
The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

1 
 

 

 

THE ROLE OF STEM CELL REGULATED miRNAs IN 

COLORECTAL CANCER 

 

 

Afraa Mamoori 

     MBChB, MSc 

 

School of Medicine 

Menzies Health Institute Queensland 

Griffith University 

 

 

 

 

 

              Submitted in fulfilment of the requirements of the degree of 

    Doctor of Philosophy 

 

 

 

    December 2017 

 

 

 



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

2 
 

 

 

Dedication 

 

This thesis is dedicated to my family…… 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

3 
 

Acknowledgments 

Firstly, I would like to express my sincere gratitude to my supervisors Prof. Alfred 

Lam, Dr. Vinod Gopalan and Dr. Robet Smith for continuous support of my PhD study and 

related research, for their patience, motivation, and immense knowledge.  Their guidance 

helped me in all the time of research and writing of this thesis.  Thanks for being best 

advisors and mentors for my study. 

Beside my advisors, I would like to thank my previous teachers in the school of 

medicine/Iraq (Prof.Nemah.M.AL-Jubori and Prof. Asaad AL-Janabi) for their 

encouragement and believing in me throughout my study journey which started from medical 

degree, passing to Master degree and continues till know in my PhD study.  Thanks to 

inspiring me in my study and career. 

I would like to thank the Ministry of Higher Education and Scientific Research in Iraq 

for awarding me the scholarship and supporting me in my PhD study in Australia.  Huge 

acknowlegements o goes to the University of Babylon in Iraq for nomination to this 

scholarship.  

My sincere thanks also go to Griffith University, Griffith Graduate Research School, 

Griffith health and Menzies Health Institute Queensland for their support and arranging the 

meetings, presentations and workshops that have great value added to our knowledge.  

Special thanks go to Professor David Shum who always encourages the students by his talk 

and guidance.  Thanks to Melissa Leung for her efforts in creating an excellent environment 

for students by organising group meetings and celebrations. 

I thank my fellow lab mates of Molecular Pathology Group for the assistance, 

encouragement and stimulation of discussions.  Thanks for this wonderful group and special 

mentions go to S.M. Riajul Wahab, Suja Pilli, Faeza Ebrahimi and Md. Farhadul Islam.  I 

appreciate the companionship, advice and strength to go on. 



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

4 
 

 

I would like to express my special appreciation and thanks to my friends in 

Department of Pathology and Forensic Medicine/ School of Medicine/University of 

Babylon/Iraq and special mention goes to Dr. Rawaa Jalib who incented me to strive towards 

my goal. 

Last but not the least, I would like to thank my family for starting from my parents 

who take care of me since my childhood and support my study until now; without their loves, 

and support I cannot reach this level.  Thanks to my sisters and brothers who are always 

bringing the happiness to my life. I appreciate the ways they used to support me in my study 

while I am away from them physically.  The most importantly, I would like to thank the great 

man in my life (my husband).  Whatever I thank him; this will be little compared to the ways 

that he helped me.  The sacrifices that he did start from leave his job in Iraq, coming with me 

and passing to a new life of taking care of our beautiful three children cannot be thankful 

enough.  Thanks for each day that you spend thinking about my future and sharing my 

struggles to finish this study and give the outcomes successfully. 

 

 

  



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

5 
 

Statement of Originality 

The material presented in this report has not previously been 

submitted for a degree or diploma in any university and to the best of 

my knowledge contains no material previously published or written 

by another person, except where the due acknowledgement is made in 

the thesis itself. 

 

 

         Afraa Mamoori



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

6 
 

  Abstract 

Currently, colorectal cancer is the third most common cancer worldwide, with an 

estimation of 1.2 million new cases per year and more than 600.000 deaths.   The 5-year 

survival rate exceeds 90% when colorectal cancer is detected at an early stage.   However; 

most cases are diagnosed at late stages.   Colorectal cancer costs a huge amount of money to 

cover the needs of patients which are range from simple medication to special hospitalization 

care.   In Australia, bowel cancer is the second most common type of cancers.   These facts 

raise the need to find new methods to diagnose the disease in its earlier stages and to seek 

efficient kinds of treatment. 

Recently, cancer stem cells proved to have essential roles in initiation, progression and 

resistance to cancer treatments.   Furthermore, it has been reported that miRNAs are the 

robust regulators of these cells.   miRNAs can act as tumour suppressor genes or as 

oncogenes and they target directly many genes in different types of cancer including 

colorectal cancer.   This research intends to investigate the functional roles of miR-451 and 

miR-193a in various aspects of colorectal carcinogenesis.  Besides their roles in regulation 

cancer stem cells including colorectal cancer stem cells, miR-451 and miR-193a target 

important genes which are already proved to have fundamental functions in colorectal cancer 

development and progression, these genes are MIF and KRAS respectively.  Therefore, these 

two miRNAs will be our focus in this research.  The roles of these miRNAs in colorectal 

cancer are not well understood and currently, there is lack of information about the 

correlation of these miRNAs with several clinical and pathological parameters of the patients.   
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Fresh frozen human tissues from matched colorectal cancer and adjacent non-cancer 

tissue were prospectively collected with no selection bias.  Two colorectal cancer cell lines 

(SW480 and SW48) and non-cancer colon cell line (FHC) were also used.   The expression 

level of miR-451 and miR-193a-3p was measured by quantitative real-time polymerase chain 

reaction (qRT-PCR).   Immunohistochemical staining was used to detect the expression level 

of MIF and KRAS proteins as predicted downstream targets for miR-451 and miR-193a 

respectively.  Restoration of the miR-451 and miR-193a levels in the cell lines was achieved 

by permanent transfection.  This followed by in vitro studies of both miRNAs behaviours 

using clonogenic and MTT calorimetric assays for proliferation study; flow cytometry for cell 

cycle and apoptotic changes.   Also, apoptosis was assessed by using DAPI staining under a 

fluorescent microscope.  To determine the ability of miR-451 and miR-193a in cancer 

invasion, migration assay was performed.  Western blot analysis was used to detect the 

changes in proteins level of MIF, KRAS and several stem cells and epithelial-mesenchymal 

transition factors including OCT4, SOX2, TWIST and SNAIL proteins after transfection.  

Tumour spheres assay was carried out to study the effect of miR-451 and miR-193a on the 

ability of colon cancer cells to grow as spheres in serum-free media.   Immunofluorescence 

study was used to confirm the changes in stem cell markers expressions after transfection. 

Results confirm downregulation of miR-451 and miR-193a in both samples of the 

patients and cell lines.  The study shows that miR-451 was down-regulated in (n=59/70, 

84.3%) and miR-193a was down-regulated in (n= 49/70, 70%).  Correlation of miR-451 and 

miR-193a expression to many clinical and pathological parameters was studied for the first 

time in this research.  miR-451 down-regulation correlated significantly with co-existence 

adenoma and recurrence of the disease, P values are (0.02 and 0.028) respectively.  A 

significant correlation between miR-193a downregulation and early stages of colorectal 

cancer (stage I and stage II) was detected in this study (P =0.023).   Co existing multiple 
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polyps shows significant correlation with down-regulation of miR-193a (P =0.034).  A near 

considerable relationship between miR-193a and perforation of colorectal cancer was also 

reported in this study (P =0.05).  Significant inverse correlation between both miRNAs and 

their targets was confirmed in this study by using immunohistochemical analysis.    

Moreover, the miRNAs-targets correlation was further studied in-vitro by western blot study.  

The results show that upregulation of miR-451 and miR-193a significantly inhibit the 

expression of their targets (MIF and KRAS proteins) respectively.   

In vitro studies confirm that miR-451 and miR-193a can inhibit the proliferation and 

the migration of colorectal cancer significantly. Significant apoptotic changes were reported 

in colon cancer cell lines transfected with miR-193a and miR-451 by both flow cytometry 

and DAPI staining.  Also, this research confirms the significant roles of miR-451and miR-

193a in colon cancer cell cycle progression.  Furthermore, western blot and for the first time 

demonstrates that miR-193a can play a role in epithelial-mesenchymal transition of colorectal 

cancer by targeting TWIST.  Interestingly, the results detect significant downregulation of 

OCT4, SOX2 and SNAIL in colon cancer cell lines transfected with miR-451 when 

compared to control cells indicating its roles in regulating colon cancer stemness. 

To further study their roles in stem cell regulation, miR-451 and miR-193a were 

investigated by using tumour spheres assay and the results indicate that miR-451 significantly 

inhibits the colon spheres.  Immunofluorescence assay revealed that miR-451 suppresses the 

expression of SOX2 and OCT4 in colon spheres.  However, miR-193a did not show such 

effects in colon spheres and that raises the possibility of being targeting other stem cell 

markers and may cooperate with another miRNAs to exert its effects. 

This study also correlates between the expressions patterns of both miRNAs and 

between their target genes.  Statistical analysis indicates that downregulation of miR-451 
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correlated significantly with down regulation of miR-193a (P=.012) and there is a significant 

correlation between MIF and KRAS in the sample of the patients.  The imunohistochemical 

study revealed an inverse significant correlation between miR-451 and K RAS protein 

(P=0.035).  Western blot supports these finding and shows that miR-451 can inhibit the 

expression of KRAS significantly in both SW480 and SW48 cell lines.  These findings 

indicate that miR-451 may cooperate with miR-193a to induce their roles in colorectal 

pathogenesis.  

To conclude, this research confirms the tumour- suppressor properties of miR-451 and 

miR-193a in colorectal cancer by targeting different aspects of carcinogenesis like 

proliferation, migration and apoptosis.  In addition, miR-193a can play roles in epithelial-

mesenchymal transition by targeting TWIST.  Moreover, miR-451 has shown a significant 

contribution to stem cell formation and epithelial-mesenchymal transition of colorectal 

cancer.  Both miRNAs show that they can play roles in early steps of this disease which raise 

the possibility to target them in the future for colorectal cancer therapy.  Furthermore, KRAS 

gene can be a new predictive direct target for miR-451 which needs further investigation.  

