high or normal expression, indicating that miR-126 expression levels are not stably 

inherited by daughter cells and that it can still be significantly modulated. 

 

Analysis of the results of the distant metastasis was not significant even though 

the proportion of high and low expression in colon and rectum mirror each other. This 

could be due to several reasons; one factor could be that the sample number was not 

sufficient to obtain a reasonable p-value. The second and foremost rationale could be the 

fact that designations of normal, low, and high were arbitrary since there is no biological 

guide for the placement of the lines between these categories. The high, low and normal 

expression levels were done based on fold change method (2^-DDCt), a published 

method by Livak et al. This was done based on the mathematical formula using Ct 

values. A fold change of 1.5 or more was considered as more than one copy of the target 
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gene. Less than one was considered as low copy of the gene of interest. Increasing 

distant metastatic sample size or use of another method for analysis such as ANOVA in 

this study could make a more significant variation to the p-value.  

 

Recent research has inferred that miR-126 can damage cancer progression 

through signalling pathways that regulate cancer cell proliferation, migration, invasion, 

and survival (Meister and Schmidt, 2010). Contrariwise, they also found that miR-126 

expected to have a supportive function in the progression of cancer, they hypothesised 

that this may be facilitated by the rise of blood vessel growth and inflammation (Meister 

and Schmidt, 2010). Meister and Schmidt (2010) deduced that overexpression of miR-

126 elevates tumour development by activation of mitogen-activated protein kinase and 

Akt (cell division), although miR-126 also downregulates tumour proliferation and 

invasion as Crk (tumour suppressor) expression is truncated. These contradictory 

findings entail that miR-126 has numerous functions explicit to each type of malignancy 

and that the coexpression of other factors is essential to maintain these functions 

(Meister and Schmidt, 2010).   

 

The tumour-suppressive functions of miR-126 have been studied in different 

types of neoplastic organs. miR-126 is upregulated in the tumour vasculature during 

tumour progression; this might promote vessel neoangiogenesis to sustenance tumour 

growth and metastasis; reciprocally, if it is suppressed in tumour vessels, this might lead 

to defects in the vascular integrity and more uncontrolled vessel growth, resulting in the 

common observation of abnormal tumour vessel phenotypes. A study by Tavazoie 

reported a clinical association between metastasis-free survival and high levels of miR-

126 expression in breast cancer (Tavazoie et al., 2008). In addition, miR-126 levels are 

downregulated in cancers derived from lung, stomach, cervix, bladder, and prostate, 

maybe due to tumour-suppressive effects. 
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5.2.2 miR-126 and its effects in colon cancer cell biology 

 
From the current study it was evident that miR-126 is downregulated in CRC. 

However miR-126 is not the only miRNA that is downregulated in the CRC. Another 

study found that in colon cancer tissues miR-34a has been reported to inhibit cell 

proliferation and was downregulated in colon cancer cells (Reinier A. Boon et al., 2012). 

This tumour suppressive effects of the miRNAs are reported to have a link with specific 

tumour markers such as, TP53, which is a tumour suppressor gene encodes for p53. 

TP53 is frequently mutated in CRC; a study indicated that loss of miR-34 had been 

noted to distort TP53-mediated cell death while overexpression of miR-34 leads to 

apoptosis (López et al., 2012; He et al., 2007). Moreover, another study found that 

inhibition of miR-34a reduces aged-induced cardiac cell death and functional decline in 

vivo. According to many studies some miRNAs are upregulated in CRC such as miR-

31, miR-96, miR-135b (Xu et al., 2012b). It can be deduced that miRNAs have a 

constructive function in an area of the body while a destructive role in another area.   

 

A study undertaken by Bhaskaran and colleagues in (2012) exhibited miRNA 

expression profile in the neonatal lungs during hyperoxia exposure; they used miRNA 

microarray method to distinguish upregulated and downregulated miRNAs. They found 

that miR-342, miR-126, miR-335, miR-150, and miR-151 were significantly 

downregulated while miR-141, miR-21, and miR-34a were upregulated in the 

hyperoxia-exposed lungs (Bhaskaran et al., 2012). The levels of miR-126 were also 

altered in tumours developing from the proximal or distal colon. Altered expression of 

miR-126 in rectum and colon were not significant in our study, yet other studies have 

found that there is a significant relationship between these two areas and levels of miR-

126 expression. This could because that surgeons obtain tissues from large intestine 
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either from the beginning of the colon or far end of the rectum or anyplace in between 

this may be the cause of variations in levels of miRNAs and genes expressed. As an 

expression of genes and miRNAs are not homogenous from the colon end to the rectum 

end. Tumours developing in these two different sites may differ due to the variations in 

their clinicopathological and molecular characteristics (Slattery et al., 2011) (Table 4). 

The latest studies have found that there exists a different pattern in expression levels of 

miRNA within different sites of the colorectum due to the alteration of genes that code 

for these sites (Gopalan et al., 2010; Lam et al., 2008).  

 

Colorectal cancer should be viewed as a heterogeneous disease, with proximal 

and distal colorectal cancer indicating multiple biological and clinical differences as 

evident in our study. Herein, it was reported by another study that expression of miR-

126 was overexpressed in colon tumour site rather than the rectal tumour site. In this 

study, similar findings were observed that the miR-126 was overexpressed in the colon 

tumour site as compared to the rectal tumour site (Table 4). This could be due to the 

local conditions surrounding colon and rectum, which alters since the colon tissue is 

highly vascularized, compared to epithelial tissue of the rectum, which is less 

vascularized. The deviation of miR-126 expression in colon and rectum were not 

significant in our study; this could be due to two key reasons one the low sample 

number. Secondly, the exact location of the colon and rectum samples from the large 

intestine was not known, differences in which could have been one of the causes for the 

discrepancy in results.  

 
Reduced miR-126 levels were noted in colorectal cancer cell lines (SW480 and 

SW48) compared to control (FHC). Expression of miR-126 was lost in colon cancer cell 

lines (V429, V703, SW480 and SW620) compared to normal colon tissue (Guo et al., 

2008; Li et al., 2013b) and their result corresponds with our findings of miR-126 
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expression in colorectal tissues. This would evidently indicate that loss of miR-126 

expression in tissues is a common and reproducible property that remains intact in viable 

colon cancer cells. Additionally, the lower expression of miR-126 in the cancer cell line 

derived from tissue with more advanced pathological staging (SW48) may indicate the 

significance of miR-126 expression in defining the cancer progression.  

 

miRNA induced cell proliferation and cell cycle changes are common events in 

colorectal cancer pathogenesis development. Recently our group demonstrated that 

miRNA expression endorses alterations in cell cycle events and cell proliferation in 

colorectal cancers (Gopalan et al., 2015). We ectopically elevated miR-126 expression 

in colon cancer cell line to recognize its downstream implications and noticed that 

elevated miR-126 expression suppressed colorectal cancer cells growth and 

proliferation. We also found that increased expression of miR-126 attenuated cells in 

G2-M phase. This accumulation of cells during the mitotic phase can be due to the cell 

cycle arrest in G0-G1 and S phase of cells transfected with miR-126. Zhou et al. also 

showed that elevated expression of miR-126 repressed colorectal cancer cell growth, 

migration and invasion and resulted in cell cycle arrest (Zhou et al., 2013). Thus, these 

changes in cellular biology can, therefore, be recognized as a tumour suppressive role of 

miR-126 in colorectal cancer.  

 

5.2.3 miR-126 targets p53, KRAS and BCL-2 protein expressions in-vitro 

Specific miRNAs contribute to the function of p53 in the suppression of tumour. 

Alternatively, miRNAs can negatively control p53 protein expression and function via 

direct inhibition of p53, or positively regulate p53 function through the inhibition of 

several oncogenes (Feng et al., 2011). Notably, we identified a novel target of miR-126 

in SW480 cells, P53, which is encoded by TP53 gene located on the short arm 

of chromosome 17. P53 is mutated in many cancer types, including CRC. Also, SW480 
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cells express elevated levels of p53 protein (ATCC). More than 50% of human tumours 

possess DNA mutations in the p53 gene, and it is estimated that over 80% of tumours 

have dysfunctional p53 signalling (Levine et al., 2004; Olivier et al., 2004). Expressions 

of P53 protein were raised in SW480miR-126 CRC cell line (Figure 25).  

 

This study demonstrated that in CRC cells, similarly to other tumour 

types (Okada et al., 2014); elevation of P53 protein expression has a tumour-suppressor 

effect. P53 elevation or miR-126 overexpression both delay CRC cells proliferation. 

Additionally, our results indicated high expression of p53 in both SW480ScrambledmiR and 

SW480miR-126 cells. It is well known that p53 is a tumour suppression gene, however, in 

our case, SW480 cells had mutated-p53 gene with elevated levels of p53 protein. 

Moreover, the SW480miR-126 cells showed slightly higher expression of p53 protein 

compared to control. Hence, this does not imply that the p53 is associated with miR-126 

in tumour suppression as p53 is mutated; therefore, its standard function may be 

impaired.  Consequently, the reduced miR-126 expression also indicated high p53 

expression in CRC cells; thus, this might ensure efficient transport of essential amino 

acids in the rapidly proliferating tumour cells. The remarkable potency of p53 in 

inhibiting tumourigenic outgrowth has promoted the expectation that tumour cells 

expressing wild-type p53 (wtp53) should be more prone to elimination by cytotoxic 

treatments than tumour cells expressing mutant p53 (mutp53) (Kim et al., 2009; Oren 

and Rotter 2010). It is now implicit that (wtp53) regulates both aspects of net cell 

proliferation, inhibiting the cell cycle in some situations, while promoting apoptosis 

(Kim et al., 2009).   

 

BCL-2 is an oncogene belonging to a large family of proteins that act as critical 

regulators of apoptosis. An elevated level of BCL-2 is observed in many human solid 

tumours and hematologic malignancies, where it stimulates tumourigenesis by inhibiting 
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cells from undertaking apoptosis (Martinou and Youle 2011). BCL-2 inhibits the release 

of cytochrome C from the mitochondria, which in turn blocks a major apoptotic 

pathway, thus inhibiting caspase-induced apoptosis (Martinou and Youle 2011). 

Experimental therapies that inhibit Bcl-2 production have been shown to reduce tumour 

growth and potentiate the antitumour effects of cytotoxic agents (Martinou and Youle 

2011). SW480miR-126 cells exhibited reduced expression of the BCL-2 protein as 

compared to the SW480scramble-control cells. These results suggest that miR-126 is 

efficiently suppressing BCL-2 expression in colorectal cancer cells. Not many studies 

have been undertaken using miR-126 to inhibit BCL-2, this may be the first approach. 

However, some other miRNAs are used to inhibit BCL-2 in other types of tumours.  

 

Singh and Saini demonstrated that overexpression of miR-195, miR-24-2 and 

miR-365-2 in breast cancer MCF7 cells individually resulted in a significant reduction 

of BCL-2 protein expression, this may also highlight the therapeutic potential of 

these miRNAs (Singh and Saini, 2012). Endothelial miR-126 inhibits FOXO3, BCL-2, 

and IRS1 mRNAs in the co-cultured SMCs, signifying the functional roles of the 

transmitted miR-126 (Zhou et al., 2013). Endothelial miR-126 acts as a key intercellular 

mediator to increase smooth muscle cell (SMC) turnover, and its release is reduced by 

athero-protective laminar shear stress (LSS) (Zhou et al., 2013). As well Tomasati 

studied in detail the regulation of mitochondrial function via miRNAs (Tomasetti et al., 

2014). To induce apoptosis, several oncogenic events such as BCL-2 and MCL-1 are 

affected to regulate the mitochondrial function via miR-15a and miR-16-1. Additionally, 

miR-15a stimulates mitochondrial dysfunction leading to cytochrome c release into the 

cytoplasm and the dissipation of the mitochondrial membrane potential (Gao et al., 

2010). Other negative regulators of BCL-2 are miR-195, miR-24-2 and miR-365-2 via 

targeting the human BCL-2 mRNA (Singh and Saini, 2012); post inhibition of BCL-2 

these overexpressed miRNAs trigger the release of cytochrome C from mitochondria 
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resulting in apoptosis (Singh and Saini, 2012).  Moreover, expression of eminent 

oncogene BCL-2 reduced in SW480miR-126 cells (Figure 25); this infers that elevated 

miR-126 mediate a tumour suppressive effects through inhibition of oncogenes as well 

as inducing other tumour suppressor genes. 

 

KRAS is a proto-oncogene; a normal gene with the potential to become an 

oncogene, either due to mutation or elevated expression. In 30%-40% of CRC KRAS 

gene showed point mutations in codons 12, 13 and 61 (Arrington et al., 2012), overall, 

85 mutations have been found (Corso et al., 2013). According to the (ATTC) KRAS is 

expressed in SW480 cells. Coherently KRAS is not mutated in SW480 cell line. We 

used SW480 cells, which exhibited elevated expression of KRAS in both SW480scramble-

control cells and SW480miR-126 cells (Figure 25). However, expression of KRAS was 

markedly elevated in SW480miR-126 cells. Moreover, overexpression of KRAS post-

treatment with miR-126 may raise further investigations. Since KRAS is a pro-

oncogene, it should rationally be suppressed when treated with miR-126. miR-126 might 

be deregulating the promotor or enhancer sequence of KRAS gene resulting in the 

elevated KRAS.  As stated earlier wt-KRAS combined with chemotherapy (cetuximab) 

suppressed EGFR in cancer resulting in repression of proliferation and stimulation of 

apoptosis (Sideris and Papagrigoriadis 2014).  