This study provided new and valuable information to understand colorectal cancer 

pathogenesis and the finding of this research may assist in development or modification a 

new treatment for colorectal cancer. 
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Chapter 1: Principles 

 

 

 

 

 

 

 

 

  



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

24 
 

1.1 Lay Description 

             MicroRNAs play crucial roles in many biological processes which are involved both 

normal and cancer cells. They are an integral part in the process of coding gene expression, 

cells differentiation and cellular identity. About cancer, miRNAs can act as tumour 

oncogenes or as tumour suppressor genes in different types of cancers including colorectal 

cancer.  Recently, microRNAs have been implicated as robust regulators in both normal and 

cancer stem cells (CSCs) which ultimately lead to initiate, promote cancers as well as to resist 

the chemotherapeutic treatment.  This study intends to examine the effects of some stem cells 

regulated microRNAs in colorectal cancer. miR-451 and miR-193a-3p are the targets of this 

research because they are implicated significantly in regulating cancer stem cell including 

colorectal cancer stem cell and they target directly genes that are actively involved in 

colorectal carcinogenesis.  There are many predicting targets for miR193a-3p, KRAS is one 

of its potential targets with good target score.  In addition, recent literature highlights KRAS 

as potential target for miR-193a-3p in colorectal cancer.  According to the available data, 

MIF is validated as miR451 target gene and its correlation with miR-451 in pathogenesis of 

colorectal cancer is highly suggested.  Also, available research is focusing on targeting these 

two genes (KRAS and MIF) for therapy in colorectal cancer.  Although miR-193a-5P plays 

important roles in development of certain types of cancer like Malignant Pleural 

Mesothelioma and prostate cancer, its available target genes do not have crucial roles in 

developing of colorectal cancer.  In contrast, miR-193a-3p suggested to targeting several 

genes that already play crucial roles in colorectal cancer like KRAS and PLAU for this 

reason our focusing will be on miR-193a-3p. 

        Apparent expression of miR-193a has been reported in embryonic stem cells (ESC), 

induced pluripotent stem cells (iPSC) and cancer stem cells.  miR-193a significantly arrested 

the ESCs in the G1 phase of the cell cycle during differentiation.  In addition, this miRNA 
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has been reported to have roles in regulating ovarian, breast and colorectal cancer stem cells.  

miR-451 involved in regulation of some types of cancer stem cells.  For examples, 

glioblastoma, bronchoalveolar and colorectal cancer stem cells. miR-451 and miR-193a 

involvement in colorectal carcinogenesis also established by very few studies.  Their targets 

interaction and their regulatory function in CRC still in primitive stage, therefore, performing 

in-depth study for the functional significance of these miRNAs will add significant values to 

understand the colorectal cancer pathogenesis and put a new approach in the management of 

this disease.   

1.2 Aims and Hypothesis 

This study will examine the in-vivo and in-vitro behaviour of miR-451 and miR-193a-3p in 

CRC tissues and cell lines.  Cancer samples will obtain from Gold Coast hospital after 

obtaining the informed consent from all participating patients. Genetic material will be 

extracted from the cancers samples (fresh frozen human tissue).  Genetic material will also 

extract from the normal colonic tissue of the same patients.  Then, the behaviour of the two 

miRNAs will be determined.  Furthermore, their role in development and growth of 

colorectal cancer will be assessed by in vitro analysis by using different colorectal cancer cell 

lines.  This research finally will determine whether these two stem cell regulated miRNAs are 

a significant contributor to the development of CRC and if they can be used as targets for 

early diagnosis, better treatment and screening for this common type of cancer. 

 

Specifically, the study aims to: 

Aim 1 

Investigate the expression profiles of miR-451 and miR-4193a-3p in colorectal cancer  

fresh tissues and correlate their expression to several clinical and pathological  

parameters of colorectal cancer. 
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Hypothesis 

 miR-451 and miR-193a-3p will show significant changes in their expression patterns in 

colorectal cancer fresh tissues compared to match normal colon tissues and they will show 

significant correlation with various clinical and pathological parameters of colorectal cancer 

patients. 

Objective                   

Total RNA will be extracted from fresh frozen human tissue samples of colorectal cancer 

patients and from matched non-cancer tissues after cryotomy.  The RNA will be converted to 

cDNA and the level of miR-451, and miR-193a-3p expressions will be detected by using 

Real-time Quantitative PCR.  The results will then correlated with clinical and pathological 

parameters of cancer including age, gender, size of the tumour, grade, stage, pre-cancerous 

lesions and other parameters which already kept and monitored by follow up the patients.  

        

Aim 2 

Determine and correlate the expression levels of MIF and KRAS with miR-451 and miR-

193a-3p respectively in these colorectal cancer tissues. 

Hypothesis 

MIF and KRAS will significantly and inversely correlate with the expression patterns of their 

regulators (miR-451 and miR-193a-3p respectively). 

Objective  

Formalin-fixed paraffin embedded tissue samples from the same patients will be used to do 

an immunohistochemical study for MIF and KRAS proteins.  Microtome will be used to 

obtain thin slices followed by manual immunohistochemistry. 

 

Aim 3                             

Confirmation the functional roles of miR-451 and miR-193a-3P in colorectal cancer by in 

vitro study.  
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Hypothesis 

miR-451 and  miR-193a-3P will show significant impacts on the cellular behaviour of 

colorectal cancer and will show substantial interaction with several downstream targets. 

Objective 

Permanent transfection of colon cancer cells using pCMV/miR 451 and pCMV/miR 193a 

plasmid vectors will be done for knockin miR 451 and miR-193a.  Study the roles of these 

miRNAs in different aspects of colorectal cancer pathogenesis will be done by using many 

methods.  Western blot analysis, Clonogenic assay, Cell Proliferation Assay, Apoptotic 

morphology by DAPI staining, Cell cycle analysis, Annexin-V staining, Wound healing 

assay, Tumour sphere formation assays and immunofluorescence study all we are used to 

confirming the roles of miR-451 and miR-193a-3p in colorectal cancer. 

Aim 4 

Determine any correlation between the expression pattern of miR-451 and miR-193a-3p in 

colorectal cancer tissue and find any correlation between their target genes. 

Hypothesis 

The mir-451 expression will correlate significantly with miR-193a-3p expression and there 

will be cross targets interactions between them. 

Objectives  

Statistical analysis will be performed on obtained data after experiments and correlation the 

expression of miR-451 to miR-193a-3p will be identified.  Also, miR-451 will correlate to 

KRAS protein expression, and miR-193a-3p expression will correlate to MIF expression to 

find any cross targets interaction.  Any interaction will be confirmed by Western blot 

analysis. 
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 1.3 Significance 

          CRC is the third most common cancer worldwide, with an estimation of 1.2 million 

new cases per year and more than 600.000 deaths.  The 5-year survival rate exceeds 90% 

when CRC is detected at early stages.   However, most cases are diagnosed at late stages.  

Cancer and its related complications cost Australia a considerable amount of money to cover 

the needs of patients which are range from simple medication to special hospitalization care.  

More than 3.8 billion dollars are spent each year to cover the cost of patient’s requirements. 

Also, complications of colorectal cancer include serious condition like tumour obstruction, 

colon perforation and lower gastrointestinal haemorrhage.  Patients present with these type of 

complications are generally in advance ages, a factor which contributes to high postoperative 

mortality rate.  

 

 Recently, tremendous efforts from researchers to study the cancer stem cells and their 

regulation by different genes because several studies suggest that the cancer stem cells are the 

origin of each type of cancers.  Furthermore, it has been proposed that miRNAs are the robust 

regulators of these cells so that studying the effects of such miRNAs which are proved to 

have regulatory effects on cancer stem cells in colorectal cancer may be of great importance 

in understanding the early steps carcinogenesis, invasion and progression of this disease.  

miR-451 and miR-193a were reported as cancer stem cell regulators in several types of 

cancers including colorectal cancer. 

 

  miR-451 and miR-193a implication in colorectal carcinogenesis are not well 

understood.  Currently, there is lack of correlation between the expression pattern of these 

miRNAs and clinicopathological parameters of patients.  Additionally, miR-451 and miR-

193a-3p downstream targets interactions are poorly elucidated in colorectal cancer.  This 
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study will perform a thorough investigation of both miRNAs in colorectal cancer by both in 

vitro and in vivo studies.   Consequently, this study may add beneficial information to the 

development and progress of this illness and may put the milestone to effective screening and 

management for this disease in the future. 
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2.1 Cancer 

Cancer can be defined as abnormal and uncontrolled growth of cells. It is a life-

threatening disease characterized by its ability to invade and metastasis to different types of 

tissues. Cancer is not the name for the single disease, the title represents more than 100 types 

of this disease, and each one has specific characteristic features in addition to general features 

of cancer (Lu et al., 2007). Generally, cancer can be divided to four major types which 

include carcinomas (cancer of epithelial origin), sarcomas (cancer of mesenchymal origin), 

leukaemia (cancer of white blood cells which arise initially in the white blood cells of bone 

marrow) and lymphomas (cancer that developed from lymphocytes) (Joshi et al., 2012). In 

addition to its local negative impact on the tissue which arises from it, cancer also has 

systemic effects on multiple organic tissues. Moreover, the degree of similarity of cancerous 

tissue to the normal tissue which originates from it and its stages are crucial to determine the 

aggressiveness and the progression of illness respectively.   

2.1.1 Cancer in Australia 

Cancer in Australia regards as a major health problem since this type of tumours 

shows an increase in the incidence rate each year.  In 2017, it is estimated that 134,174 new 

cases of cancer will be diagnosed in Australia (72,169 males and 62,005 females) (Cancer 

Australia, 2017). Also, cancer is a leading cause of death in Australia, accounts for 

approximately 3 in 10 deaths (Cancer Council Australia, 2014).  In 2017, lung cancer is the 

most common cause of death due to cancer in males and females (Australia Institute of health 

and welfare, 2017).  Prostate cancer and colorectal cancer come second and third respectively 

in males while breast cancer and colorectal cancer come second and third in the females 

(Australia Institute of health and welfare, 2017).   Although the mortality rate has been 

decreased by 17% from 1991 to 2010, the death rate still high because increase the number of 

population and the age of people (Australia Institute of health and welfare, 2012).  In 
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addition, colorectal cancer is the second most commonly diagnosed cancer in both females 

and males after breast and prostate cancers (Australia Institute of health and welfare, 2017).   