 

Conversely, Hara et al. observed in a pair of isogenic HCT116 cell lines, miR-

126 stimulated effective phenotypic alterations in KRAS-Mutant cells not seen in 

KRAS-WT cells. Ectopic expression of miR-126 in mutant-KRAS cells elevated the G1 

phase, inhibited tumourigenicity, although did not affect wt-KRAS cells. Remarkably, 

the miR-126-regulated transcriptome of wt-KRAS and mutant-KRAS cells indicated no 

major variances. Nevertheless, they identified a subset of miR-126-regulated genes 

merely required for the survival of mutant-KRAS cells. Therefore, the selective effect 
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of miR-126 on mutant-KRAS cells could be established for the development of targeted 

therapy for KRAS mutant tumours (Hara et al., 2014). Moreover, expression of miR-126 

in PDAC (pancreatic ductal adenocarcinoma) tissues was downregulated accompanied 

by upregulated KRAS and CRK proteins.  Ectopic expression of miR-126 resulted in 

inhibition of KRAS; can potentially be a therapeutic strategy against PDAC and other 

KRAS-mediated tumours (Jiao et al., 2012). miR-126 expression was downregulated in 

PDAC compare to SMCA (a low malignant potential BCT), and previous studies have 

shown that these BCT lesions are lacking KRAS mutation (Jiao et al., 2012). 

 

In summary, it can be implied that miR-126 mediated inhibition of KRAS is a 

tumour and tissue dependent. In addition to this, the mutant and wild-type KRAS also 

have different roles in various tumours. In our case the wt-KRAS was elevated when 

treated with miR-126, which was similar to the findings of Hara T et al., mutant-KRAS 

was inhibited when treated with miR-126, not the wt-KRAS.  

5.2.4 Impact of miR-126 on Mitochondrial Respiration  

Our results confirm that basal respiration, non-mitochondrial oxygen 

consumption, ATP production and maximal respiration were heightened in SW480miR-

126 indicating functional mitochondria in comparison to their control groups. 

Nonetheless, we observed minor differences in the proton leak, spare respiratory 

capacity and coupling efficiency (Figure 26A & D). Furthermore, we demonstrated that 

ectopically expressed miR-126 in SW480 cells elevated OCR and ECAR in 24 hours 

compared to scramble control and wild-type (Figure 26B & E). miR-126 overexpression 

did not effect the metabolic potential of colon cancer cells (Figure 26F). Cancer cells 

progress through glycolysis and lactic acid fermentation hence upregulation of tumour 

suppressor miR-126 activates the TCA cycle and oxidative phosphorylation to generate 

ATP in SW480miR-126 cells. During this process, it is assumed that the miR-126 restores 

the normal function of the mitochondria. However, as the metabolic potential remains 
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low after overexpression of miR-126, it is implied that the damage caused to mtDNA 

due to hypoxia cannot be recovered to fully restore the mitochondrial function. miR-126 

interferes with mitochondrial respiration promoting tumour suppression via inhibition of 

Akt signalling pathway to restore TCA cycle for the ATP synthesis instead of glycolysis 

of macromolecules (Tomasetti et al., 2014). Moreover, Mazar et al. identified that 

melanoma cells that exogenously express miR-211 are more dependent on oxidative 

phosphorylation and may act as a metabolic switch to directly inhibit PDK4 (Mazar et 

al., 2016). However, post 36 hours of miR-126 transfection in SW480 cells the OCR, 

ECAR, basal respiration, proton leak, maximum respiration, spare respiration capacity, 

non-mitochondrial oxygen consumption, ATP production, coupling efficiency. And 

metabolic potential was reduced notably due to a decline in transient transfection 

efficiency of the cancer cells, increased apoptosis rate or both (Figure 2 see Appendix). 

Taken together, the results imply that miR-126 restores mitochondrial function by 

increasing mitochondrial respiratory activity.   

5.2.5 Conclusion  

To sum up, expression of miR-126 was significantly reduced in well-

differentiated colon cancer tissues. miR-126 downregulation was correlated with a 

subtype, perineural infiltration, lymph node metastasis, distant metastasis and TNM 

stage. Patients with elevated expression of miR-126 had marginally improved survival 

rates compared to those with low miR-126 expression. Functional roles of miR-126 

showed alteration in colon cancer cell proliferation and cell cycle events. We found that 

overexpression of miR-126 induces BCL-2 inhibition, an onocogene with antiapoptotic 

functions in tumours. The components of mitochondrial respiration mainly OCR and 

ECAR amplified in the 24 hours yet in 36 hours of transfection mitochondrial 

respiration reduced. This indicates that miR-126 functions as a tumour suppressor via 

modulating mitochondrial respiration and basic cellular homeostasis in colorectal 

cancer.  
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Chapter 6: Findings of miR-15a and its role in colon cancers 
 
For complete materials and methods refer to pages 98-111. 

 

6.1 miR-15a Results Interpretation  

6.1.1 Expression and clinicopathological correlation of miR-15a 

 

The associations of miR-15a expression with the clinicopathological features of 

the colorectal cancer are summarized in Table 5. Low expression of miR-15a was 

associated with recurrence (P = 0.056) (Table 5) in colorectal cancer tissues. No 

significant correlation was found between low miR-15a expression with advanced TNM 

stage, poor histological grade, patients’ gender, age, site of primary tumour, distant 

metastasis, and lymph node metastasis. 
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Table 5. Correlation of miR-15a expression with clinicopathological features of 
colorectal adenocarcinoma. 

Type           Total no. (%)           High expression Low expression p-
value 
 
Age  
≤ 60    20 (23.0 %)  12 (13.8%) 8 (9.2%) 0.408
  
>60    67 (77.0%)  36 (41.4%) 32 (61.5%) 
Gender 
Male    46 (52.9%)  27 (31.0%) 19 (21.8%) 0.314 
Female    41 (47.1%)  21 (24.1%) 20 (23.0%) 
MSI 
Presence   8 (24.2%)  3 (9.1%) 5 (15.2%) 0.091 
Not detected   25 (75.8%)  18 (54.5%) 7 (21.2%) 
Location 
Colon    41 (47.1%)  12 (23.1%) 29 (55.8%) 0.479 
Rectum   46 (52.9%)  1 (1.9%)  10 (19.2%) 
Size (mm) 
≤ 50    64 (73.6%)  36 (41.4%) 28 (32.2%) 0.462 
> 50    23 (26.4%)  12 (13.8%) 11 (12.6%) 
Grade 
Well-differentiated   8 (10.1%)  4 (5.1%) 4 (5.1%) 0.542 
Moderately-differentiated  55 (69.6%)  30 (38.0%)  25 (31.6%) 
Poorly-differentiated   16 (20.3%)  11 (13.9%)  5 (6.3%) 
Subtype 
Conventional   78 (89.7%)  42 (48.3%) 36 (41.4%) 0.651 
Adenocarcinoma  7 (8.0%)  5 (5.7%) 2 (2.3%) 
Mucinous   2 (2.3%)  1 (1.1%) 1 (1.1%) 
Lymphovascular permeation 
Presence   47 (54.0%)  28 (32.2%) 19 (21.8%) 0.249 
Not detected   40 (46.0%)  20 (23.0%)  20 (23.0%) 
T stage 
II     3 (3.4%)  2 (2.3%) 1 (1.1%) 0.742 
III 54 (62.1%)            31(35.6%)  23 (26.4%) 
IV    30 (34.5%)  15 (17.2%)  15 (17.2%) 
Distant metastasis  
Positive   26 (29.9%)  15 (17.2%) 11 (12.6%) 0.472 
Negative   61 (70.1%)  33 (37.9%)  28 (32.2%) 
Recurrence 
Presence   45 (51.7%)  29 (33.3%) 16 (18.4%) 0.056 
Not detected   42 (48.1%)  19 (21.8%)  13 (26.4%) 
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6.1.2 Survival analysis  

The median overall follow-up of patients with colorectal cancer was 78 months 

and the pathological stages of cancer were significantly correlated with patient survival 

(p <0.05) (Figure 28A).  Patients with colorectal cancer expressing low miR-15a 

expression had relatively shorter survival time when compared to those with high miR-

15a expression (75 months versus 77 months) (Figure 28B) (p=0.321). Similarly, 

patients with low miR-15a expression levels in their metastatic lymph node tissues 

showed poor survival rate compared to those without any metastatic lymph nodes with 

colorectal adenocarcinoma (61 months versus 76 months). However, both these 

associations didn’t reach the statistical significance despite a good schematic difference 

(Figure 28C).   

Figure 28. Correlation amongst patients’ survival and expression levels of miR-15a. 

Patients with high expression levels of miR-15a in stage IV colorectal cancer tissue had 

marginally improved survival rates compared with low miR-15a levels.   

 

C	

A	 B	
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6.1.3 Altered expression and clinicopathological significance of miR-15a 

Compared to non-neoplastic colorectal tissues, down regulation of miR-15a 

expression was noted in ~45% (n=39/87) of the colorectal cancer tissues while 

remaining tissue samples (55%) showed miR-15a overexpression (Figure 29). All four-

colon cancer cells exhibited a significant reduction of miR-15a compared to FHC cell 

lines (Figure 30).  Colorectal cancer patients with high miR-15a expression have shown 

an increased incidence of tumour recurrence compared to those with low miR-15a 

expression levels (60% vs 41%, p=0.056) (Table 5).  

 

 

 

Figure 29. Expression levels of miR-15a in colorectal cancer tissues. 

Expression levels of miR-15a were altered in primary colorectal cancer (CRC) tissues, 

CRC lymph node tissues and distant metastasis tissues. Higher expression levels of miR-

15a were noted in primary CRC tissues while lower miR-15a expression was found in 

lymph node and distant metastasis tissues   
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Figure 30. Expression of miR-15a was altered in colorectal cancer cell lines. 

Inverse ratio of miR-15a versus RNU6B (control miRNA) (expression ratio) was used to 

illustrate the miRNA expression levels in various cell lines. Colon cancer cells with 

advanced pathological stage, HCT116 (stage IV), SW48 (stage III), SW480, and CaCo2 

(stage II) showed reduced expression of miR-15a compared to normal epithelial cell line 

(FHC). 

6.1.4 miR-15a induced tumour suppression in-vitro 

Four colon cancer cells (SW480, CaCo2, SW48, and HCT116) were examined 

and compared to FHC normal colon cancer cell line that showed lower expression of 

miR-15a in all four cell lines compared to FHC cell line (Figure 30). Colon cancer cells 

overexpressed with miR-15a (SW480 miR-15a, HCT116miR-15a) showed a reduction in cell 

proliferation levels compared to control cells (Figure 31A, B and 32). The decreased 

proliferation of cells was noted from day 3 until day 4; while the control cells 

(SW480scramble-control and SW480wild-type) constantly proliferated until day 4 (**P = 0.046) 

(Figure 32). Moreover, it was observed that miR-15a mimic induced HCT116 cells to 

invade less profusely differing from HCT116scramble-control and HCT116wild-type cells (P > 

0.05) (Figure 33). Correspondingly, colony formation assay indicated a significant 

decrease in the colongenic capability of HCT116miR-15a cells in contrast to control cell 

groups (*** P = 0.005) (Figure 34).  
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Figure 31. SW480 cells ectopically expressed with miR-15a mimic. 

SW480miR-15a cells showed significant high expression compared to scrambled control 

and wild-type cells.  

 

   

 

 

 

 

Figure 32. Ectopically expressed miR-15a reduces cell proliferation. 

SW480miR-15a cells showed significant reduction in cell proliferation compared to 

scramble-control and wild-type cells (**P = 0.046). 

 
 
 
 
 
 
 

 

 

Figure 33. Ectopically expressed miR-15a suppressed colon cancer cell invasion. 

Role of miR-15a overexpression on HCT116 cell invasion capacity. HCT116miR-15a cells 

displayed low invasion capacity compared with control and mock HCT116 cells (P > 

0.05). 

 

**
*
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Figure 34. Overexpressed miR-15a reduced colony formation. 

Role of miR-15a overexpression on clonigenic activity of HCT116 cells. HCT116miR-15a 

cells notably reduce colony formation capacity in comparison with control and non-

transfected HCT116 cells. Level of significance  (*** P = 0.005) was noted when 

compared to scramble control cells.   

 

6.1.5 Downstream regulation of target proteins  

Protein expression of HCT116 miR-15a and SW480miR-15a cells showed lower 

expression levels of BCL-2 and both showed statistical significance (P = 0.005) and (P = 

0.002), respectively. This differed from their counterparts HCT116scramble-control, 

SW480scramble-control and HCT116wild-type, SW480wild-type after stabilising with the GAPDH 

a housekeeping gene (Figure 35, 36). Moreover, SW480miR-15a cells also denoted 

significant reduction in protein expression of SOX2 (** P = 0.019) compared to its 

counterparts. While, SW480miR-15a cells showed slightly higher levels of TAB3 and 

FAM134B target gene similar to their counterparts SW480scramble-control and SW480wild-type 

after stabilising with the GAPDH a housekeeping gene (Figure 35,36).      
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Figure 35. miR-15a target protein detection via western blot. 

Western blot analysis demonstrated reduction in protein levels of BCL-2 in SW480 and 

HCT116 cells transfected for 24 hours with miR-15a mimic (0.3 ul) and a scrambled 

miRNA (0.3 ul). Moreover, expression of proteins TAB3, FAM134B, and SOX-2 were 

also detected in SW480miR-15a cells and notable reduction was prominent in SOX2 

protein expression compared to control groups.  
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Figure 36. miR-15a target protein quantification. 

BCL-2 (*** P = 0.002) and SOX-2 (** P = 0.019) protein expression was notably 

reduced in SW480miR-15a compared to control and wild-type cells (A, E).  BCL-2 protein 

expression was also reduced in HCT116miR-15a cells compared to control and wild-type 

cells (*** P = 0.005) (C). This implies that colon cancer cells transfected with miR-15a 

target anti-apoptotic gene BCL-2. While TAB3 and FAM134B showed no change in 

SW480miR-15a cells when compared to control and wild-type (B, D).  

 

 

*** 

*** 
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6.1.6 Immunofluorescence in HCT116miR-15a 

 Alteration of BCL-2 expression upon miR-15a mimic transfection was further 

confirmed by immunofluorescence microscopy. A substantial increase in the 

expressions (strong green signal) of cytoplasmic BCL-2 protein was noted in 

HCT116wild-type and HCT116scramble-control, when compared with that of HCT116miR-15a 

cells, respectively (Figure 37).  

 

 
 
Figure 37. Intracellular localisation and expression of BCL-2. 

Immunofluorescence analysis showed that BCL-2 expression is reduced in HCT116miR-

15a cells compared to control groups. Green colour stands for BCL-2 staining while blue 

colour represents nuclear staining by DAPI.  

 
 
6.1.7 Mitochondrial respiration in SW480miR-15a 

SW480miR-15a cells, scrambled miRNA and wild-type as controls were used to 

measure parameters related to mitochondrial function and glycolysis via Seahorse XFp 

Cell Mito Stress Test. Calculated ratios derived from Seahorse XF analysed values 

demonstrated a reduction of basal respiration, ATP production, proton leak, maximal 

respiration, coupling effect, OCR, ECAR and metabolic potential in SW480miR-15a cells 

compared to control groups in both post 24 and 36 hours of transfection (Figure 38 A-B, 

D-E, and F; Figure 3 see Appendix). 
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Figure 38. Effects of miR-15a on mitochondrial respiration post 24 hours.  

Oxygen consumption rate (OCR), extracellular acidification rate (ECAR), maximal 

respiratory capacity, spare respiratory capacity, ATP coupled respiration, proton leak, 

and metabolic potential in SW480miR-15a cells, scramble miRNA and wild-type as control 

were analysed after 24 hours or transfection using the Seahorse XF analyser. OCR and 

ECAR were measured, followed by treatment with oligomycin, FCCP, and 

rotenone/antimycin A pharmacological inhibitors of ETC.  
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6.2 miR-15a discussion 

6.2.1 Down-regulation of miR-15a and its clinicopathological significance 

This project demonstrated significant changes in expression levels of miR-15a in 

colorectal cancer (CRC) tissues versus adjacent normal tissues. As evident from the 

results expression of miR-15a was downregulated in 45% of primary colorectal cancer 

tissues while remaining 55% primary colorectal cancer tissues indicated overexpression 

(Figure 26). This study has also confirmed miR-15a overexpression induced tumour 

suppression in-vitro, suggesting its regulatory effects in 45% of the patients with 

colorectal carcinomas. Moreover, this may indicate that a tumour is not as developed 

and or aggressive to be able to suppress the miRNA. Nonetheless, the expression level 

of miR-15a in primary CRC tissues is not significantly different.  

 

Several studies have established that miR-15a functions as tumour suppressor. A 

study by Bhattacharya and peers found underexpressed miR-15a in ovarian cancer cell 

lines and primary ovarian cancer tissues (Bhattacharya et al., 2009).  Xiao identified by 

real time quantitative-PCR, that miR-15a and miR-16 expression, were both 

significantly downregulated in colorectal cancer tissues in contrast with 

adjacent colorectal mucosa (Xiao et al., 2014). Similarly, Luo et al., found 

downregulation of miR-15a expression in 40 breast cancer tissues compared to adjacent 

normal breast tissues (Luo et al., 2013). In addition, miR-15a and miR-16 have been 

reported to act as tumour suppressors by inhibiting some mRNA targets and various 

aspects of tumour progression in vitro and in vivo (Calin and Croce 2006). These 

findings are supportive of our hypothesis that miR-15a has a definitive role in tumour 

suppression, which can become a vital diagnostic measure for early detection.  
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Additionally, our study found that expression of miR-15a was greatly reduced in 

colorectal cancer tissues lymph node and distant metastasis (Figure 26). Bonci et al., 

found a correlation between the absence of miR-15a and miR16-1 genes and more 

advanced prostate tumours (Bonci et al., 2008). This underlines a tumour suppressive 

role of miRNA, wherein its absence a tumour can progress beyond control rapidly. In 

this study, the low expression of miR-15a in a metastatic tumour highlights that the 

dissemination capacity of a tumour and overall advanced stage overpowers a tumour 

suppressive gene and thus hindering their function. Comparably, it is evident from Dong 

and colleagues’ study that the frequency of allelic loss at chromosome 13q increases 

from early, advanced to metastatic Prostate cancer (Dong et al., 2001). This strongly 

infers that the deletion of the chromosomal regions is correlated to the aggressive stage 

of the carcinoma in which the expression of miR-15a is also repressed.  

 

 Moreover, it is imperative to note the existence of variation in sample numbers 

for primary CRC tissues, CRC lymph node tissues, and CRC distant metastatic tissues. 

Thus, the differences in sample sizes are visible between three groups (Figure 26). 

Despite this difference, the pattern of elevated low miR-15a expression in CRC lymph 

node tissues and distant metastatic tissues has remained the same. Our previously 

published study also showed that the difference in sample size had no impact on the 

hypothesis that as a tumour advances the expression of tumour suppressor miRNA, as a 

result reduces (Ebrahimi et al., 2016). Another study also identified down-regulation of 

miR-15a in lymph node metastasis; hence stated that abnormal expression of miR-

15a possibly is used to classify patients with aggressive tumour progression of colorectal 

cancer (Xiao et al., 2014). Thus, these tumour suppressor miRNA’s can be used as 

molecular targets to detect a tumour in its early stages and provide an appropriate 

prognosis.  
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Furthermore, our in vitro studies showed a similar expression pattern of miR-15a 

in colon cancer cell lines SW480, CaCo2 (stage II), SW48 (stage III) and HCT116 

(stage IV), exhibiting low expression of miR-15a in comparison to FHC normal colon 

cell line (Figure 27). Excessive reduction in expression of miR-15a was noted in Stage 

III and IV colon cell lines. A vast body of evidence suggests that miR-15a/16 cluster are 

commonly downregulated in several cancer cell lines and cancer tissues, including 

breast cancer (Luo et al., 2013), hepatocellular (Huang et al., 2012), chronic 

lymphocytic leukemia (CLL) (Calin et al., 2008), prostate cancer (Musumeci et al., 

2011), non-small lung cancer (Bandi and Vassella 2011), and colorectal cancer (Xiao et 

al., 2014), denoting their tumour suppressive functions in tumour development in these 

cancers. This further emphasizes the importance of miRNAs as therapeutic tools in 

managing the progression of tumours.   

 

Correspondingly, our study found a significant correlation between high 

expression miR-15a and presence of recurrence (Table 5); this finding is consistent with 

another study where miRNA-133a and miRNA-191 showed up-regulation in recurrent 

tumours (Jeong et al., 2016). Although these miRNAs have an overall tumour 

suppressive role their expression in tumour recurrence is not fully defined. However, as 

most of our primary CRC tissue samples were in tumour stages III and IV the up-

regulation of miRNA in reoccurrence could presumably be as a result of tumour stage of 

the relapsed tumour.  

6.2.2 miR-15a and its effects in colon cancer cell biology 

Reduced miR-15a levels were noted in colorectal cancer cell line (SW480, 

CaCo2, SW48, and HCT116) compared to control (FHC). Expression of miR-15a was 

lost in ovarian cancer (OVCAR-5) cells, non-small lung cancer (A549, H2009, H1299, 

and H358), leukemic cells (MEG-01), hepatocellular carcinoma (J7), breast cancer 
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(MDA-MB-231), prostate cancer (DU145) and nasopharyngeal carcinoma (CNE1) 

(Bhattacharya et al., 2009; Bandi and Vasella, 2011; Calin et al., 2008; Huang et al., 

2012; Luo et al., 2013; Musumeci et al., 2011; Zhu et al., 2016). The accumulated 

evidence indicates that the miR-15a has reduced expression in various carcinoma cell 

lines, however to the best of our knowledge low expression of miR-15a in colorectal 

cancer has not been reported previously.  

 

Furthermore, we examined that ectopically overexpressed miR-15a in SW480 

cell line showed high expression of miR-15a in comparison to control SW480 cells, 

wild-type (Figure 28).  In addition, in the current study, we found miR-15a 

overexpression caused a reduction in cell proliferation of colon cancer cells. Luo and 

peers established that miR-15a overexpressed into breast cancer cells and led to 

significant inhibition of cellular proliferation as measured by a similar method to our 

study (Luo et al., 2013). This together with other studies collectively suggests that miR-

15a represses the growth of cancer cells (Bandi and Vasella 2011; Kang et al., 2015).  

 

 It is widely known that almost all cancer cells can form colonies to proliferate 

and metastasis. We found that overexpression of miR-15a reduces the ability of colon 

cancer cell HCT116 to form colonies compared to control, and wild-type (Figure 30). 

Comparably, Luo et al. found a reduction in the colony number in breast cancer cells 

upregulated with miR-15a (Luo et al., 2013). Likewise, in a functional study by Kang 

and colleagues demonstrated that ectopic expression of miR-15a and miR-16-1 

suppressed monolayer colony formation in vivo (Kang et al., 2015). This functional 

study suggests that miR-15a plays a crucial role in cellular homeostasis when 

downregulated may contribute to the progression of CRC.  
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The overexpression of miR-15a has led to reduced invasion of colon cancer cells 

in comparison to control cells. Similarly, Kang and peers established that ectopic 

expression of miR-15a suppressed invasion of GAC cell lines (Kang et al., 2015). Also 

Bonci et al., found that miR-15a and miR-16 act as tumour suppressor gene in prostate 

cancer via regulation of cell proliferation and invasion (Bonci et al., 2008). The 

accumulated evidence indicates that the miR-15a suppresses the proliferation of cancer 

cells and activates the apoptotic pathway.  

 

6.2.3 miR-15a targets BCL-2, TAB3, FAM134B and SOX2 expressions in-vitro 

In the present study, the tumour suppressive function of miR-15a through its 

targets was investigated. MicroRNAs are members of a growing class of regulatory non-

coding RNAs that function by modulating expression of protein-coding genes (Schanen 

and Li, 2011; Lee et al., 1993). MicroRNAs can induce mRNA degradation or suppress 

translation by binding to mRNAs of their target genes (Bartel 2004; Huntzinger and 

Izaurralde, 2011). Expression levels of the following target proteins, BCL-2, TAB3, 

FAM134B and SOX2 were assessed in colon cancer cell lines SW480 and HCT116 over 

expressed with miR-15a in comparison with scrambled control and wild-type.  

 

B-cell lymphoma 2 (BCL-2) is an essential oncogene in a number of solid 

tumours and hematological malignancies, it commonly functions by promoting 

proliferation and inhibit apoptosis (Sánchez-Beato et al., 2003; Zhang et al., 2010). We 

observed that over expressed levels of miR-15a in HCT116 and SW480 cell lines led to 

reduced levels of BCL-2 protein (Figure 32 and 33A-B). This was further confirmed 

with immunofluorescence microscopy, HCT116miR-15a had remarkably low expression 

when compared to HCT116scramble-control and HCT116wild-type (Figure 34). Analogously, 

Pekarsky and Croce established that miR-15/16 targets BCL-2 expression in CLL and 
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that loss of miR-15/16 due to 13q14 deletions are the main reason of BCL-2 

overexpression in CLL (Cimmino et al., 2005; Pekarsky and Croce, 2015). Also, Xia 

and colleagues found that miR-15a and miR-16 play a role in the development of MDR 

in gastric cancer cells by regulation of apoptosis by targeting BCL-2 (Xia et al., 2008).  