Moreover, the incidence rate of cancer is higher for Indigenous Australian, and lung cancer 

forms the most common type of cancer in this group of population (Australia Institute of 

health and welfare, 2013).  

2.1.2 Molecular basis of cancer 

Cancer arises due to change in either genes structures (nucleotide sequence) or due to 

chemical modification of the genes and their embedding proteins (histones). The two terms 

refer to genetic and epigenetic changes respectively. The genes which are mutated in any 

cancer can be divided into oncogenes, tumour suppressor genes and DNA repair genes 

(Herceg & Hainaut, 2007). In addition, the most common type of genomic modification 

includes hypo, hyper methylation of DNA or histone and non-coding RNA expression 

(Sandoval & Esteller, 2012). 

2.1.2.1 Oncogenes and tumour suppresser genes 

Oncogenes are activated form of normal genes which are called proto-oncogenes. 

They play a crucial role in the loss of differentiation, cell motility, invasion and prevention of 

apoptosis (Pelegaris & Khan, 2009). The type of mutation in such genes is the dominant type 

(Brenner & Duggan, 2004). Also, the studies of the last 15 years reveal that the oncogenes 

like c-Myc, E2F and RAS which are already capable of producing uncontrolled cell division 

also possess the ability to act as tumour suppressor genes (Pelegaris & Khan, 2009). To 

overcome the suppressor activity of these genes, cancer cells produce collaboration with 

other oncogenes (Pelegaris & Khan, 2009).  

Normally, tumour suppressor genes are responsible for regulation of cell cycle by 

stimulating programmed cell death to eliminate the damaged cells which are not able to 



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

33 
 

restore their normal function. The type of mutation which leads to inactivation of such genes 

and rendering them a part of carcinogenesis is recessive mutation type and that means the two 

alleles of genes should be mutated to change the normal cells to transforming cell (Vogelstein 

& Kinzler, 2004). However, recent studies show that some types of tumour suppressor genes 

can trigger the development of a tumour by only losing the function of one allele 

(Pelengaris& Khan, 2009). For example, cycline dependent kinase inhibitory proteins can 

sensitise cancer development by negatively regulates the activity of RB, P53, PTEN, MSH2 

and NF-1 (Pelengaris & Khan, 2009). 

2.1.2.2 DNA repair genes: 

DNA repair genes mutations are another way to develop cancer. It is clear that any 

damage in DNA usually repaired by different types of genes; each group is responsible for 

the specific type of damage so that loss of this function due to the mutations play a significant 

role in developing cancer. One of the most famous types of DNA repair genes is Mismatch 

repair genes (MMR) (Peltomaki, 2003). Germline mutation of these genes will lead to 

colorectal cancer as a part of an inherited syndrome called Hereditary Non-Polyposis 

Colorectal Cancer (HNPCC) also Germline mutation and somatic mutation both result in 

microsatellite instability (MSI) (Peltomaki, 2003). 

2.1.2.3 Epigenetic changes 

Change in gene expression due to other causes rather than a change in the gene 

sequence become essential as the cause of cancer. Many types of epigenetic alteration have 

been recognized in different types of cancerous tissues which include DNA methylation; 

histone and RNA mediated silencing (Herceg & Hainaut, 2007). Also, some types of cancer-

related genes have been found methylated in plasma/serum DNA. For example, CDH4 

(cadherin 4, type 1, R-cadherin (retinal) in colorectal cancer (Ebert et al., 2006). The 
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important point in studying the epigenetic changes in cancer is the liability of these 

alterations to restore their normal states by using specific types of treatment (Foulks et al., 

2012). 

2.1.3 Features of cancer 

Cancer develops in a multistep process, to survive, cancer cells acquired multiple 

changes. Genetic and epigenetic alterations are the key role to create these changes and to 

enhance the cells to be malignant in behaviour. Two emerging features are added to 

previously six common features of cancer hallmarks. Recent progress in cancer research has 

identified two new observations to modify the original formulation of the hallmarks of cancer 

(Hanahan & Weinberg, 2011). Self- sufficiency in growth signals, Insensitivity to antigrowth 

signals, Evading apoptosis, Limitless replicative potential, maintain angiogenesis and ability 

to invade and metastasis to different types of tissues are the standard six hallmarks of cancer 

(Hanahan & Weinberg, 2000). In addition, the other newly emerging features of cancer are 

the reprogramming energy metabolism and evading the immune system (Hanahan 

&Weinberg, 2011). The key essential features of these hallmarks are listed below.  

Self –sufficiency in growth signals 

The source of growth signals that control normal proliferation is poorly understood 

when it compared to the mitogenic signals in cancer cells (Lemmon & Schlessinger, 2010). 

Sustain proliferative signals in cancer cells can maintain by different ways, by producing 

growth factor legends themselves or by stimulating normal cells within a supporting tumour- 

associated stroma (Cheng et al., 2008). In addition, Deregulation of growth signals receptors 

in cancerous cells makes them hypersensitive to limit the amount of growth signalling 

(Hanahan &Weinberg, 2011). 
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Insensitivity to antigrowth signals 

Normally, antigrowth signals control the process of cell proliferation by two ways; 

either they forced the cell to enter the quiescent (G0) phase of cell cycle or by pushing it to 

enter the post-mitotic phase. For example, RB protein (pRb) and its two related proteins 

(p107and p130) act as anti-proliferative factors by changing the function of E2F transcription 

factors (Hanahan & Weinberg, 2011). The last is necessary to progress the cells from G1 into 

S phase of the cell cycle (Hanahan & Weinberg, 2011).   

Evading apoptosis 

The programmed cell death is a normal physiological process; it acts to eliminate the 

unwanted or damaged cells which fail to restore their normal biological function after 

exposure to an insult, therefore, it participates to prevent the development of cancer. There is 

no doubt that the cancerous cells should acquire the ability to overcome this process so that 

they modify the apoptotic pathways either by increasing the expression of anti-apoptotic 

genes like BCL2 family or by decreasing the expression of pro-apoptotic genes like P53 

(Fernald & Kurokwa, 2013). 

Limitless replicative process 

To increase the replication process in an unlimited manner, a cancer cell must 

overcome the two normal physiological processes which normally prevent unwanted 

replication, Senescence and apoptosis (Hanhan &Weinberg, 2000). Scientific research 

demonstrates the importance of an enzyme called telomerase to acquire this ability (Clapp et 

al., 2008). Telomerase significantly expressed in non-immortalized cells including cancer 

cells by 90% (Hanhan & Weinberg, 2011). 
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Inducing angiogenesis 

Survival of cancer cells also depends on their ability to develop new vascularisation to 

ensure the availability of nutrients and oxygen as well as to remove the waste product like 

any other normal type of growth. The evidence shows that the angiogenic switch is always 

activated during the process of carcinogenesis (Ferrara, 2009). Furthermore, the VEGF gene 

is shown up-regulated in most type of cancers, and it is significantly expressed in some types 

of a tumour (Ferrara, 2009). Previously, angiogenesis is considered as a part of the rapidly 

growing macroscopical tumour while in this period, the formation of new blood vessels is 

also one component of early microscopical premalignant phase of cancer (Hanahan & 

Weinberg, 2011).   

Ability to invade and metastasis 

Invasion and Metastasis are features of the highly malignant behaviour of cancer in 

which cells change their ability to attach to each other or to attach to the extracellular matrix. 

E-cadherin is a key cell to cell adhesion molecule, and it antagonises the invasion and 

metastasis (Hanahan & Weinberg, 2011).   

Reprogramming the energy 

The change in the process of energy programming in cancer has been identified; the 

role of genetic mutation and the change in gene expression are the key factors of this 

modulation. Proliferating cells should manage to provide the energy required for not only 

maintain the process of replication as it occurs in normal cells, but it also should maintain the 

energy required for macromolecular synthesis like amino acid and nucleotide (Carine et al., 

2012). The first observation for reprogramming the cell energy was achieved by Warburg 

who found that the tumour cells are limiting their energy requirement to process called 

aerobic glycolysis even in the presence of sufficient amount of oxygen (Hanahan & 

Weingberg, 2011). Modulation of glycolysis, biosynthetic pathways and glutamine 
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metabolism are achieved by several oncogenes and tumour suppressor genes (Jang et al., 

2013). For example, Myc gene enhances the expression of several genes which are involved 

in glycolysis, glucose uptake and P53 induce synthesis of cytochrome oxidase (Cantor & 

Sabatini, 2012). 

Evading the immune system 

The immune system protects the body against different types of diseases, for this 

reason, cancer cells should acquire the ability to protect themselves from immune system 

surveillance.  A several tumour specific and tumour associated antigens have been identified 

in different types of cancers (Igney & Krammer, 2002). Moreover, cancer cells evade the 

immune system by different ways; the process is complicated and involved different 

mechanisms. For example, The innate and adaptive mechanism may be suppressed either 

directly or by recruiting many immune suppressive cells that down-regulate the immune 

response, recruit host stromal cells like fibroblast and macrophage which intern enhance the 

carcinogenic process (Stewart & Abrams, 2008). Also, the process involved the mutations or 

changes in genes expressions. For example, a specific set of genes which are exclusively 

related to the MHC class II complex have identified to play an important role in colorectal 

cancer metastasis (Fehlker et al., 2014).  
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2.2 Colorectal cancer (CRC) 

Colorectal cancer is defined as a malignant tumour of bowel (large intestine) which 

can occur in any part of it׳s anatomical area like cecum, ascending colon, transverse colon, 

descending colon, sigmoid colon and rectum (Figure 2.1). 