Additionally, another study reported that miR-15a/16 hindered myeloma cells 

proliferation, and increased apoptosis of U266 cells by repressing the expression of anti-

apoptosis protein BCL-2 (Li et al., 2016b). Briefly, it can be inferred that BCL-2 is a 

direct target of miR-15a through which it suppresses tumour cell growth and induces 

cell death.  

 

Transforming growth factor-activated kinase 1 (TAK1)-binding protein 3 (Tab 3) 

is known to be involved in activation of NF-kB pathway. This pathway plays a vital role 

in modulating cellular processes such as immune responses, stress responses, apoptosis, 

proliferation and differentiation, and dysfunction of this pathway has been correlated 

with numerous cancer (Gilmore 2006; Ding et al., 2013). We found in our protein 

immunoblot that TAB3 was highly expressed in SW480 cells over expressed with miR-

15a with no change in protein bands for scrambled control and wild-type (Figure 32 and 

33C). Moving on, in non-small cell lung cancers TAB3 is found to be overexpressed and 

promotes cell proliferation, while in breast cancer its known to be involved in metastasis 

(Chen et al., 2016a; Tao et al., 2016). Furthermore, miR-15 family member inhibits a 

small interfering RNAs (siRNA) specific for TAB3 in hepatocellular carcinoma (Ding et 

al., 2013). From this, it can be suggested that TAB3 a target of miR-15a functions as an 

oncogene in various cancers to increase cellular proliferation and inhibit programmed 

cell death. 

 

In addition, FAM134B (Family with sequence similarity 134, member B), also 

known as FAM134B is reported to play an important role in the pathogenesis of 
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oesophageal squamous cell carcinoma (Tang et al., 2007).  Our findings show that 

SW480 cells over expressed with miR-15a illustrates, the elevated level of FAM134B, 

comparably to scramble-control and wild-type SW480 cells. This was consistent with 

the findings of Islam et al. where FAM134B expression was notably elevated in non-

cancer colon cells and stage II compared to stages III and IV (Islam et al., 2017).  These 

findings slightly shed light on the function of this novel protein. However further 

validation and scrutinizing in relation to its correlation with miR-15a is necessary to 

understand its precise role in colon cancer pathogenesis.  

 
 
 
 Another key concept in cancer pathogenesis is cancer stem cell and their markers 

such as transcription factor SOX2 (SRY sex determining region Y)-box 2) essential for 

maintaining self-renewal, or pluripotency, of undifferentiated embryonic stem cells 

(Zhang et al., 2014). Interestingly, in our functional assay, we found that the 

overexpression of miR-15a in SW480 cells reduced the expression of SOX-2. This 

implies that miR-15a functions as a stemness-inhibitor in SW480 cells. Additionally, Lu 

et al found that miR-200c suppresses the expression of SOX2 to block the activity of 

phosphoinositide 3-kinase (PI3K)-AKT pathway in colorectal cancer (Lu et al., 2014). 

These findings were consistent with Xu and coworkers, where miR-145 inhibited the 

pluripotency through inhibition of OCT4, SOX2 and KLF4 (Xu et al., 2009). 

Collectively these target proteins, namely BCL-2, TAB3, and SOX2 have significant 

potential to be used as a therapeutic target for the treatment of colorectal cancer.  

6.2.4 Impact of miR-15a on mitochondrial respiration  

 
Mitochondrial respiration is essential for the generation of cellular energy under 

normal conditions. This study showed miR-15a induced a reduction in oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) as well as fall in 

basal respiration, ATP production and glycolytic capacity in colon cancer cells (Figure 
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6). According to “Warburg effect”, defects in mitochondrial respiration can lead the 

cancer cells to ferment glucose in the presence of oxygen, suggesting its central role in 

malignant tumour progression (Warburg 1956). However, further studies have 

confirmed that most cancers still retain mitochondrial function, including respiration and 

the oncogenic mutations in these cancer cells, are responsible for the aerobic glycolysis 

(Heiden et al., 2009; Zong et al., 2016). Previously Gao et al. have reported that by 

targeting BCL2 oncogene, miR-15a in a cluster with miR-16 expression has induced 

apoptosis via regulating mitochondrial function (Gao et al., 2010). Consistent with these 

findings, this miRNA cluster has reported causing mitochondria-mediated apoptosis via 

targeting BMI1 oncogene (Patel et al., 2016). Another study by Liu et al. have also 

noted a similar miR-15a induced apoptosis in cardiomyocytes via affecting the 

mitochondrial apoptotic pathway. Thus, it can be hypothesized that miR-15a helps in 

regulating mitochondrial functions in normal colon cells and during carcinogenesis, it 

enhances mitochondria directed apoptotic pathways via directly targeting BCL2 or/ and 

other downstream targets.  

 Furthermore, exogenous expression of miR-15a has shown downstream 

suppression of BCL-2 and SOX2 proteins and led to lowered colon cancer cell 

proliferation, invasion and colony formation ability. This study has also noted regulatory 

effects of miR-15a mitochondrial respiration potential via controlling the BCL-2 

induced mitochondria directed apoptosis. Taken together, these findings further 

emphasize a tumour suppressive role of miR-15a, where in its inhibition or absence, 

epithelial cells in the intestine can proliferate faster and can lead to a rapidly growing 

tumour in vivo. Down-regulation of miR-15a in patients with metastatic colorectal 

adenocarcinomas and pathologically advanced colon cancer cells in vitro, infer the 

tumour dissemination capacity of miR-15a by its own or via regulating its key 

downstream gene targets. 
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6.2.5 Conclusion 

 
In a nutshell, in advanced colon cancer tissues and cell lines expression of miR-

15a was notably reduced. A significant correlation was established between low 

expression of miR-15a and recurrence. In addition, increased expression of miR-15a 

lowered colon cancer cell proliferation, invasion and colony formation ability. Further, 

overexpression of miR-15a lowered expression levels of BCL-2 and SOX2 proteins, 

while no change was detected for TAB3 and FAM134B. Altered mitochondrial 

respiration was noted in cells with high miR-15a expression, reduced OCR and 

increased ECAR in 24 hours after transfection while mitochondrial respiratory functions 

declined in 36 hours. These observations coherently suggest that high levels of miR-15a 

induce BCL-2 to regulate mitochondrial pathway of apoptosis by controlling the 

permeabilisation of the outer mitochondrial membrane.  
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Chapter 7: Findings of miR-145 and its role in colon cancers 
 

For complete materials and methods refer to pages 98-111.  

7.1 miR-145 Results Interpretation 

7.1.1 Altered expression and clinicopathological correlation of miR-145 

From the results, it can be noted that the expression levels of miR-145 were 

reduced in primary colorectal tissues, lymph node and metastatic tissues (Figure 39). 

The association of miR-145 expression with the clinicopathological parameters of 

colorectal cancer are summarised in (Table 6). High expression of miR-145 were 

correlated with tumour recurrence (P = 0.058). Alternatively, there were no significant 

associations between patients’ gender, age, site of primary tumour, size of the tumour, 

distant metastasis, and lymph node metastasis. Moreover, the paired t-test showed a 

significant correlation of miR-145 expression in primary colorectal carcinoma tissues 

compared with matched lymph node tissues (Table 7). 

 
 

 

 

 

 

 

 

Figure 39. Expression levels of miR-145 in colorectal cancer tissues. 

Expression levels of miR-145 were altered in primary colorectal cancer (CRC) tissues, 

CRC lymph node tissues and distant metastasis tissues. Lower expression levels of miR-

145 were illustrated in primary CRC tissues while lower miR-145 expression was found 

in lymph node and distant metastasis tissues. 
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Table 6. Correlation of miR-145 expression with clinicopathological features of 
colorectal adenocarcinoma. 

Type           Total no. (%)           High expression Low expression p-
value 
Age  
 ≤ 60    10 (19.2 %)  5 (13.9%) 5 (31.3%) 0.140
  
>60    42 (80.8%)  31 (86.1%) 11 (68.8%) 
Gender 
 Male    31 (59.6%)  23 (63.9%) 8 (50%) 0.261 
 Female   21 (40.4%)  13 (36.1%) 8 (50%) 
Location 
 Colon    41 (78.8%)  28 (77.8%) 13 (81.3%) 0.545 
 Rectum   11 (21.2%)  8 (22.2%)  3 (18.8%) 
Grade 
 Well-differentiated   12 (23.1%)  8 (22.2%) 4 (25%) 0.563 
 Moderately-differentiated  31 (59.6%)  23 (63.9%)  8 (50%) 
 Poorly-differentiated   9 (17.3%)  5 (13.9%)  4 (25%) 
Subtype 
Conventional   47 (90.4%)  31 (86.1%) 16 (100%) 0.142 
Adenocarcinoma  4 (7.7%)  4 (11.1%) 0 (0.0%) 
Mucinous   1 (1.9%)  1 (2.8%) 0 (0.0%) 
Lymphovascular permeation 
 Presence   31 (59.6%)  24 (66.7%) 7 (43.8%) 0.106 
 Not detected   21 (40.4%)  12 (33.3%)  9 (56.3%) 
Peri-neural infiltration 
 Presence   14 (26.9%)  11 (30.6%) 3 (18.8%) 0.298 
 Not detected   38 (73.1%)  25 (69.4%)  13 (81.3%) 
MSI 
 Presence   4 (25%)  3 (23.1%) 1 (33.3%) 0.607 
 Not detected   12 (75%)  10 (76.9%)  2 (66.7%) 
T stage 
II    1(1.9%)  1 (2.8%) 0 (0.0%) 0.317 
III    32 (61.5%)  20 (55.6%)  12 (75%) 
IV    19 (36.5%)  15 (41.7%)  4 (25%) 
Lymph node metastasis 
 Positive   52 (100%)  36 (69.2%) 16 (30.8%) NA 
 Negative   0 (0.0%)  0 (0.0%)  0 (0.0%) 
Distant metastasis  
 Positive   18 (34.6%)  14 (38.9%) 4 (25.0%) 0.259 
 Negative   34 (65.4%)  22 (61.1%)  12 (75.0%) 
TNM stage 
 III    34 (65.4%)  22 (61.1%) 12 (75%) 0.259 
 IV    18 (34.6%)  14 (38.9%)  4 (25%) 
Recurrence 
 Presence   26 (60.5%)  22 (68.8%) 4 (36.4%) 0.058 
 Not detected   39.5 (17%)  10 (31.3%)  7 (63.6%) 
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Table 7. Paired T-test (Fold Change miR-145) 

Samples Mean (fold 
change) 

Standard 
Deviation 

Sig. (2-
tailed) 

miR-145 
(primary) 

10.7788 19.99323  
0.008 

miR-145 (LN) 0.4491 0.351356 

 

7.1.2 Survival Analysis 

The median overall follow-up of patients with colorectal cancer was 78 months, and the 

pathological stages of cancer were correlated with patient survival.  Patients with 

colorectal cancer expressing low miR-145 expression had relatively shorter survival 

time when compared to those with high miR-145 expression (69 months versus 90 

months) (P = 0.320) (Figure 40A). Similarly, patients with low miR-145 expression 

levels in their metastatic lymph node tissues showed poor survival rate compared to 

those without any metastatic lymph nodes with colorectal adenocarcinoma (81 months 

versus 91 months) (P = 0.091) (Figure 40B). Regardless of significant visual difference, 

both these correlations didn’t reach the statistical significance. 

 
 
 
 

 

 

 
 
 

 

Figure 40. Survival and expression levels of miR-145 

A. Patients with low expression levels of miR-145 in colorectal cancer tissue had 

marginally poor survival rates compared with high miR-145 levels (P = 0.320).  B. Also, 

patients in late stages of colon cancer showed poor survival rate with low miR-145 

levels (P = 0.091).  
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7.1.3 Expression of miR-145 in colon cancer cell lines 

Colon cancer cell lines SW48 and SW480 exhibited suppressed the expression of 

miR-145 compared to normal colonic epithelial cell line (FHC) (Figure 41).  miR-145 

expression levels were higher in less advanced colon cancer cells SW480 (stage II 

cancer) compared to advance stage SW48 (stage III cancer) (fold change; 3.305 vs 

0.365).  

 

 

 

 

 
Figure 41. Expression of miR-145 in colorectal cancer cell lines. 

Expression of miR-145 was altered in different colorectal cancer cell lines. Inverse ratio 

of miR-145 versus RNU6B (control miRNA) (expression ratio) was used to show the 

miRNA expression levels in various cell lines. Colon cancer cells with advanced 

pathological stage, SW48 (stage III), showed reduced expression of miR-145 compared 

to SW480 (stage II) and normal epithelial cell line (FHC). 

7.1.4 Tumour Suppressor Properties of miR-145 In Vitro  

Colon cancer cells treated with miR-145 showed reduced cell proliferation when 

compared to control and non-transfected cells (wild-type counterparts). Notable 

reduction in proliferation of SW480miR-145 cells was observed from day 3 onwards, while 

the SW480scrambled-control and SW480wild-type indicated proliferation until day 5 (*** P < 

0.005) (Figure 42). Up-regulation of miR-145 in HCT116 cells signified the invasion 

capacity of HCT116 cells in opposition, the HCT116control and HCT116wild-type cells 

denoted low invasion capacity (P > 0.05) (Figure 43). Furthermore, HCT116miR-145 

treated colon cancer cells showed remarkably decreased colony formation properties in 

comparison to the control and non-transfected wild-type colon cancer cells (*** P = 

0.000) (Figure 44).   
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Figure 42. miR-145 reduces colon cancer cell proliferation. 