 

 

 

Figure 2.1: Anatomical parts of large intestine. The figure shows that the large intestine 

consists of several parts including cecum, ascending colon, transverse colon, descending 

colon, sigmoid colon and rectum. (WebMD, 2009) 

 

2.2.1 Epidemiology 

Colorectal cancer is a common health problem all over the world. It is the third most 

common cancer and the fourth common cause of death in the world (Haggar & Boushey, 

2007). Also, the incidence is highest in longstanding economically developed countries 

Rectum 
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(Australia, Japan, Western Europe and North America) and newly economically developed 

countries (the Czech Republic and Slovakia) (Center et al., 2009). In Australia, colorectal 

cancer is the second most common cancer in both men and women; Eighty percent of these 

cases are sporadic (Cancer Council Australia, 2012). In 2010, 14,860 new cases of bowel 

cancer were diagnosed in Australia and there were 3999 deaths in 2011(Cancer Council 

Australia, 2012). Moreover, Colorectal cancer is the third most common type of cancers and 

the third most common cause of death in the US (Centers for Disease Control and Prevention, 

2014). The incidences of colorectal cancer in the Arab world are relatively low, however; it 

becomes second to the breast cancer in some wealthy countries (Salim et al., 2009). 

2.2.2 Risk factors 

Many factors are involved in the initiation of colorectal cancer, some of them are 

hereditary, and others are non-hereditary. There is 100% risk of developing colorectal cancer 

in patients with Familial Adenomatous Polyposis syndrome (FAP) at the age of 40 if this 

disease not treated (Markowitz & Bertagnolli, 2009). Also, 3% of colorectal cancer patients 

have diagnosed with (HNPCC) or what is called Lynch syndrome (Cunningham, 2010). 

Moreover, family history of colonic cancer, especially in first degree relatives increases the 

risk of CRC development (Markowitz & Bertagnolli, 2009). Inflammatory bowel diseases are 

other important factors for developing this cancer. For example, 1% of patients with 

colorectal cancer are also have diagnosed with ulcerative colitis (Jawad et al., 2011). In 

relation to the age, most of the patients with this type of cancers are more than 50 years 

(Centres for disease control and prevention, 2014). It is rare to find cases of CRC before the 

age of 50 unless there are some genetic causes. Furthermore, diet plays an important role in 

CRC development. Diet rich in red meat and deficient in fresh fruits, vegetables and fish lead 

to increase the risk of this cancer (Chao et al., 2005). Other factors include smoking (Hannan 

https://www.cdc.gov/
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et al., 2009), Alcohol abuse and physical inactivity (Huxley et al., 2009), Hormones 

replacement (Markowitzs & Bertagnolli, 2009). 

2.2.3 Histological types of colorectal carcinoma 

One of the most important and accepted classifications of colorectal cancer was 

proposed by the World Health Organization (WHO) in 2002 (Compton, 2003). Table: 2.1 

show this classification. In which, the most common histological type is adenocarcinoma 

(Lam& Ho, 2006). 

 

Table 2.1: World Health Organization Classification of Colorectal Carcinoma 

Adenocarcinoma 

Medullary carcinoma 

Mucinous (colloid) adenocarcinoma (>50% mucinous) 
 

Signet-ring cell carcinoma (>50% signet-ring cells) 

Squamous cell (epidermoid) carcinoma 

Adenosquamous carcinoma 

Small-cell (oat cell) carcinoma 

Undifferentiated carcinoma 

Other (e.g., papillary carcinoma) 
 

Adenocarcinoma 

 The term adenocarcinoma in colorectal cancer refers to a malignant tumour 

originating from epithelial cells lining the colon and rectum.  More than 90% of colorectal 

carcinomas are adenocarcinoma (Hamilton et al., 2010).  Some types of adenocarcinomas 

secrete a significant amount of mucin and for this reason, termed as mucinous 

adenocarcinoma.  This type of cancers starts to invade the mucosal wall; infiltrating the 

muscularis mucosae layer; the submucosa; muscularis properia and then spreading to local 

and regional lymph nodes.  Distant metastasis can affect any organ and the liver is the most 

commonly affected one (Kumar et al., 2002).   
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2.2.4 Grades of colorectal cancer 

The word grade in any cancer gives information about the aggressiveness of the 

disease and depends on the degree of differentiation (Grade 1, Grade 2 and Grade 3).  Table: 

2.2 describe the grades of colorectal cancer. Figures (2.2, 2.3, and 2.4) show the histological 

appearance of each grade compared to normal histological appearance (Figure 2.5). 

Table 2. 2: grades of colorectal cancer 

Grades Degree of differentiation Description 

Grade 

one 

Well-differentiated tumour A tumour is closely resembling the 

tissue of origin, grow slowly, less 

aggressive type 

Grade 

two 

Moderately differentiated tumour To some extent similar to the tissue 

of origin, grow faster than well-

differentiated type 

Grade 

three 

Poorly differentiated tumour Unlike the tissue of origin, the most 

aggressive one 

  

 

Figure 2.2: Fresh frozen (well differentiated) adenocarcinoma of colorectal 

cancer sample with H&E staining: The cancer cells arrange in the patterns similar 

to its tissue of origin (black arrow) and invade the muscular layer in this section. 
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Figure 2.3: Fresh frozen (moderately differentiated) adenocarcinoma of 

colorectal cancer sample with H&E staining: To some extent, the cancer cells 

arrange in the manner similar to its tissue of origin (black arrow) and invade the 

muscular layer in this section. 

  

    

 

 

 

 

 

 

 

 

 

 

Figure 2.4:  Fresh frozen (poorly differentiated) adenocarcinoma of colorectal 

cancer sample with H&E staining: The cancer cells and the glandular structures in 

this section appear very different to   its tissue of origin (black arrow)  
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Figure 2.5:  Fresh frozen normal colon tissue sample shows the histological appearance 

of colonic tissue using H&E staining. The cells arranged in the glandular pattern have the 

same size and shape approximately, no any feature of malignant transformation (black 

arrow).      

 

2.2.5 Staging of colorectal cancer 

Cancer staging is of great importance because it gives sound information about the 

prognosis of the disease in each patient; pathologists and surgeons have used two popular 

types of CRC staging systems; TNM and Dukes staging systems. Staging system depends on 

the degree of disease invasion and the presence or absence of metastasis, therefore, it is 

beneficial to determine the survival period for the patients. The most common staging 

systems are the TNM system (Tumour, Node, Metastasis); this system was developed by 

American Joint Committee on Cancer (AJCC) (Compton& Greene, 2004). In this system, the 

broader stage of cancer is usually quoted as a number (I, II, III, IV); higher number indicates 

a more advanced cancer and a worse prognosis (Edge et al., 2010). Dukes classification is an 

older and less complicated staging system that used before the TNM system and still is used 
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in some CRC centres. Dr. Cuthbert Dukes first proposed this system in 1932 (Greene et al., 

2002).  The broader stage of cancer is usually quoted as a letter A, B, C, D (Greene et al., 

2002). Patients with stage A have a better prognosis while patients with stage D have a worse 

prognosis. 

2.2.6 Pathogenesis of colorectal cancer 

2.2.6.1 Adenoma-Carcinoma Sequence 

Progression from adenoma to carcinoma is one of the essential steps in the 

development of CRC. There is a high risk for CRC development in a patient whose adenomas 

not removed (Winawer et al., 1993). In addition, patients with FAP (Familial Adenomatous 

Polyposis) develop CRC by the third to fifth decade of life if they are not treated by surgical 

resection (Rustgi, 2007). Moreover, foci of carcinoma can be found in adenomatous polyps 

(Hamilton, 1996).  Figure 2.6 shows the steps of adenoma-carcinoma progression. 
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Figure: 2.6 adenoma-carcinoma sequence.  The figure shows that colorectal cancer 

developed after several genetic (APC, COX, KRAS, DCC, P53 genes mutations) and 

epigenetic changes (DNA hypomethylation) progressed from early steps adenoma   

(Vogelstein&Kinzler, 1993) 
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2.2.6.2 Genetic alteration in CRC 

Different types of genes have been implicated in the process of CRC pathogenesis; 

some of them play an important role in early steps of carcinogenesis and others in late and 

advance steps of CRC. APC (adenomatous polyposis coli gene), DNA mismatch repair genes, 

KRAS (Kirsten Rat Sarcoma Viral Oncogene Homolog) gene, BRAF (B-Raf Proto-Oncogene 

Serine/Threonine-Protein Kinase) gene, PTEN (Phosphatase And Tensin Homolog 

Pseudogene) and P53 (Transformation-Related Protein 53)  gene, all are involved in the 

process of CRC tumorigenesis (Fearon, 2011). 

APC gene: 

APC gene has a crucial role in the development of both germline inherited and 

sporadic type of CRC disease. APC gene is a tumour suppressor gene encodes a 300-kD 

protein that regulates cell migration, cell-cell adhesion and apoptosis in the colonic crypt 

(Aoki &Taketo, 2007). In addition, the dominant role of APC gene in cancer is the regulation 

of the β-catenin-dependent Wnt signalling pathway (Aoki &Taketo, 2007).  Germ-line 

mutations in APC gene underlie FAP and FAP variant syndromes in which Frameshift 

mutation of APC gene is the predominant type of mutations (Galiatsatos &Foulkes, 2006). 

Furthermore, 70-80% of sporadic colorectal adenomas and carcinoma have a somatic 

mutation in APC gene (Fearon, 2011). APC gene mutation is an early event in the 

development of both adenoma and carcinoma of the colon. For example, somatic mutations 

of APC gene are found in microscopic adenomas which composed of few dysplastic glands, 

and the frequency of APC mutations is the same for very small adenomas and advanced 

adenoma or carcinoma (Fearon &Vogelstein, 1990). 
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DNA mismatch repair genes 

Defects in the function of DNA mismatch repair genes have been implicated actively 

in the development of both sporadic and hereditary types of CRC. DNA mismatch repair 

process (MMR) can be defined as a conserved evolutionary process that corrects mismatches 

generated during DNA replication and escape proofreading (Kunkel &Erie, 2005). Defects in 

these genes have involved in the microsatellite sequences of the DNA which are observed at 

many loci across the genome and in all tumours from HNPCC (Hereditary Non-Polyposis 

Colorectal Cancer) (Fearon, 2011). Also, these defect called MSI which involved not only the 

patients with HNPCC but also approximately 15% of sporadic CRCs (Thibodeau et al., 

1993). Several types of MMR genes play an important role in CRC pathogenesis. MLH1 

(MutL Homolog 1) and MSH2 (MutS Homolog 2) genes amongst the most commonly mutated 

genes, their mutations account for approximately 70% of known mutations in HNPCC (Vilar 

& Gruber, 2010). 