SW480
miR-145

 cells displayed significant reduction in cell proliferation compared to 

scramble-control and wild-type cells (*** P < 0.005).  

 

 

 

 

 

 
 

Figure 43. miR-145 reduces cell invasion. 

Role of miR-145 overexpression on HCT116 cell invasion capacity. HCT116
miR-145 

cells 

exhibited low invasion capacity compared with control and wild-type HCT116 cells (P > 

0.05). 

 

Figure 44. Overexpression of miR-145 suppresses colonigenic activity. 

Role of miR-145 overexpression on clonigenic activity of HCT116 cells. HCT116
miR-145 

cells notably reduce colony formation capacity in comparison with control and non-

transfected HCT116 cells (*** P = 0.000).  
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7.1.5 Target Protein identification 

 Protein expressions of miR-145 target genes; P53 and SOX2 were analysed in 

HCT116miR-145, HCT116Scrambled-control and HCT116Wild-type cells (Figure 45). HCT116miR-

145 cells showed reduced levels of p53 protein and increased protein expression for 

SOX2.  In addition, expression levels of VEGF-A were examined in SW480miR-145 and 

SW48miR-145 cells along with their control groups. It was noted that VEGF-A protein 

expression was significantly reduced in both SW480miR-145 and SW48miR-145 (*** P = 

0.000) in comparison to their control groups, respectively (Figure 45, 46).  

 

Figure 45. miR-145 target protein detection via western blot. 

p53 protein expression was notably reduced in HCT116miR-145 cells compared to control 

and wild-type cells. While SOX2 protein showed moderate expression in HCT116miR-145 

cells when compared to control and wild-type. VEGF-A protein expression was 

significantly lower in SW480miR-145 and SW48miR-145 cells compared to their control 

groups.  
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Figure 46. miR-145 target protein quantification. 

p53 protein expression was reduced in HCT116miR-145 cells compared to control and 

wild-type cells (A). In HCT116miR-145 cells SOX2 protein was expressed similar to the 

control groups (B). While VEGF-A protein expression was significantly reduced in both 

SW480miR-145 and SW48miR-145 cells when compared to scrambled-control and wild-type 

(*** P = 0.000) (C and D).  
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7.1.6 Immunofluorescence miR-145 

Furthermore, expression alteration of FOXO1 in HCT116 cells with miR-145 

mimic transfection was further confirmed by immunofluorescence microscopy. A 

considerable decrease in expression level (strong green signal) of cytoplasmic FOXO1 

protein was noted in HCT116wild-type followed by in HCT116scramble-control cells, when 

compared with that of HCT116miR-145 cells (Figure 47), respectively.  

 
 

Figure 47. Intracellular localisation and expression of FOXO1. 

Immunofluorescence staining showed that FOXO1 expression is increased in 

HCT116miR-145 cells compared to control groups. Green colour stands for FOXO1 

staining while blue colour represents nuclear staining by DAPI.  

 

7.1.7 Mitochondrial respiration in SW480miR-145 cells   

From the results, it can be noted that SW480miR-145 cells demonstrated a 

reduction of basal respiration, ATP production, proton leak, maximal respiration, 

coupling effect, OCR and ECAR compared to control groups in both post 24 and 36 

hours of transfection (Figure 48A-B, D-E, Figure 4 see Appendix). It can also be seen 

from the results that overexpression of miR-145 had no significant difference on the 

metabolic potential of colon cancer cells compared to scramble-control and wild-type 

cells (Figure 48, Figure 4F see Appendix).   
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Figure 48. Effects of miR-145 on mitochondrial respiration post 24 hours.  

Oxygen consumption rate (OCR), extracellular acidification rate (ECAR), maximal 

respiratory capacity, spare respiratory capacity, ATP coupled respiration, proton leak 

and metabolic potential in SW480miR-145 cells, scramble miRNA and wild-type as 

control were analysed after 24 hours or transfection using the Seahorse XF analyser. 

OCR and ECAR were measured, followed by treatment with oligomycin, FCCP, and 

rotenone/antimycin A pharmacological inhibitors of ETC.  
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7.2 miR-145 discussion 

7.2.1 Down-regulation of miR-145 and its clinicopathological significance 

The current study exhibited a significant alteration in expression levels of miR-

145 in 89 primary colorectal cancer (CRC) tissues, juxtapose to 25 adjacent normal 

tissues. As visible from the data gathered expression of miR-145 was significantly 

downregulated in 69 primary colorectal cancer tissue samples while 20 samples 

indicated overexpression of the microRNA 145 (Figure 39). Similarly, Tanoglu et al. 

reported that expression of miR-145 was statistically significantly downregulated in 40 

resected colorectal cancer tissue samples compared to 40 normal colonic tissues 

(Tanoglu et al., 2015). Coherent with our findings, Feng and colleagues established that 

miR-145 expression was significantly decreased in CRC tissues compared with the 

paired adjacent normal tissues (Feng et al., 2014). Consistent with the above studies Su 

et al. support the notion that miR-143 and miR-145 levels were steadily downregulated 

in colorectal cancer tissue (Su et al., 2014). These studies in conjunction with ours, 

strongly suggest the function of miR-145 as a tumour suppressor.  

 

We also demonstrated that expression of miR-145 was notably reduced in 

colorectal lymph node and metastatic tissues, compared to paired normal tissues, 

respectively. The data collated indicated from a total 58, low expression of miR-145 was 

observed in 52 samples compared to overexpression of miR-145 in 6 patient tissue 

samples. Together, only a total of 8 colorectal tissue samples with metastasis were 

available and all of which showed reduced expression of miR-145 (Figure 39). Feng et 

al. showed expression of miR-145 to be diminished in primary tumours that later 

metastasized, compared to those that did not metastasized (Feng et al., 2014). Also, Li 

and peers found that miR-145 was significantly decreased in CRC tissues compared 

with non-cancerous colorectal mucosa, especially lymph node or 

distance metastasis cases (Li et al., 2016a). Moreover, Wang et al. found that miR-145 is 
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markedly downregulated in the metastatic tumours of CRC patients (Wang et al., 

2016b). Conversely, overexpression of miR-145 has been reported in several types of 

metastatic cancers including CRC (Zhao et al., 2010; Zhao et al., 2015). Majority of the 

studies provide the same result that miR-145 has a tumour suppressive roles, and those 

few studies that oppose that role could be due to variation in site and or sample number 

leading to slight biases. To minimize such bias in our data we used matched adjacent 

normal mucosa, primary tumours, lymph nodes and metastatic tissue samples. 

Therefore, we conclude the role of miR-145 in colorectal cancer as a tumour suppressor. 

 

The present study has also examined the correlation between miR-145 

expression levels and clinicopathological parameters in patients with colorectal cancer. 

We found no significant differences in miR-145 in location, grade, subtype, MSI, 

tumour stage and lymph node and distant metastasis (Table 7). However, a significant 

correlation between high expression miR-145 and presence of recurrence was noted 

(Table 7); this could be due to the small sample size. In another study by Dip and 

coworkers found no significant difference in miR-145 expression and histological grade, 

tumour stage, angiolymphatic, neoplastic invasion and tumours recurrence in bladder 

cancer (Dip et al., 2013). While these microRNAs are known for their functions of a 

tumour suppressive their expression in tumour recurrence is not fully studied. Due to the 

high recurrence rate of the colon cancer the patient survival rate is reduced in correlation 

with low miR-145 expression (Figure 40A). Mortality is noted to be greater during the 

late stages (Figure 40B) of colon cancer with a reduced miR-145 expression which is 

concurrent with literature.   

7.2.2 miR-145 and its effects in colon cancer cell biology 

 Equally important, slightly reduced expression patterns of miR-145 in colon 

cancer cell lines SW480 (stage II) and SW48 (stage III) were visible compared to FHC 
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normal colon cell line, respectively (Figure 41). Noteworthy reduction in expression of 

miR-145 was noted in Stage III colon cell line when compared to stage II. Several 

studies have reported that miR-145 levels were significantly downregulated in various 

cancer cell lines including colon, gastric, cervical and liver cancer cells (Schepeler et al., 

2008; Lu et al., 2005; Xing et al., 2013). These studies together with the current study 

indicate that miR-145 may function as tumour suppressor miRNA in human cancers and 

thus serve as a therapeutic marker in managing the progression of tumours.   

 
 Our present study examined the ectopic expression of miR-145 in colon cancer 

cell lines SW480, SW48 and HCT116. Functional studies were performed to examine 

the effect of miR-145 in these colon cancer cell lines. Our study revealed that miR-145 

inhibited the proliferation of HCT116 cell lines, compared to scramble control and wild-

type, respectively (Figure 42). Li and co-writers demonstrated that ectopic expression of 

miR-145 suppressed the proliferation and invasion ability of colorectal cancer cells (Li 

et al., 2016a). Similarly, Feng et al. ectopic overexpression of miR-145 inhibited cell 

proliferation, motility and invasion in vitro (Feng et al., 2014). Comparably, another 

study confirmed that miR-143/145 suppress the proliferation of Caco2 cells (Stage II) 

(Su et al., 2014). Taken together, the vast evidence emphasis on the tumour suppressive 

role of microRNA 145 and underlines its potential use in the management of colorectal 

cancer.  

 

 The spread of cancer is highly dependent on the ability of the cancer cells to 

form colonies and grow from small to large colonies before they disintegrate to distant 

sites.  In this study, we found that overexpressed miR-145 can reduce colony formation 

in HCT116 cells compared to scrambled control and wild-type HCT116 cells (Figure 

43).  Huijuan and colleagues found that overexpressed miR-145 leads to inhibition of 

colony formation in human ovarian cancer cells (Wu et al., 2013). Moreover, 



Regulation of colorectal cancer metastasis by modulating mitochondrial miRNAs 
 	

Faeza Ebrahimi (s2758346)                                                                                                              School of Medicine 174 

overexpressed miR-145 in pancreatic cancer cells suppressed the cell invasion and 

colony formation capacity (Wang et al., 2016b). Collectively, the findings of these 

colongenic assays suggest miR-145 overexpression can inhibit tumour development and 

progression.   

 

Invasion is a key feature of cancer cells from all other cells, the capacity to 

directly extend and penetrate by cancer cells into neighbouring tissues. Trevigen 

invasion assay was used to examine the invasive capability of colon cancer cells. We 

found that ectopic expression of miR-145 repressed the invasion ability of HCT116 cells 

compared to scrambled control and wild-type HCT116 cells (Figure 44). Wang and 

coworkers confirmed that miR-145 suppresses the invasion and metastasis of CRC cells 

(Wang et al., 2016b). Furthermore, Li et al. also reported that ectopic expression of miR-

145 suppressed the invasion ability of colorectal cancer cells (Li et al., 2016a). Last but 

not least, via in vitro studies, Feng and colleagues validated that in CRC cell lines, 

ectopic overexpression of miR-145 inhibited cell motility and invasion (Feng et al., 

2014). Interesting, Wang et al. experimentally validated that in lung cancer cells ectopic 

expression of miR-145 suppressed cell invasion and metastasis (Wang et al., 2015b). 

Jiang et al. established consistent findings where miR-145-5p inhibits the expression of 

target gene ZEB2 to delay invasion and migration of gastric cancer cells (Jiang et al., 

2016). Moreover, another study by Wang et al. established that the overexpression of 

miR-145 in pancreatic cells suppressed the cell invasion ability (Wang et al., 2016a). 

Together, these studies along with ours strongly implicate that miR-145 has an 

overpowering capacity to halt or slow down the invasion of cancer cells.  
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7.2.3 miR-145 targets p53, SOX2, VEGF-A and FOXO1 protein expressions in-

vitro 

miR-145 has a pronounced role as a tumour suppressor, hence in the current 

study, we aimed to investigate the effect protein targets on these tumour suppressive 

roles. As previously mentioned microRNAs can induce mRNA degradation or suppress 

translation by binding to mRNAs of their target genes (Bartel 2004; Huntzinger and 

Izaurralde, 2011). Expression intensities of the following target proteins, p53, SOX2 and 

VEGF-A were measured in colorectal cancer cell lines SW480, SW48 and HCT116 over 

expressed with miR-145 in comparison with scrambled control and wild-type, 

respectively.  

 

 MicroRNA 145 has been implicated as both a tumour and metastasis suppressor 

in several types of tumours (Sachdeva and Mo 2010). p53 is a gene that codes for a 

protein that regulates the cell cycle and thus functions as a tumour suppressor. p53 

regulates miR-145 by directly binding to the promoter of miR-145, which leads to 

suppression of MYC and CDK6, resulting in inhibition of cell proliferation and 

induction of apoptosis (Khalili et al., 2015). In this study, we found that over expressed 

HCT116miR-145 showed reduce expression of P53 (Figure 45 and 46). Our result 

contradicts the literature and therefore is considered to be either an experimental 

inaccuracy or it could be due to the notion that the colorectal cancer cells are harboring a 

defective p53 gene, which in this case would act as an oncogene (Cooper 2000). 

Similarly, the literature states that in normal cells, the p53 level is low. Therefore in our 

study it may be presumed that overexpression of miR-145 in colorectal cancer cells can 

mimic the normal function of miR-145, which is regulated by p53 (Khalili et al., 2015). 

Low expression of p53 protein is seen when cancer cell proliferation is inhibited by 

miR-145 overexpression, while in wild-type HCT116 cells p53 protein is overexpressed. 

This indicates that DNA damage and other stress due to cancer progression may trigger 
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the intensity of p53 proteins expression (Cooper 2000).  Nevertheless, the precise 

mechanisms between miR-145 and role of p53 are not fully understood and thus for the 

therapeutic use of this biomarker further in-depth study needs to be performed.  

 

Additionally, we looked into the expression of transcription factor SOX2 (SRY 

sex determining region Y)-box 2) in HCT116miR-145, scramble control and wild-type, 

respectively. As previously reported SOX2 is essential for maintaining self-renewal, or 

pluripotency, of undifferentiated embryonic stem cells (Zhang et al., 2014). In this 

study, we found that SOX2 target protein was slightly expressed in HCT116miR-145 cells, 

similar to their control and wild-type groups (Figure 45 and 46). Prior to ectopically 

expressing miR-145, SOX2 protein must have been expressed due to the natural process 

of cancer cell development. From this, it can be implied that the loss of miR-145 impairs 

differentiation and elevates the expression of OCT4, SOX2 and KLF4. Intriguingly, in 

several other tumours, miR-145 is underexpressed including breast cancer (Götte et al., 

2010). Kent and peers also described that overexpressed miR-145 inhibited embryonic 

stem cell self-renewal and induced lineage-restricted differentiation through the down-

regulation of the pluripotency factors such as OCT4, SOX2, and KLF4 (Kent et al., 

2014).  In addition, Xu et al. also confirmed that miR-145 overexpression impairs the 

pluripotency in human stem cells by targeting OCT4, SOX2 and KLF4 that are involved 

in maintaining the self-renewing capability of human embryonic stem cells (Xu et al., 

2009). Hence, taking these findings together we suggest that the overexpression of miR-

145 inhibits the expression of transcription factor SOX2 in colorectal cancer cells. 

However, for the future diagnostic or therapeutic use of this stem cell marker, the impact 

of miR-145 on expression levels of SOX2 needs to be examined at sequential 

timeframes after the transfection.  
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Vascular endothelial growth factor (VEGF-A) is a potent angiogenic factor a 

signalling protein that promotes the growth of new blood vessels. Additionally, VEGF-

A forms part of the mechanism that restores the blood supply to cells and tissues when 

they are deprived of oxygenated blood due to compromised blood circulation (Duffy et 

al., 2013).  In cancer neovascularization is a common event, in our study we noted that 

ectopic expression of miR-145 in SW480 and SW48 cells repressed the expression of 

VEGF-A protein significantly compared to the scrambled-control and wild-type 

counterparts (Figure 45 and 46).  These findings are consistent with Zou et al. where 

miR-145 exhibited inhibitory role in tumour angiogenesis, cell growth and invasion and 

tumour growth of breast cancer via the post-transcriptional regulation of the novel 

targets N-RAS and VEGF-A (Zou et al., 2012). Likewise, Xu and coworkers found that 

angiogenic factors hypoxia-inducible factor 1 (HIF-1) and VEGF-A, which are 

downstream molecules of p70S6K1, are decreased by miR-145 overexpression (Xu et 

al., 2012a). Meanwhile, together with these findings, we suggest that overexpression 

miR-145 in colorectal cancer cells retard angiogenesis process by targeting VEGF-A. 

Fan and colleagues observed and concluded consistently with our study that miR-145 

can inhibit invasion and metastasis in osteosarcoma cells through down-regulating 

VEGF-A expression by miR-145 binding to the 3’UTR of VEGF-A mRNA specifically 

(Fan et al., 2012). Our study along with the other studies confirms the fundamental role 

of miR-145 in the regulation of VEGF-A leading to inhibition of neovascularization in 

cancer.  

 

Forkhead box O1 transcription factor, a member of the FOXO family, is known 

for its tumour suppressive roles in various cancers by inducing apoptosis, cell cycle 

arrest, and oxidative and cellular stress (Myatt et al., 2007). In an aim to confirm the role 

of FOXO1 in colon cancer cells we analysed the expression of FOXO1 in HCT116miR-

145 and found that the expression levels of FOXO1 protein were slightly increased in 
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HCT116miR-145 cells when compared to control groups. Similarly, Islam et al. reported 

that in ESCC cells transfected with miR-498 expression levels of FOXO1 were elevated 

(Islam et al., 2017).  This could be due to the fact that FOXO1is involved in inducing 

apoptosis via upregulating the pro-apoptotic factors.  

 

 
7.2.4 Impact of miR-145 on mitochondrial respiration 

 

 We observed lower OCR, ECAR at 24 and 36 hours after transfection of SW480 

cells with miR-145 (Figure 48A-D and Figure 4 see Appendix). The overall metabolic 

potential did not increase upon overexpression of miR-145 inferring that it may be 

involved in regulating other genetic pathways rather than shifting the energy production 

from glycolysis to OXPHOS in these cells. The results obtained also indicated that after 

24 hours of transfection maximum respiration, and spare respiration capacity were 

notably reduced while the mitochondrial parameters were not considerably different 

(Figure 48A). However, in the 36 hours post-transfection we found a minor reduction in 

all the parameters basal respiration, proton leak, maximum respiration, spare respiration 

capacity, non-mitochondrial oxygen consumption, ATP production, and coupling 

efficiency (Figure 4 see Appendix). In a related article, Wang et al. described that miR-

145 is involved in apoptosis in breast cancer via inhibiting RTKN to induce apoptosis in 

a mitochondria-dependent manner (Wang et al., 2009a). Coherently, in this study miR-

145 upregulation did not improve the mitochondrial respiration. The upregulation of this 

miRNA might not be sufficient to reverse the previously damaged mtDNA or hypoxia in 

the cancer cells. Gathered from the literature it can be predicted that miR-145 activates 

the mitochondrial-dependent apoptotic pathway that leads to increased cancer cell death 

rather than regulating the development of cancer cells.  
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7.2.4 Conclusion 

All in all, expression of miR-145 was remarkably reduced in progressive 

colorectal cancer tissues and cell lines. Low expression of miR-145 is significantly 

correlated with recurrence of colorectal cancer. Ectopic expression of miR-145 induced 

cell proliferation, invasion and colony formation inhibition notably. Also, high levels of 

miR-145 diminished angiogenic factor VEGF-A, with high expression of tumour 

suppressor protein FOXO-1 in colon cancer cells. The respiratory rate of mitochondria 

reduced in colon cancer cells at both 24 and 36 hours of transfection. Thus, implying 

that the overexpression of miR-145 has potential to induce cellular apoptosis, 

mitochondrial structure disruption as well activation and deactivation of key signalling 

proteins.
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Chapter 8: Findings of miR-335 and its role in colon cancers 
 
For complete materials and methods refer to pages 98-111. 
8.1 miR-335 Results Interpretation 

8.1.1 Expression and clinicopathological correlation of miR-335 

The relationship of miR-335 expression with the clinicopathological parameters of 

colorectal cancer is summarised in Table 8. Low expression of miR-335 in colorectal cancer 

tissues compared to normal tissues (Figure 49). Low expression of miR-335 was significantly 

correlated with distal colon (descending, sigmoid colon and rectum) compared to its 

expression in proximal colon (caecum to transverse colon) (P = 0.025) (Table 8) expression 

of miR-335 is lower in both proximal colon, and distal colon however expression is 

significantly lower in the distal colon. Additionally, we found that lower expression of miR-

335 was significantly associated with lymphovascular permeation (P = 0.019), and T stage (P 

= 0.004) (Table 8). On the other hand, there were no significant associations between 

patients’ gender, age, primary tumour site, tumour size, distant metastasis, and lymph node 

metastasis. 

 
 
 
 
 
 
 
 
 

 

Figure 49. Expression levels of miR-335 in colorectal cancer tissues. 

Expression levels of miR-335 were altered in primary colorectal cancer (CRC) tissues, CRC 

lymph node tissues and distant metastasis tissues. Lower expression levels of miR-335 were 

illustrated in primary CRC tissues while lower miR-335 expression was found in lymph node 

and distant metastasis tissues. 
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Table 8. Correlation of miR-335 expression with clinicopathological features of 
colorectal adenocarcinoma. 

Type           Total no. (%)            High expression Low expression p-value 
Age  
 ≤ 60    10 (19.2 %)  2 (40%) 8 (17%) 0.242  
>60    42 (80.8%)  3 (60%) 39 (83%) 
Gender 
 Male    31 (59.6%)  4 (80%) 27 (57.4%) 0.320 
 Female   21 (40.4%)  1 (20%) 20 (42.6%) 
MSI 
 Presence   4 (25%)  0 (0.0%) 4 (28.6%) 0.550 
 Not detected   12 (75%)  2 (100%)  10 (71.4%) 
Location 
 Colon    41 (78.8%)  5 (12.2%) 36 (76.6%) 0.288 
 Rectum   11 (21.2%)  0 (0.0%)  11 (23.4%) 
Grade 
 Well-differentiated   12 (23.1%)  2 (40%) 10 (21.3%) 0.302 
 Moderately-differentiated  31 (59.6%)  3 (60%)  28 (59.6%) 
 Poorly-differentiated   9 (17.3%)  0 (0.0%)  9 (19.1%) 
Site 
 Proximal   26 (50%)  0 (0.0%) 26 (55.3%) 0.025 
 Distal    26 (50%)  5 (100%) 21 (44.7%) 
Subtype 
 Conventional   47(90.4%)  5 (100 %) 42 (89.4%) 0.587 
Adenocarcinoma  4 (7.7%)  0 (0.0%) 4 (8.5%) 
 Mucinous   1 (1.9%)  0 (0.0%) 1 (2.1%) 
Lymphovascular permeation 
 Presence   31 (59.6%)  5 (100%) 26 (55.3%) 0.019 
 Not detected   21 (40.4%)  0 (0.0%)  21 (44.7%) 
Peri-neural infiltration 
 Presence   14 (26.9%)  2 (40%) 12 (25.5%) 0.409 
 Not detected   38 (73.1%)  3 (60%)  35 (74.5%) 
T stage 
 II    1(1.9%)  0 (0.0%) 1 (2.1%) 0.004 
III                                            32 (61.5)                     0 (0.0%) 38 (68.1%) 
IV    19 (36.5%)  5 (100%)  14 (29.8%) 
Lymph node metastasis 
 Positive   52 (100%)  5 (9.6%) 47 (90.4%) NA 
 Negative   0 (0.0%)  0 (0.0%)  0 (0.0%) 
Distant metastasis  
 Positive   18 (34.6%)  2 (40%) 16 (34%) 0.572 
 Negative   34 (65.4%)  3 (60%)  31 (66%) 
TNM stage 
 III    18 (34.6%)  2 (40%) 16 (34%) 0.572 
 IV    34 (80.3%)  3 (60%)  31 (66%) 
Recurrence 
 Presence   26 (60.5%)  3 (75%) 23 (59%) 0.479 
 Not detected   17 (39.5%)  1 (25%)  16 (41%) 
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8.1.2 Survival Analysis  

The median overall follow-up of patients with colorectal cancer was 65 months and the 

pathological stages of cancer were correlated with patient survival.  Prior to analysis with 

miR-335, survival analysis with pathological stages indicated that patient prognosis (except 

for 2 patients in Stage II) was poor as the stage advances (Figure 50A). Patients with 

colorectal cancer expressing low miR-335 expression had comparatively higher survival time 

in contrast to those with low miR-335 expression (66 months versus 61 months) (Figure 50A) 

(P = 0.779). However, patients with low miR-335 expression levels in their metastatic lymph 

node tissues showed poor survival rate compared to those without any metastatic lymph 

nodes with colorectal adenocarcinoma (49 months versus 59 months). Figure is not shown, as 

it wasn’t statistically significant. In spite of a good graphical difference both these 

correlations didn’t reach the statistical significance.  

 
 
 
 
 
 
 

 

 

 

 

 

Figure 50. Survival and expression levels of miR-335. 

A. Survival analysis with pathological stages indicated that patient prognosis was poor in 

advanced stages of cancer except for 2 patients in stage II (P = 0.779). B. Patients with low 

expression levels of miR-335 in colorectal cancer tissue had higher survival rates compared 

with high miR-335 levels (P = 0.301).  
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8.1.3 Expression of miR-335 in CRC cell lines 

The cancer cell lines, SW48 and SW480, exhibited suppressed the expression of miR-

335 compared to normal colonic epithelial cell line (FHC) (Figure 51).  miR-335 expression 

levels were reduced in pathologically less advanced colon cancer cells SW480 (stage II 

cancer) compared to advance stage SW48 (stage III cancer).   

 
 
 
 
 
 
 
 

 

Figure 51. The expression level of miR-335 in colon cancer cell lines. 