KRAS gene  

KRAS mutations contribute to the sporadic colorectal adenoma and carcinoma. KRAS 

gene is a member of RAS family genes which are consist of three members, KRAS, HRAS, 

and NRAS; all of them are familiar targets for somatic mutations in many types of cancers 

(Malumbers &Barbacid, 2003). Nearly 40% of patients with CRC are diagnosed with KRAS 

mutation (Fearon, 2011). In addition, mutations of this gene have been reported mainly in 

late-stage adenomas and carcinoma. The frequency of KRAS mutation depends on the size of 

adenoma, therefore; adenoma more than 1cm in size shows 40-50% mutations in KRAS gene 

whereas adenoma less than 1cm shows only 10% mutation in KRAS gene (Vogelstein et 

al.,1988). Furthermore, KRAS mutations play an important role in aggravation of advanced 

CRC (Shirasawa et al., 1993). 
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BRAF gene 

Mutations in B-RAF gene are involved in adenoma-carcinoma theme. BRAF gene is a 

proto-oncogene that usually provides signals essential for cell growth and differentiation 

(Reungwetwattana& Dy, 2013). This gene mutated in approximately 5-10% of CRCs and its 

expression is directly under control of RAS proteins (Rajagopalan et al., 2002). Also, its 

mutation is highly associated with variation of the usual adenoma-carcinoma sequence (Jass, 

2007). 

PTEN gene 

The PTEN gene is a tumour suppressor gene that deregulated in CRCs. The PTEN 

protein is phospholipid phosphatase mediate dephosphorylating of PIP3 (phosphatidylinositol 

(3, 4, 5)-trisphosphate) to PIP2 (Phosphatidylinositol (4, 5)-bisphosphate); its phosphatase 

protein products involved in regulation of cell cycle (Chu &Tarnawski, 2004). Somatic 

mutations in PTEN gene are found in 10% of CRCs (Chalhoub &Baker, 2009). 

P53 gene 

A high percentage of P53 gene mutations has been reported in CRCs. P53 is the most 

significant tumour suppressor gene functions as a transcriptional factor that activate several 

genes in response to Genotoxic stress; eventually leads to either cell cycle arrest or apoptosis 

(Vousden &Prives, 2009). Approximately half of all CRCs show mutations in P53 gene 

which are more common in the distal part of the colon and rectum (Iacopetta, 2003). Also, 

85% of P53 mutations in CRC are missense type occur at codons 175, 245, 248, 273, and 282 

(Tang et al., 2001). 
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2.2.6.3 Epigenetic alteration in colorectal cancer 

Similar to other types of cancers, colorectal cancer also developed due to several 

epigenetic changes. The significant epigenetic alterations of CRC are Genomic 

hypomethylation, promoter region hypermethylation, histone modification and miRNAs 

alteration (Jia &Guo, 2013). 

 

2.3 MicroRNAs 

2.3.1 Introduction to miRNAs 

Micro RNAs, (miRNAs) are short non-coding RNAs. In their mature form, they are 

20-24 nucleotides in length. Since their initial discovery, it has been demonstrated that this 

class of non-coding RNA is involved in regulating many biological pathways in a variety of 

multicellular organisms, including humans (Jansson & Lud, 2012).  In relation to cancer, 

miRNAs can act as oncogenes or tumour suppressor genes, depending on their regulatory 

targets (Maroof  et al., 2014a; Maroof et al., 2014b; Ebrahimi et al., 2014; Gopalan et al., 

2014;  Gopalan, et al., 2015; Amin et al.,2015; Chruścik  et al., 2015).   Also, miRNAs have 

been implicated as robust regulators in both normal and cancer stem cells (CSCs).  Cancer 

stem cells are suggested to be responsible for the initiation and promotion of cancers as well 

as for enabling resistance to chemotherapeutic treatments (Liu and Tong, 2011; Zhou & Mo, 

2012; Takahashi et al., 2014; Islam et al., 2015b).  

Cancer stem cells have been identified and isolated from tumours present in different 

types of tissues.  They have been separated from prostatic cancer, pancreatic cancer, ovarian 

cancer, skin cancer (basal cell carcinoma) and  oesophageal cancer (Collins et al., 2005;   Li 

et al.,2007 ; Alvero et al., 2009 , Colmont et al., 2013; Islam et al., 2015c).  Cancer stem 

cells mimic normal stem cells in their ability for self-renewal and differentiation but they 
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differ from normal stem cells in their tumorigenic and metastatic behaviour (Islam et al., 

2015a).  Cancer stem cells can also be distinguished from normal stem cells by the 

differences in the process of glycosylation of their cell surface markers (Gupta et al., 2012; 

Karsten & Goletz, 2013). 

Colon CSCs can be identified and isolated by their cell surface markers like 

transmembrane glycoprotein (CD133) (Ricci-Vitiani et al., 2007), adhesion molecules 

(CD44, CD166) (Vermeulen et al., 2008) and cell surface glycoproteins (CD26) (Pang et al., 

2010).  Also, a high EpCAM (epithelial cell adhesion molecule) /CD44+ phenotype is 

considered to be a strong indicator for colon cancer stem cells (Dalerba et al., 2007).  Therole 

miRNAs in the production of these differences between cancer stem cells and benign stem 

cells is still unclear. A better understanding of their regulatory role in normal and cancer stem 

cells will be of great importance in the early diagnosis and the treatment of various cancers.  

This review aims to investigate the roles of miRNAs in the regulation of colon CSCs and 

benign stem cells, and analyze the signalling pathways they modulate. 

2.3.2 Mode of action of microRNAs 

miRNAs act by post-transcriptional repression and target mRNA degradation, through 

a complicated process.   Following their transcription in pri-miRNA form, they are converted 

into pre-miRNAs consisting of a stem-loop structure and finally processed into the mature 

form of a short, double-stranded RNA of about 20 nucleotides.  After this process of 

biogenesis, the mature miRNAs are rendered single-stranded and assembled into 

ribonucleoprotein complexes called (miRNAPs) or miRNA-induced silencing complex 

(miRISC) in association with a protein family called Argonaute (AGO) (Bhattacharyya et al., 

2008; Nishihara, 2013).  There are four types of AGO protein in mammals (AGO1 to AGO4) 

and they are mainly involved in the gene expression repression process mediated by miRNA 

(Peters & Meister, 2007; Tolia & Joshua, 2007).   During the process of repression, miRNAs 
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bind to the 3' UTR of target mRNA to form base pairing in a 2-8 nucleotide long sequence 

(the seed region) which facilitates a complete miRNA-mRNA association (Grimson et al., 

2007).   miRNA binding sites are available in multiple copies which are necessary for 

efficient repression processes (Doench & Sharp, 2004; Brennecl et al., 2005).   In addition, 

the degree of miRNA-mRNA complementarity is crucial for the strength of the regulatory 

mechanism.   A perfect miRNA-mRNA complementarity will result in the destruction of the 

mRNA strand by AGO, while central mismatches in the miRNA sequence will promote 

repression of mRNA translation by strand cleavage processes (Carthew and Sontheimer, 

2009).  This process of post-transcriptional repression of mRNAs can be achieved at either 

translation initiation or a post-translational stage. 

 

2.3.3 Targets selection by microRNAs 

Single miRNAs can regulate the function of hundreds of target genes, and one target 

gene can also be controlled by several miRNAs.  The process of target selection for a miRNA 

is mainly driven by seed sequence complementarities between the miRNA and its target 

mRNAs (Ameres & Zamore, 2013; Wilczynska & Bushell, 2015).  It is understood that there 

are also other factors which may efficiently participate in the process of target selection, 

factors which we are beginning to elucidate.  Titration of miRNA from its target gene via a 

phenomenon called competing endogenous RNA (ceRNA) is one of the controlling factors in 

determining target selection (Salmena et al., 2011; Sarver & Subramanian, 2012).  An 

example of such titration in cancer would be through the expression of pseudogenes to decoy 

a tumour suppressor miRNA from the functional transcript, and indeed an expression of 

several pseudogenes of cancer related genes has been implicated in the process of target 

selection (Poliseno et al., 2010).  Also, long non-coding RNAs (lncRNAs) are involved in the 

process of miRNA sequestration (Wang et al., 2010).  Recently, the presence of methylation 
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of the N6 position of adenosine residues at specific sites within mRNAs targeted by miRNA 

has been identified as a potential modifier of miRNA target selection (Meyer et al., 2012; Niu 

et al., 2013).  From the above studies, it is clear that the process of target selection in 

miRNAs is a complicated process which does not depend only on the degree of seed 

complementarity. 

 

2.3.4 Role of microRNA in non-cancer stem cells   

Next-generation sequencing approaches are paving the way for discovering functional 

miRNA targets and understanding how miRNAs execute their function in the embryonic stem 

cell.  Using next-generation sequencing, miRNAs have been found to control proliferation, 

survival, the cell cycle, and the pluripotency of embryonic stem cells (Guo et al., 2014).     

Several studies have been carried out to uncover the function of specific miRNAs in 

stem cell regulation.  For example, miRs-302 -367 mediates the reprogramming of human 

somatic cells into pluripotent stem cells (Anokye-Danso et al., 2011).  Also, Gruber et al. 

have reported in a mouse model that the members of the miRNA 290-295 cluster have the 

same sequence of AAGUGCU at nucleotide positions 2-8 as the miR-302-367 cluster in 

human embryonic stem cells (Gruber et al., 2014). This process in turn regulate the cell cycle 

at the G1-S transition by targeting the repressive cell cycle regulator E2f5 (E2F transcription 

factor 5, p13-binding) (Gruber et al., 2014).  Moreover, micro RNAs 1263, 1247, 375, 132-

3p, and 302a are selectively enriched in the endoderm when compared with ectoderm during 

the transition of human embryonic stem cells to endoderm and ectoderm, indicating that these 

miRNAs are involved in regulating the differentiation of human embryonic stem cells to the 

specific lineages  (Hinton et al., 2014).   

The role of miRNAs in maintaining the quiescence of adult stem cells has also been 

investigated.  Cheung et al. reported that miR-489 is crucial in maintaining adult stem cell 
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quiescence for long periods (Cheung et al., 2012).  In-situ hybridization showed positive 

signals for miR-17-5P in the proliferative compartment of the colonic crypts, suggesting a 

role for this miRNA in controlling colon stem/progenitor cell proliferation and differentiation 

(Monzo et al., 2008).  Lu et al. demonstrated that miR-150 drove megakaryocyte-erythrocyte 

progenitors (MEPs) towards megakaryocyte differentiation and identified the transcription 

factor MYB (v-myb avian myeloblastosis viral oncogene homolog) as a critical target of 

miR-150 in this process (Lu et al., 2008).   Furthermore, by using quantitative PCR, Arnold 

et al. reported that miR-31 was upregulated about 4000 fold in muscle progenitor cells versus 

17 fold in hematopoietic progenitors during transition of stem cells to their progenitors cells 

(Arnold et al., 2011).  miR-196a and miR-196b were upregulated over 250 fold during blood 

stem cell differentiation versus 5-fold during muscle stem cell differentiation, suggesting that 

these molecules are significant factors in tissue specialisation in these cells (Arnold et al., 

2011).  Despite the detected alterations of expression of specific miRNAs in particular tissue 

types, it is difficult to confirm to what extent these microRNAs genuinely affect the 

regulatory process of stem cells and their progenitors. At present, there is little information 

about the number of mature miRNAs required to produce a sufficient effect on their targets 

and bring about changes such as differentiation.  

Additionally, the discovery of a fundamental role for miRNA isoforms (isomiR) in 

undifferentiated and differentiated embryonic stem cells increases the complexity of this 

system, especially in regards to cancer.  The physiological relevance of an isomiR depends on 

its amount in relation to the rest of sequences in the same miRNA locus (LIorens et al., 

2013).  This process is possibly a means to maintain excellent control of gene expression, as 

the complex interplay of target titration by decoy miRNAs from pseudogenes and lncRNAs 

and the variable expression of isomiRs results in precise protein expression control. 

 



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

54 
 

2.3.5 Deregulated miRNAs in colonic cancer stem cells 

Many miRNAs have been reported to be deregulated in colonic cancer stem cells by 

microarray analysis.  Zhang et al. reported up-regulation of 11 and downregulation of 9 

miRNAs from colonic cancer stem cells (a CD33+ HT-29 cell line) (Zhang et al., 2011).  

Among these, miR-429 and miR-155 were reported as the most significantly deregulated 

miRNAs (Zhang et al., 2011).  miR-429 has been identified as an oncogene in colorectal 

cancer, and it could be considered as a potential prognostic factor. The oncogenic effect of 

miR-429 is mediated via targeting the sox2 gene (SRY-sex determining region Y)-box2) (Li et 

al., 2013).  Also, miR-155 was also recently proposed to be an essential regulator of the colon 

cancer cell cycle by targeting E2F2 (Li et al., 2014).   

A study by Yu et al. determined that there are 46 differentially expressed miRNAs 

present in colon cancer stem cells (Yu et al., 2011).   Among them, 35 miRNAs were 

upregulated, and 11 miRNAs were down-regulated.  By performing quantitative PCR after 

microarray results, the authors demonstrated that the expression of miR-93 and miR-1231 

was decreased while the expression of miR-32, miR-33a, miR-194, miR-215, miR-29b and 

miR-192 were increased in colon cancer stem cells (Yu et al., 2011).   Moreover, Fang et al. 

reported that 31 miRNAs were upregulated and another 31 miRNAs were downregulated in 

CSCs using a colon cancer cell line (SW116) (Fang et al., 2012).  Amongst these miRNAs, 

miR-4521 was the most significantly upregulated miRNA and miR-194 were the most 

downregulated considerably (Fang et al., 2012).   

Side population (SP) cells have been known to have cancer stem cell-like properties 

(Wang et al., 2007; Loebinger et al., 2008; Zhang et al., 2009; Moserle et al., 2010).  miRNA 

profiles from SP cells of colorectal cancer have been studied.   There were 73 miRNAs 

differentially expressed in SP compared to non SP cells of freshly isolated colorectal cancer 

tissues.  Of these, 40 miRNAs had higher expression, and 33 miRNAs had lower expression 
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in SP cells (Xu et al., 2012).  Also, Xia et al. noted that many miRNAs were upregulated and 

downregulated in SP cells when compared to non-SP cells in three different colon cell lines 

(HCT-15, HT-29 and Lovo) (Xia et al., 2014).  Interestingly, miR-5000-3p, miR-5009-3p and 

miR-552 were upregulated in all the three colon cancer cell lines.  This finding was 

confirmed by using quantitative real-time PCR (qRT- PCR).   These miRNAs could be used 

as markers for SP cells of colon cancer, though their significance in actual stem cell 

characteristics is unknown at present (Xia et al., 2014). 

 

2.3.6 Signalling pathways which are involved in the regulation of colon cancer stem cells 

There is growing evidence that normal stem cells and cancer stem cells share many of 

the same signalling pathways which are responsible for regulating the self- renewal and 

differentiation abilities of these cells (Reya et al., 2001; De Sano & Xu, 2009).  The specific 

signalling pathways involved in these cells include Notch, Hedgehog (Hh), high mobility 

group A (HMGA2), wingless/Int (Wnt), B-cell lymphoma 2 (Bcl-2), and B-cell-specific 

Mdoney murine leukaemia virus insertion site 1 (Bmi-l) pathways (Reya et al., 2001;De Sano 

& Xu, 2009).  Wnt and Notch are the most important signalling regulators in both normal and 

cancer stem cells in the colonic tissue.   

The Wnt (Wnt/ß-catenin) pathway is an important regulator of normal intestinal stem 

cells and colon cancer stem cells (De Sousa et al., 2011; Pinto et al., 2003).    In addition, 

Wnt appears to be involved in crypt development, maintenance and proliferation of the 

intestinal cells (Kosinski et al., 2007).  APC is one of the 4 proteins in the destruction 

complex that normally degrade β-catenin in Wnt signalling pathway.  The role of this 

pathway in colon cancer was also highlighted by implications from a study of the APC 

(adenomatous polyposis coli) gene.  The disruption of this pathway is the leading cause of 

familial adenomatous polyposis syndrome, a predisposing factor for colonic adenocarcinoma.   
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Moreover, the Wnt pathway is commonly upregulated in stem cell populations of colon 

cancer tissue, indicating its role in the regulation of homeostasis of these cells (Vermeulen et 

al., 2010). 

Notch is another crucial pathway which is involved in the regulation of intestinal stem 

cells.  The pathway is essential for promoting self-renewal of colon stem cells and specifying 

lineage differentiation (De Sousa et al., 2011; Taketo, 2011). Also, the proliferation of 

progenitor cells is stimulated by the activation of the Notch pathway (Robine et al., 2005).  

Furthermore, activation of this pathway has been seen to increase clonogenicity and decrease 

apoptosis in colorectal cancer (Zhang et al., 2010).  The interaction between Wnt and Notch 

signalling pathways is another valuable regulatory process in colon cancer stem cells, as 

intestinal cell fate determination and lineage specification requires a complex interaction 

between these pathways (Nakamura et al., 2007). 

 Notch and Wnt signalling pathways are also involved in the regulation of epithelial-

mesenchymal transition (EMT).  EMT plays an essential role in tumour progression, 

invasiveness and therapeutic failure (Qiao et al., 2012).  There is a crucial role for EMT in 

creating cells with stem-like properties from more differentiated tumour cells (Mani et al., 

2008; Vemeulen et al., 2010; Vlashi & Pajonk, 2015).  Activation of the nuclear factor-KB 

(NF-ĸB) pathway or modulating the activity of transforming growth factor beta (TGFβ) is the 

manner through which Notch signalling can induce EMT (Li et al., 2014).  Also, activation of 

EMT processes occurs via Wnt signalling through increasing the level of beta-catenin within 

cells, which ultimately translocates to the nucleus and consequently induces specific genes 

essential for triggering EMT (Vincan & Barker, 2008). 

Bmi-1 is another critical regulator of stem self-renewal and multipotency (Qiao et al., 

2013).  Bmi-1 is noted as a marker and regulator of crypt-base stem cell populations 

(Sangiorgi & Capecchi, 2008; Yan et al., 2012).   Recent studies have shown that 
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downregulation of Bmi-1 inhibits the self-renewal properties of colonic cancer stem cells and 

can, in turn, block their tumorigenic properties (Kreso et al., 2014; Kreso & Dick, 2014).  

Moreover, Wnt/B-catenin regulates the expression of Bmi-1 in colon cancer.   Expression of 

Bmi-1 correlates significantly with nuclear B- catenin (Yu et al., 2012).  Thus, the regulatory 

pathways in colonic cancer stem cells involve multiple steps and interactive signalling 

between several different molecular systems. 