Colon cancer cells with advanced pathological stage, SW48 (stage III), showed reduced 

expression of miR-335 while greater reduction noted in less advanced cells SW480 (stage II) 

compared to normal epithelial cell line (FHC).  

8.1.4 Tumour Suppressor Properties of miR-335 In Vitro  

Colon cancer cells treated with miR-335 showed reduced cell proliferation when 

compared to control and non-transfected cells (wild-type counterparts). Notable reductions in 

the proliferation of HCT116miR-335 cells were observed from day 3 onwards, while the 

HCT116control and HCT116wild-type indicated proliferation until day 5 (P = 0.068) (Figure 52). 

Furthermore, miR-335 treated colon cancer cells showed remarkably decreased colony 

formation properties in comparison to the control and non-transfected wild-type colon cancer 

cells (*** P = 0.000) (Figure 53).  Up-regulation of miR-335 in HCT116 cells signified the 

invasion capacity of HCT116 cells in opposition (P > 0.05), the HCT116control and 

HCT116wild-type cells denoted low invasion capacity (Figure 54). 
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Figure 52. Overexpressed miR-335 reduces colon cancer cell proliferation. 

SW480miR-335 cells displayed a significant reduction in cell proliferation compared to 

scramble-control and wild-type cells (P = 0.068). 

Figure 53. Overexpressed miR-335 inhibits colony formation. 

Role of miR-335 overexpression in clonigenic activity of HCT116 cells. HCT116miR-335 cells 

notably reduce colony formation capacity in comparison with control and wild-type HCT116 

cells (*** P = 0.000).  

 

 

 

 

 

 

 

Figure 54. Overexpressed miR-335 reduces colon cancer cell invasion. 

Role of miR-335 overexpression on clonigenic activity of HCT116 cells. HCT116miR-335 cells 

notably reduce colony formation capacity in comparison with control and wild-type HCT116 

cells (P > 0.05).  
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8.1.5 Target Protein identification 

 Protein expressions of miR-335 target genes, KRAS, VEGF-A, were analysed in 

HCT116miR-335, HCT116Scrambled-control and HCT116Wild-type cells (Figure 55, 56). HCT116miR-

335 cells showed reduced levels of KRAS protein (*** P = 0.005) compared to scrambled 

control and wild-type. Moreover, VEGF-A protein expression was examined in SW48miR-335 

cells, SW48miR-335 cells and scrambled control showed reduced expression of VEGF-A 

compared to wild-type.  Additionally, expression of VEGF-A was significantly reduced in 

SW480miR-335 compared to the control groups (*** P= 0.000) (Figure 55, 56). 

 

 
 
Figure 55. miR-335 target protein detection via western blot. 

KRAS protein expression was notably reduced in HCT116miR-335 cells compared to control 

and wild-type cells. Also VEGF-A protein showed significantly reduced expression in 

SW480miR-335 and SW48miR-335 cells when compared to control and wild-type.  
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Figure 56. miR-335 target protein quantification. 

KRAS protein expression was notably reduced in HCT116miR-335 cells compared to control 

and wild-type cells (*** P = 0.005) (A). Also, VEGF-A protein showed significantly reduced 

expression in SW480miR-335 and SW48miR-335 cells when compared to control and wild-type 

(*** P= 0.000) (B and C). 
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8.1.6 Immunofluorescence of miR-335  

To confirm expression alteration of FOXO1 in HCT116 cells with miR-335 mimic 

transfection was further completed by immunofluorescence microscopy. From the images, it 

was evident that expression levels of cytoplasmic FOXO1 protein were remarkably increased 

in HCT116miR-335 cells, in comparison to HCT116wild-type and HCT116scramble-control cells 

(Figure 57).  

Figure 57. Intracellular localisation and expression of FOXO1. 

Immunofluorescence staining revealed that FOXO1 expression is increased in HCT116miR-335 

cells compared to control groups. Green colour stands for FOXO1 staining while blue colour 

represents nuclear staining by DAPI.  

8.1.7 Mitochondrial respiration in SW480miR-335 cells 

The effect of SW480miR-335 cells posts 24 hours of transfection elevated levels of basal 

respiration, non-mitochondrial O2 consumption, ATP production, OCR and ECAR compared 

to control groups (Figure 58A-B, C-D). Overexpressed miR-355 did not elevate the 

metabolic potential of colon cancer cells (Figure 58F). However, these cells showed a 

reduction in basal respiration, proton leak, maximal respiration, ATP production, coupling 

effect, OCR and ECAR compared to control groups in post 36 hours of transfection (Figure 5 

see Appendix). 
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Figure 58. Effects of miR-335 on mitochondrial respiration post 24 hours. 

(A and D) Oxygen consumption rate (OCR), (B and E) extracellular acidification rate 

(ECAR), (C) maximal respiratory capacity, spare respiratory capacity, ATP coupled 

respiration, proton leak and (F) metabolic potential in SW480miR-335 cells, scramble miRNA 

and wild-type as control were analysed after 24 hours or transfection using the Seahorse XF 

analyser. OCR and ECAR were measured, followed by treatment with oligomycin, FCCP, 

and rotenone/antimycin A pharmacological inhibitors of ETC. 
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8.2 miR-335 discussion 

8.2.1 Down-regulation of miR-335 and its clinicopathological significance 

 In the present study expression pattern of miR-335 was examined a cohort consisting 

of 59 primary colorectal cancer tissues and compared to 25 non-neoplastic tissues. From our 

investigation, we found that expression of miR-335 was significantly downregulated in 44 

primary CRC tissue samples whereas 15 samples showed overexpression of the miR-335 

(Figure 49). Another study by Wang et al. examined the correlation between miR-335 and 

clear cell renal cell carcinoma (ccRCC) and found that the expression level of miR-335 was 

significantly downregulated in ccRCC tissues versus corresponding non-tumour tissues 

(Wang et al., 2015a). Similarly, Wang and colleagues reported that expression if miR-335 

was reduced in 83.3% of osteosarcoma tissues compared with the matching adjacent normal 

bone tissues (Wang et al., 2013b). Furthermore, Chen and her peers discovered significantly 

lower quantities of miR-335 in cancer tissues than in non-cancer tissues (Chen et al., 2016b). 

From the gathered data and studies it is evident that the miR-335 plays a significant role in 

differentiation of cancer and non-cancer tissues. 

 

We also found that expression of miR-335 was conspicuously down-regulated in 

colorectal lymph nodes and colorectal metastatic tissues compared to adjacent normal tissues. 

We examined 18 lymph node tissues and found reduced expression of miR-335 in 16 tissue 

samples and 2 samples showed high expression, while only 8 metastatic tissue samples were 

available from which all indicated low expression of miR-335 (Figure 49). Literature 

confirms that in invasive colorectal cancer tissues expression of miR-335 was down-

regulated (Sun et al., 2014). In addition, miR-335 expression was diminished in malignant 

ovarian tissues samples established Cao et al. (Cao et al., 2014). Consistent with our findings, 

Wang and co-workers found a significant association between lymph node metastasis and 
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down-regulation of miR-335 (Wang et al., 2013b). Moreover, the data collated by Cu et al. 

found patients with a low expression of miR-335 inclined to have metastasis invasion into 

lymphatic vessels (Xu et al., 2012c). These findings support the notion that miR-355 to 

function as a metastasis suppressor in cancers, including colorectal cancer.  

 

To determine whether the miR-335 expression is associated with colorectal cancer, 

we examined the correlation of miR-335 expression with the clinicopathological parameters 

of colorectal cancer. Notably we found low expression of miR-335 to be significantly 

correlated with subsite 2. Subsite 1 is proximal colon (caecum to transverse colon); subsite 2 

is distal (descending, sigmoid colon and rectum) (P = 0.025) (Table 9). To the best of our 

knowledge, this is the first study to find a significant correlation between miR-335 and 

tumour subsite 2. Furthermore, we found a significant association with lymphovascular 

permeation (P = 0.019), and T stage (P = 0.004) and low expression of microRNA 335 (Table 

9). Coherent with our clinicopathological findings Sun et al. found that in patients with 

lymph node metastases, the relative mean expression of miR-335 was much lower than 

patients without metastasis (Sun et al., 2014). Interestingly, studies have reported similar 

significant correlations between reduced expression of miR-335 and lymphatic involvement 

in gastric cancer and ccRCC (Li et al., 2014; Wang et al., 2015a). To add Sun and colleagues 

also found a significant positive correlation between low expressions of miR-335 and TNM 

stage (Sun et al., 2014). Additionally, expression miR-335 did not have a significant 

correlation with patient survival. However, patients with low miR-335 with lymph node 

metastasis did show poor survival rate (Figure 50). Collectively, our study together with other 

studies, underline the significance of miR-335 in the suppression of lymphatic invasion.  
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To further explore the mechanism of miR-335 in tumour suppression, colorectal 

cancer cell lines SW480 (stage II), SW48 (stage III) and HCT116 (stage IV) were used along 

with FHC normal colon cell line, respectively. Significantly low expression of miR-335 was 

observed in more invasive stage III SW48 in comparison with SW48 cell lines and FHC 

normal colon cell line (Figure 51).  This was consistent with findings of another study by Sun 

and Peers where miR-335 expression was higher in cells originated from primary tumours 

with low metastatic potential SW480 and HT29 cells, than those with high metastatic 

potential SW620 and LOVO cells (Sun et al., 2014).  Similarly, Wang et al. reported that 

expression of miR-335 was notably reduced in three osteosarcoma cell lines than that of 

human osteoblast cell line (Wang et al., 2013b). Also, another study found lower levels of 

miR-335 expression in three ccRCC cell lines (786-O, CaKi-1 and CaKi-2) compared to 

human renal proximal tubular epithelial cell line HK-2 (Wang et al., 2015a). These studies 

along with the current study indicate the role of miR-335 in cancer cell lines.  

 

8.2.2 miR-335 and its effects in colon cancer cell biology 

To further confirm downstream cellular assays were performed. Cell proliferation 

assay signifies that SW480miR-335 cells reduced colon cancer cell proliferation compared to 

their control counterparts (Figure 52). miR-335 mimics group had a decreased proliferation 

rate compared with the control group, (Chen et al., 2016b). Another in vitro study showed 

that miR-335 inhibited cell proliferation of lung cancer cells by targeting Tra2β (Liu et al., 

2017).  Coherent with the previous study Tome and colleagues reported that up-regulation of 

miR-335 in hMSCs inhibited their proliferation (Tome et al., 2011). In addition, Meng et al. 

demonstrated miR-335 suppressed breast cancer cell proliferation through target PAX6 

(Meng et al., 2015). Consequently, it can be suggested that cancer cell proliferation is 

inhibited via overexpression of miR-335.  
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Moreover, we were able to determine that ectopically expressed miR-335 colorectal 

cancer cells suppressed colony formation compared to the control groups, which promoted 

colony formation (Figure 53). Similarly, Meng and peers contributed by reporting that miR-

335 up regulation reduces colony formation in breast cancer cells (Meng et al., 2015). 

Furthermore, overexpression of miR-335 in small cell lung cancer cells (SBC-5) significantly 

diminished cell migration, proliferation, colony formation and osteoblast induction in vitro 

(Gong et al., 2014a).  These preclinical findings ascertain a need to pursue the role of miR-

335 in human cancers, including colorectal carcinomas.  

 

 Of the many aims of this study, we identified that ectopically expressed miR-335 in 

colon cancer cells exhibited the significant capacity to reduce invasion of basement 

membrane (Figure 54). Sun and cowriters also established that overexpression of miR-335 in 

CRC suppressed tumour cell migration and invasion in vitro and in vivo (Sun et al., 2014). In 

vitro invasion assay by Gong et al. found that overexpression of miR-335 in SBC-5 cells 

significantly declined cell invasion and migration (Gong et al., 2014a). To further confirm 

that overexpression of miR-335 in cancer cells reduce invasion capacities, Wang et al. 

concluded that miR-335 as a tumour suppressor miRNA inhibits migration and invasion of 

osteosarcoma cells (Wang et al., 2013b). In addition, Chen and peers reported that miR-335 

suppresses cellular invasion and migration in HeLa cervical cancer cells (Chen et al., 2016b). 

A recent study identified that microRNA335-5p as a potential suppressor of metastasis and 

invasion in gastric cancer cells (Sandoval- Bórquez et al., 2017).   
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8.2.3 miR-335 targets KRAS, VEGF-A and FOXO1 protein expressions in-vitro 

 KRAS, also known as Kristen rat sarcoma a protein that is involved in cell signalling 

pathways that control cell proliferation, maturation and apoptosis (Kranenburg, 2005). It is 

estimated that 30-50% of colorectal cancers have a mutated KRAS gene (Kranenburg, 2005). 