 

2.3.7 miRNAs with identified signalling pathways and regulatory functions in colon cancer 

stem cells 

miRNAs and their target genes which have been reported as being involved in the 

regulation of colonic cancer stem cells are listed in table 2.3.  Their signalling pathways are 

shown in figure 2.7 and figure 2.8. 

miR-21 

miR-21 was the most investigated miRNA in colonic cancer stem cells.  In 2012, Yu 

et al. determined that miR-21 was upregulated in cancer stem cells in colon cancer cell lines 

(HCT-116 and HT-29) when compared to their parental cells (Yu et al., 2012).   Also, 

overexpression of miR-21 in colon cancer cells (HCT-116) increases the proportion of 

colonic cancer stem cells present (Yu et al., 2012).  Moreover, there is 60-80% increase in the 

self-renewal ability of colonic cancer stem cells following overexpression of miR-21 (Yu et 

al., 2012).  The authors identified Wnt/B-catenin as an important pathway for colonic cancer 

stem cells regulation and TGFBR2 (transforming growth factor, beta receptor II) as a direct 

target gene (Yu et al., 2012).  Down-regulation of TGFBR2 results in activation of Wnt/B-

catenin, TCF/LEF (T Cell-Specific Transcription Factor/ lymphoid enhancer-binding factor) 

and increases the expression of downstream target genes, c-Myc and cyclin-D1 (Yu et al., 

2012). 
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In 2013, Yu et al. showed that downregulation of miR-21 in colonic cancer cell lines 

(HCT-116 and HT-29) resulted in significant reduction of CD44 expression and induced the 

formation of colon spheres, along with a marked increase in cytokeratin 20 expression (a cell 

membrane marker of colorectal cancer) (Yu et al., 2013).  In addition, increased expression 

of cytokeratin 20 was accompanied by downregulation of TCF/LEF suggesting the role of 

Wnt/B-catenin signalling pathway in miR-21 mediated differentiation of colorectal cancer 

stem cells (Yu et al., 2013). 

 miR-21 and one of its target genes, PTEN (phosphatase and tensin homolog) are 

involved in the regulation of colon cancer stem cells (Roy et al., 2013).  Roy et al. reported a 

4-5 fold increase in the expression level of miR-21 in cancer stem cells derived from colon 

cancer cell lines (HCT-116 and HT 29) when compared with their parental cells (Roy et al., 

2013).  Also increased the level of miR-21 in colon spheres led to a reduction of PTEN 

expression.  This, in turn,, resulted in the activation of the AKT signalling pathway which 

may play an important role in the regulation of the tumorigenic properties of colonic cancer 

stem cells (Roy et al., 2013). 

miR-21 also regulates colon cancer stem cells by controlling the expression of miR-

145 (Yu et al., 2015).   Induction of proliferation or/and differentiation of cancer stem cells 

derived from a colon cancer cell line (HCT-116) was noted to be dependent on negative 

feedback regulation between miR-21 and miR-145 and mediated by the Ras signalling 

pathway (Yu et al., 2015).  Up-regulation of miR-21 was associated with downregulation of 

miR-145 in colon cancer stem cells.  Intact K-Ras in colon cancer cells was found to be 

necessary to regulate this process (Yu et al., 2015).    

miR-34a 

By performing real-time quantitative- PCR, Bu et al. showed downregulation of miR-

34a in colonic cancer stem cells (Bu et al., 2013).  Moreover, they showed that infection of 
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colon CSCs derived from fresh colon cancer tissue by a Lentivirus driving ectopic miR-34a 

expression led to the differentiation of cancer stem cells to non- cancer stem cells (Bu et al., 

2013).  The authors demonstrated that miR-34a regulates colonic cancer stem cell self-

renewal and tumour formation by targeting the Notch signalling pathway.  The pathway plays 

an essential role in symmetrical and asymmetrical cell division of stem cells (Bu et al., 2013).  

Siemens and colleagues reported that miR-34a inhibits stemness and colon sphere formation 

in a colon cancer cell line (DLD-1) (Siemens et al., 2013).  Furthermore, they reported that c-

Kit (v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog) is a direct target gene 

of miR-34a.  Up-regulation of c-kit leads to activation of several stemness markers in the 

colon cancer cell line they tested (Siemens et al., 2013). 

miR-449b 

 miR-449b regulates the stemness of colon cancer stem cells by targeting cell cycle 

genes.  miR-34a and miR-449 share the same seed sequence. However, they are divergent in 

sequence outside of that region (Gurtan & Sharp, 2013).  Fang et al. identified miR-449b as 

one of the most significantly downregulated miRNAs in colon cancer stem cells (CD133+ 

CD44+ SW116 cells) (Fang et al., 2013).  Furthermore, by performing a dual-luciferase 

assay, E2F3 (E2F transcription factor 3) and CCND1 (cyclin D1) were identified as direct 

target genes for this miRNA (Fang et al., 2013).  Fang and colleagues also identified 

increased levels of other downstream molecules like Rb, p53 and CDK4 (cyclin-dependent 

kinase 4) in cells with downregulated miR-449b (Fang et al., 2013).   

miR-215 

 miR-215 is involved in chemo-resistance and differentiation of colonic cancer stem 

cells.  It has been shown that miR-215 is upregulated in CD133+ HI/CD44+ HI colonic cancer 

stem cells derived from a cultured colon cancer cell line (HCT116,  wild-type-p53) when 

compared to non- cancer stem cells  (Song et al., 2010).  This elevation of miR-215 may 
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contribute to the decreased sensitivity of colonic cancer cells to antifolate and 

fluoropyrimidine-based chemotherapies (Song et al., 2010).  This is achieved by reducing the 

proliferation rate and causing cell cycle arrest mediated through suppression of DTL 

(denticleless E3 ubiquitin protein ligase homolog (Drosophila)).   It is worth noting that miR-

215 also downregulates the expression of DHFR (dihydrofolate reductase) and TS 

(Thymidylate synthetase) (Song et al., 2010).  In 2015, Jones and colleagues reported that 

miR-215 was downregulated 10-fold in CD24+/CD44+ cells derived from colon cancer cell 

lines (SW1222 and LS180) when compared to unsorted populations (Jones et al., 2015).  

Also,  miR-215 has been reported to promote differentiation of colon cancer stem cells by 

targeting BMI 1 and the transcription factor caudal-type homeobox 1gene (CDX1)  (Jones et 

al.,2015).  There have been reports that show variable data regarding the expression of miR-

215 on colon cancer stem cells.  Song et al. reported miR-215 was upregulated whereas Jones 

et al. reported that miR-215 was downregulated in these cells.  These 2 studies showed that 

miR-215 might act using different mechanisms in stem cells in colon cancer.  It is worth 

noting that the different cancer cell lines used in these studies may have contributed to the 

difference in the role of miR-215, a situation that is perhaps mediated through the effects of 

different gene mutations or gene expression patterns in these cells.   

 

miR-200a and miR-200c 

 Low expression levels of miR-200a and miR-200c have been found to enhance the 

stemness of colon cancer cells.  Pichler et al. demonstrated a significantly lower expression 

of miR-200a in spheroid growing colon cancer cells (HCT116)  when compared to adherent 

growing cells from the same line (Pichler et al., 2014).  Also, they identified the capacity of 

miR-200 to regulate the EMT pathway.  miR-200a is amongst the most significantly 

differentially expressed miRNAs between cells which exhibited a low E-cadherin expression 

and those with a high E- cadherin expression (Pichler et al., 2014).  Depletion or loss of miR-
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200c led to increased expression of stem cell markers (CD166 and CD133) and acquisition of 

stem cell characters in colon cancer cells lines (SW480 and HCT116)  (Lu et al., 2014).  

Moreover, there are 2 Sox2 transcription factor-binding sites within the miR-200c promoter 

region.  Overexpression of Sox2 was associated with a decrease of miR-200c expression (Lu 

et al., 2014).  Furthermore, miR-200c inhibits stemness by suppression of the expression of 

Sox2 which blocks the activity of P13K-AKT (Lu et al., 2014).  This indicates that miR-200c 

regulates Sox2 expression through a feedback loop (Lu et al., 2014).   

miR-27a and miR-27b 

 miR-27a is upregulated in colonic cancer stem cells  (Jahid et al., 2012). One of the 

target genes of miR-27a is FBXW7(F-box and WD repeat domain containing 7, E3 ubiquitin 

protein ligase).  Knockdown of this miRNA led to increased FBXW7 protein levels and 

decreased Myc, Jun (V-Jun Avian Sarcoma Virus 17 Oncogene) and Notch signalling (Jahid 

et al., 2012).  miR-27b was shown to be downregulated 2.77 fold in colonic cancer stem cells  

(CD133+ SW620 cells) when compared to CD133- SW620 cells (Ye et al., 2013).  Also, 

downregulation of miR-27b resulted in the formation of greater numbers of tumour spheres in 

these cells (Ye et al., 2013).  Moreover, miR-27b directly targets the VEGF-C (vascular 

endothelial growth factor C) gene and further affects the expression of other cancer related 

signalling pathways like Wnt and mitogen-activated protein kinase (MAPK) (Ye et al., 

2013).    

 

miR-23a 

 miR-23a regulates the migration and invasion of colonic cancer stem cells. High 

levels of miR-23a were identified in several cancer stem cell cells from colon cancer cell 

lines which were derived from freshly obtained colon cancer tissue (Jahid et al., 2012).  

Furthermore, it was shown that miR-23a expression enhanced migration of cancer stem cells 
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in colon cancer by directly targeting MTSS1 (metastasis suppressor 1).  Downregulation of 

MTSSI expression increases function of Src (v-src avian sarcoma (Schmidt-Ruppin A-2) viral 

oncogene homolog) and decreases the function of RHOB (ras homolog family member B).  

This results in filopodia extension and acquisition of migration and invasion phenotypes in 

colonic cancer stem cells (Jahid et al., 2012). 

miR-93 

 miR-93 is involved in the acquisition of stem cell properties during the development 

of cancer stem cells. Yu et al. reported that miR-93 was amongst the most significantly 

downregulated miRNAs in colon cancer stem cells derived from a cancer cell line (SW1116).   

Overexpression of miR-93 was found to significantly inhibit cell proliferation and colony 

formation of these same cancer stem cells (Ye et al., 2011).  In addition, the study identified 

HDAC8 and TLE4 (Transducin-like Enhancer of Split type 4) as the target genes of miR-93.  

Both genes were found to be upregulated in the colon cancer stem cells derived from 

SW1116 cells that were studied (Ye et al., 2011).  Furthermore, the authors hypothesized that 

TLE4 may be involved in colon cancer stem cell regulation by interaction with the Wnt, NF-

KB and Notch signalling pathways (Ye et al., 2011). 

miR-137 

 The tumour suppressor miR-137 inhibits the capacity for clonogenic growth of cancer 

cells and reduces the numbers of cancer stem cells in the colon cancer cell line HCT-116.  