In this study, we observed that overexpressed HCT116miR-335 cells showed reduced expression 

of KRAS protein than scramble control and wild-type, respectively (Figure 55, 56). Previous 

studies have reported that miR-143 reduced KRAS expression and inhibits tumour growth in 

vivo via increased apoptosis and diminished proliferation (Lavrado et al., 2015). Furthermore, 

another study by Zhou et al. stated that miR-1298 inhibit mutant KRAS-driven cancer growth 

(Zhou et al., 2016). To add, Shen and peers demonstrated that miR-30a directly targeted 

malic enzyme 1 and KRAS and suppressed anchorage-dependent progression and in vivo 

tumorigenesis by KRAS-mutant CRC cells (Shen et al., 2017). Moreover, Deng et al. 

reported that miR-216b represses cancer growth and invasion by targeting KRAS and KRAS 

related pathways in nasopharyngeal carcinoma (Deng et al., 2011).  Of note, the studies 

discussed above are all related to different miRNAs and for the first time, our study 

significantly indicates the role of miR-335 as a tumour suppressor by targeting KRAS in 

colorectal cancer cells.  

 

Interestingly, in the current study, we found that both SW48miR-335 and SW480miR-335 

cells had reduced vascular endothelial growth factor (VEGF-A) expression (Figure 55, 56). 

Similar observation was made by Liu et al. that overexpression of miR-335 was found to 

reduce HIF-1a protein levels which in turn resulted in a reduction of the expression of VEGF-

A genes (Liu et al., 2015). Also, Yin and colleagues found that miR-15a negatively regulates 

angiogenesis in in vivo and in vitro by suppression of FGF2 and VEGF-A (Yin et al., 2012). 
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Also, overexpression of miR-128 inhibited p70S6K1 and its downstream signalling 

molecules such as HIF-1 and VEGF-A expression, which further reduced cell proliferation, 

tumour progression and angiogenesis (Shi et al., 2012).  These results strongly suggest that 

miR-335 overexpression is vital for the regulation of VEGF-A in aggressive diseases. 

 

Remarkably, we found that tumour suppressor gene FOXO1 was highly expressed in 

HCT116miR-335 cells when compared to HCT116scramble-control and HCT116wild-type (Figure 55, 

56). Recent evidence implies that post-transcriptional regulation may be central for FOXO1 

down-regulation and the modulation of its activity. FOXO1 is upregulated in Transitional cell 

carcinoma a type of bladder cancer mediated by miR-96 (Guo et al., 2012). 

 
8.2.4 Impact of miR-335 on mitochondrial respiration 
 

Given that miR-335 exhibited tumour suppressor properties in-vitro this study showed 

a matched levels of elevation in OCR and ECAR at 24 hours of miR-335 overexpression 

(Figure 58 A and D, B and E). Post 24 hours of transfection we found a minor reduction in all 

the parameters basal respiration, proton leak, maximum respiration, spare respiration 

capacity, ATP production and (Figure 58 C). The metabolic potential in presence of 

overexpressed miR-335 did not elevate indicating that complete restoration of mitochondrial 

functions can not be possible once the damage has been caused to the mtDNA (Figure 58F). 

Hence, this could be favourable for newly forming cells post introduction of miR-335 mimic 

in colon cancer cells.  At 36 hours of transfection OCR and ECAR was notably reduced 

(Figure 5 see Appendix) this again could be due to reduced efficiency of transfection or due 

to the other pathways involved in mitochondrial function. Xu and peers suggested that miR-

335 suppresses metastasis in gastric cancer by targeting SP1 directly and indirectly through 

the Bcl-w-induced phosphoinositide 3-kinase-Akt-Sp1 pathway (Xu et al., 2012c). In 
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addition, following 36 hours of transfection, SW480miR-335 showed a reduction in OCR and 

all the key parameters of mitochondria respiration (Figure 5 see Appendix). From the results 

obtained and literature examined it is lucid that several miRNAs differentially modulate 

mitochondrial respiration, therefore, its function. 

8.2.5 Conclusion 

Conclusively, we confirmed that the tumour suppressor miR-335 was downregulated 

in advanced colorectal cancer tissues and cell lines. Noteworthy correlations between reduced 

miR-335 expression and subsite 2, lymphovascualar permeation and T stage were detected. 

Cell proliferation, cologenecity and membrane penetration of colon cancer cells with highly 

expressed miR-335 were considerably repressed. In colon cancer cells with increased miR-

335 expression levels of protein KRAS and VEGF-A were reduced, while expression of 

FOXO-1 was elevated. The mitochondrial respiratory capacity was notably high in 24 hours 

post-transfection of miR-335 while reduced in 36 hours timeframe. These findings strongly 

infer that overexpression of miR-335 in colorectal cancer cells can activate mitochondrial 

respiration, which is usually switched off in cancer.  
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Chapter 9: Summary and Conclusion 
 

This study revealed for the first time a significant reduction in expression levels of 

miR-126, miR-15a, miR-145 and miR-335 in primary colorectal cancer, lymph node, 

metastatic and non-cancerous tissues and cell lines to recognize its function in tumour 

development. The correlation between expression levels of miR-145 and miR-335 and their 

clinicopathological parameters in colorectal cancer has not been studied before. While only 

further insight was sought amongst expression levels of miR-126 and miR-15a and their 

clinical and pathological features in colorectal cancer. Moreover, overexpression of these 

miRNAs was performed for the first time using miRNA mimics, and its downstream effects 

were examined in human colon cancer cell lines. The expression of certain oncogenes and 

tumour suppressor genes target proteins were quantified in colon cancer cells ectopically 

expressed with miRNAs. In essence, the focus of this project was to analyse the 

mitochondrial respiration of colon cancer cells in response to increased expression of miR-

126, miR-15a, miR-145 and miR-335. 

 

In summary, our study demonstrated that the expression levels of miR-126, miR15a, 

miR-145, and miR-335 were significantly deregulated in advanced stages of colorectal cancer 

tissues and early stages compared to normal CRC tissues. Several studies have established 

the notion that an array of miRNAs function as tumour suppressor genes (TSGs), these TSGs 

are usually suppressed in early stages of cancer, and in advanced stages, it can be absent. 

Hence, to consolidate the findings we confirmed that these miRNAs (miR-126, miR15a, 

miR-145, and miR-335) were significantly downregulated in colorectal cancer that makes 

them potential prognostic indicator in diagnosing cancer stages or can be used as decelerating 

cancer growth. Each of these four miRNAs target different genes therefore if used in cluster 

these miRNAs may have greater impact on the reduction of carcinogenesis.  
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Moreover, histological studies showed low expression of these miRNAs have 

significant association with some of the clinical and pathological features of the colorectal 

cancer tissues. Denoting that low expression of these miRNAs can ultimately introduce 

significant changes in tissues composition compared to normal tissues. These histological 

alterations aid to distinguish the non-cancerous from cancerous tissues, as well as provide 

with an indicative measure of how well differentiated the cancer is at the time of resection. 

An association was noted between low expression of miR-15a and miR-145 and colorectal 

cancer recurrence. While, downregulated expression of miR-126 and miR-335 showed 

significant correlation with lymph node metastasis, and T stages, with other significant 

clinicopathological features that were unique to the respective miRNAs. 

 

Collectively, in vitro, functional studies showed that these miRNAs (miR-126, 

miR15a, miR-145, and miR-335) were reduced in colon cancer cell lines. Interestingly, we 

validated that these miRNAs reduced cell proliferation of colon cancer cells. Membrane 

penetration and colony formation capabilities were suppressed in the ectopic presence of 

elevated levels of miR-15a, miR-145 and miR-335. These cellular functions are critical for 

the advancement of cancer cells. Thus these miRNAs have a modulating ability on cancer 

growth, dissemination and metastasis. Together these miRNAs can dominate aggressive 

cancers while being utilised as therapeutic agents.  

 

As previously mentioned miRNAs are non-functional unless they bind to target genes 

and prevent their translation to proteins, these targets are vast and vary for each of these 

miRNAs. Therefore, via targeting numerous oncogenes and TSGs, these upregulated 

miRNAs may have more significant impact on several molecular pathways in cancer. This 

study validates an association between upregulated levels of miR-126 and miR-15a with 
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reduced protein levels of BCL-2, a widely known proto-oncogene which functions in 

regulating apoptosis. Implying that miR-126 and miR-15a prevent the translation of BCL-2, 

which in turn activates the apoptosis of abnormal cancer cells via permeabilisation of the 

mitochondrial membrane.  To add, ectopically upregulated miR-126 increased the expression 

levels of p53 well-known TSG whereas overexpressed miR-15a reduced SOX2 stem cell 

marker, respectively. This describes that high levels of miR-126 induce other TSGs to 

downregulate cancer. Stemness of cancer is at peak and overexpression of miR-15a through 

suppression of stem cell marker SOX2 reduces the pluripotency of cancer cells. 

Neoangiogenesis is a common event for normal homeostasis which in cancer is overruled and 

used to provide nutrition for growth and spread of cancer cells. We confirmed that upon 

upregulation of miR-145 and miR-335 the protein levels of angiogenic factor VEGF-A is 

reduced; depriving the cells of nutrition and oxygen, ultimately causing them to wither. 

Another important gene FOXO1 that plays a vital role in apoptosis upon phosphorylation was 

upregulated in colon cancer cells when miR-145 and miR-335 were overexpressed. Foxo1 

later connects with BCL-2 family and promotes the intrinsic mitochondrial apoptotic 

pathway.  

 

Intriguingly, these miRNAs (miR-126, miR-15a, miR-145 and miR-335) play a 

regulatory role in cancer suppression through modulation of mitochondrial functions, such as 

mitochondrial respiration, apoptosis via the mitochondrial pathway. Specifically, our data 

reveal that tumour suppressor miR-126 and miR-335 restores the function of mitochondria 

via metabolic re-programming that stimulates the TCA cycle and oxidative phosphorylation. 

However, miR-15a and miR-145 enhances mitochondrial activity via a glycolytic shift and 

targeting oncogenes that induce mitochondrial-dependent apoptosis. This indicates that 

upregulation of these miRNAs may not only impact the mitochondrial respiration but other 
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comprise other genetic events due to high miRNA expression which may not be sufficient to 

reverse the already damaged mtDNA or hypoxia in cancer cells.  

For future research, it would be valuable to use these miRNAs in the cluster to 

observe the effect on colon cancer cells when multiple genetic pathways are targeted at once. 

Follow up studies can be done on animal models using these miRNAs individually or in the 

cluster to understand the modulating effects of miRNAs in an in vivo setting in the 

suppression of tumour systemically.   

 

9.1 Graphical conclusion 
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Appendix  
 
Stable transfection of Colon cancer cells  

Stable Transfection was successfully done, however after multiple trials of selection 

with Geneticin (G418) antibiotic the transfected cells were not efficaciously selected. 

Therefore, mitochondrial respiration experiments were performed using transient transfected 

colon cancer cells. Below are the images of stable transfected colon cancer cells  (Figure 1).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 1. Stable transfected colon cancer cells.  

Stable transfected SW480 cell lines using GFP tagged plasmid image taken during process of 

selection with a G418 antibiotic. All images were taken with an inverted microscope (50-

100µm).  
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Mitochondrial respiration after 36 hours of transfection 

 

 
 

Figure 2. Effects of miR-126 on mitochondrial respiration post 36 hours. 

Oxygen consumption rate (OCR), extracellular acidification rate (ECAR), maximal 

respiratory capacity, spare respiratory capacity, ATP coupled respiration, proton leak and 

metabolic potential in SW480miR-126 cells, scramble miRNA and wild-type as control were 

analysed after 36 hours or transfection using the Seahorse XF analyser. OCR and ECAR were 

measured, followed by treatment with oligomycin, FCCP, and rotenone/antimycin A 

pharmacological inhibitors of ETC.  
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Figure 3. Effects of miR-15a on mitochondrial respiration post 36 hours. 

Oxygen consumption rate (OCR), extracellular acidification rate (ECAR), maximal 

respiratory capacity, spare respiratory capacity, ATP coupled respiration, proton leak and 

metabolic potential in SW480miR-15a cells, scramble miRNA and wild-type as control were 

analysed after 36 hours or transfection using the Seahorse XF analyser. OCR and ECAR were 

measured, followed by treatment with oligomycin, FCCP, and rotenone/antimycin A 

pharmacological inhibitors of ETC.  
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Figure 4. Effects of miR-145 on mitochondrial respiration post 36 hours. 

 Oxygen consumption rate (OCR), extracellular acidification rate (ECAR), maximal 

respiratory capacity, spare respiratory capacity, ATP coupled respiration, proton leak and 

metabolic potential in SW480miR-145 cells, scramble miRNA and wild-type as control were 

analysed after 36 hours or transfection using the Seahorse XF analyser. OCR and ECAR were 

measured, followed by treatment with oligomycin, FCCP, and rotenone/antimycin A 

pharmacological inhibitors of ETC.  
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Figure 5. Effects of miR-335 on mitochondrial respiration post 36 hours. 

Oxygen consumption rate (OCR), extracellular acidification rate (ECAR), maximal 

respiratory capacity, spare respiratory capacity, ATP coupled respiration, proton leak and 

metabolic potential in SW480miR-335 cells, scramble miRNA and wild-type as control were 

analysed after 36 hours or transfection using the Seahorse XF analyser. OCR and ECAR were 

measured, followed by treatment with oligomycin, FCCP, and rotenone/antimycin A 

pharmacological inhibitors of ETC.  

 