Restoration of normal expression levels of miR-137 in HCT-116 cells resulted in reducing 

the amount of tumour sphere growth by approximately 52% (Smith et al., 2015).  In addition, 

miR-137 had an adverse regulatory effect on both the Wnt and Notch signalling pathways by 

directly targeting MSI1 (Musashi RNA-binding protein 1) suggesting a role in regulating the 

properties of colon cancer stem cell (Smith et al., 2015).  MSI1 has been recognised as an 
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important regulator of intestinal multi-potent stem cells (Rezza et al., 2010; Pasto et al., 

2014). 

miR-451 

 The expression of miR-451 inhibits the self -renewal and colony formation capability 

of colon cancer stem cells which lead to decreased resistance to the chemotherapeutic drug 

irinotecan (Bitarte et al., 2011).  Downregulation of miR-451 was detected in colon cancer 

cell lines growing in sphere configurations (DLD1, HT29, LS513 and SW620).  miR-451 

downregulation allows the expression of its target genes, in particular, macrophage migration 

inhibitory factor (MIF).  MIF, in turn, activates the indirect target gene COX-2 and 

eventually, this leads to Wnt activation (Bitarte et al., 2011).  Furthermore, downregulation of 

this miRNA in colon cancer stem cells was linked to resistance of this disease to treatment 

with irinotecan by deregulation of the ATP-binding cassette drug transporter (ABCB1) 

(Bitarte et al., 2011).   Thus, restoration of miR-451 in colon cancer spheres enhances 

sensitisation to this type of treatment by decreasing the expression of the ABCB1 target gene 

(Bitarte et al., 2011). 

miR-193a 

miR-193a was found to be involved in the early steps cellular transformation of 

colorectal cancer (Iliopoulos et al.,2011).  miR-193a expression inhibits tumorigenicity and 

invasiveness of colon cancer stem cell by directly targeting K-RAS and PLAU, respectively 

(Takahashi et al.,2014).   Iliopoulos et al. found that miR-193a was downregulated in colon 

cancer cell lines (HCT-116, and HT-29) and correlated inversely and significantly with K-

RAS and PLAU (Iliopoulos et al., 2011).   

 

miR-140 

 miR-140 has been reported to be involved in colon cancer stem cells by contributing 

to resistance to chemotherapy.  There is 4 fold higher expression of miR-140 in colon cancer 



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

64 
 

stem cells (derived from HCT116, wide type-p53) (Song et al., 2009).  Song and colleagues 

hypothesised that higher expression of this miRNA in these cells may contribute to their 

resistance to fluoropyrimidine-based compounds like 5-FU (Song et al., 2009).  The possible 

regulatory mechanism identified by Son et al. was regulation of cell-cycle gene expression 

such as P21 by targeting HDAC4 (histone deacetylase 4) (Song et al., 2009).   

miR-328 

 miR-328 plays a role in the regulation of the stem-like side population cells (SP) 

phenotype. Transfection of a miR-328 mimic into colon cancer cells (SW116) caused 

significant inhibition of the SP fraction (Xu et al., 2012).  Also, overexpression of miR-328 

increased the sensitivity of sorted SP cells from colon cancer cell lines (SW116 and SW480) 

to chemotherapeutic drugs (Xu et al., 2012).  Furthermore, downregulation of miR-328 

correlated inversely with ABCG2 (ATP-binding cassette, sub-family G (WHITE), member 2) 

and Matrix metalloproteinase 16 (MMP16) expression, suggesting their role as direct target 

genes of miR-328, which was further supported by a direct luciferase assay (Xu et al., 2012). 

miR-146a 

 miR-146a regulates colon cancer stem cell properties via the EMT process.  It was 

found that there is a high expression of miR-146a in cancer stem cells in colon cancer cell 

lines (HCT 15 and HT29) compared to their parental cells (Hwong et al., 2014).  The snail is 

one of the EMT inducers that initiate the expression of miR-146a through a beta-catenin-

TCF4 (transcription factor 4) complex.  The miRNA, in turn,, targets Numb to stabilie beta-

catenin and maintain Wnt and symmetrical cell division activity (Hwang et al., 2014). 

 

miR-203 

miR-203 was identified as stemness inhibitor in colon cancer stem cells. The level of 

miR-203 expression in colon cancer stem cells (CD44+ cells derived from HCT-15 and HCT-
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116 cell lines) was low, and it correlated inversely with the level of Snail expression (Ju et 

al., 2014).  In addition, there was an interaction between the EMT initiator (Snail) and the 

miR-203 promoter region's E-box elements.  These elements are located upstream of the 

transcription start site of miR-203 and are crucial for Snail-mediated repression of miR-203 

promoter activity (Ju et al., 2014).  Thus, the study suggests the role of miR-203 in colon 

cancer stem cells is through targeting EMT components. 

 

miRs-125a/b 

 miRs-125a/b were reported to be frequently downregulated in colon cancer stem cells 

(ALDH1-positive HT29 cell line) (Chen et al., 2013).  This downregulation correlates with 

resistance of colon cancer cells to paclitaxel therapy.  The chemotherapeutic resistance was 

reversed after transfection of these cells by miRs-125a/b (Chen et al., 2013).  Regarding their 

specific targets, miRs-125a/b target the expression of MCI1 (myeloid cell leukaemia 1) and 

ALDH1A3 (aldehyde dehydrogenase 1 family, member A3) genes, ultimately leading to 

inhibition of tumorigenicity and increased apoptosis (Chen et al., 2013).  
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 Table 2.3: miRNAs which regulate colonic cancer stem cells in different colonic cancer 

cell lines  

 

miRNAs cell line Target genes  Role in stem cells References 

 

miR-21 HCT 116, TGFBR2  Stemness inducer Yu et al.,2012 

  HT-29 

   

  HCT 116 PTEN   Increase  Roy et al., 2011 

  HT-29      tumorigenicity 

 

miR-34 a Fresh tissue NOTCH  Inhibition of self- Bu et al., 2013 

  CCSC1&               renewal and 

  CCSC2    tumorigenicity 

 

  DLD-1  c-Kit   Inhibits stemness Siemens et al., 

                                                                                                                         2013    
                        

miR-449b SW116 E2F3&CCND1 Stemness inhibitor Fang et al., 2013 

 

 

miR-215 HCT116  DTL, DHFR  Enhance quiescent Song et al., 2010 

(wt-p53)   &TS   state of stem cell 

     Chemoresistance   

        

  SW1222 & BMI -1   Promote  Jones et al., 2015

  LS180                differentiation    

         

 

miR-200a HCT116 -   Stemness  inhibitor Pichler et al.,2014 

                                                                                                                   

  

miR-200c SW480 & Sox-2   Stemness inhibitor Lu et al., 2014 

  HCT 116 

    

miR-27a CCSCs from FBXW7  Stemness inducer Jahid et al., 2012           

fresh tissue         

     

miR-27b SW620 VEGF-C  Enhances  Ye et al., 2013   

     tumorigenicity 

 

miR-23 a CCSCs from MTSSI   Enhances  Jahid et al.,2012

  fresh tissue    invasiveness    

           

 

miR-93 SW1116 HDAC8,TLE4  Inhibits  Yu et al., 2011 

      tumorigenicity    

   

miR-137 HCT-116 MSI1   Inhibit    Smith et al.,2015

     tumorigenicity   
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miR-451 DLD1  MIF   Inhibition of   Bitarte et al.,2011

  ABCB   self-renewal,    

     increase 

       chemosensitivity 

 

miR-193a  HCT-116& KRAS   inhibition of  Takahashi et.,2014 

  HT-29  PLAU   tumorigenicity  

and invasiveness  

             

miR-140 HC T116 HDAC4  Enhances quiescent Song et al.,2009 

  (wt-p53)    state of stem cells   

       Chemoresistance 

    

 

    

miR-328 SW116& ABCG2&MMP16 Inhibition of  Xu et al.,2012 

     self-renewal,   

 SW480    Increase    

     chemosensitivity  

 

miR-146a HCT 15 & Numb   Stemness inducer Hwang et al.,2014  

            HT29         

 

miR-203 HCT-15 & -   stemness inhibitor Ju et al.,2014 

 HCT 116         

          

        

miR-125a/b HT29  MCI1   Inhibits  Chen et al.,2013

     tumorigenicity &  

enhances    

 chemosensitivity  

----------------------------------------------------------------------------------------------------------------   

CCSC: colon cancer stem cells 
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Figure 2.7: The most common signalling pathways in colon cancer stem cells - regulated 

miRNAs. The figure shows that miRNAs regulate colon cancer stem cells mainly via Wnt, 

Notch, EMT and cell cycle signalling pathways.  miR-93 and miR-137 act via both Wnt and 

Notch signalling pathways.  miR-21, miR-27b and miR-451 act through Wnt signalling.  

miR-34a act via Notch signalling pathways.  miR-215, miR-140 and miR-449b exert their 

regulatory roles via modulation of cell cycle genes. miR-200a, miR-203 and miR-146a act 

via EMT signalling pathways. 
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Figure 2.8: The less common signalling pathways in colon cancer stem cells - regulated 

miRNAs. The figure shows that miRNAs regulate the colonic cancer stem cell properties by 

targeting other signalling pathways.  miR-21 and miR-200c regulate the stemness features of 

colon cancer by targeting the AKT signalling pathway.  miR-27a targets Myc, miR-23a acts 

via the MTSS1-RHO signalling pathway.  miR-215 acts through the BMI 1 signalling 

pathway.  miR-27b interacts with the MAPK signalling pathway.  miR-93 acts by targeting 

NF-KB signalling pathway.  miR- functions through ABCG2 signalling.  miR-125a and miR- 

125b target the MCL and ALDH signalling pathways.  miR-34a acts via C kit-Erk signalling 

pathway.   
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The common microRNAs which are involved in other types of CSCs via specific 

signalling pathways are summarized in table 2.4. 

Table 2.4: Common MicroRNAs in CSCs regulatory pathways 

Types of MiRs Regulatory 

pathway 

Type of CSCs References 

miR-34 

 

miR-200 

Notch Pancreatic  

 

Pancreatic  

Ji et al., 2009 

 

(Wang et al., 

2011) 

miR-17-92 

 

miR-941, miR-

324-5p, miR-326, 

miR-125b 

 

miR-326 

 

Hedgehog 

 

 

Medulloblastoma  

 

Glioma  

 

 

 

Leukaemia 

Uziel et al., 2009) 

 

Liu et al., 2014 

 

 

 

Babashah et al., 

2013 

miR-320 

 

miR-15a, miR-16-

1 

 

miR-612 

Wnt/B-catenin Prostatic  

 

prostatic  

 

 

Liver  

Hsieh et al., 2012 

 

Bonci et al., 2008 

 

 

Tang et al., 2014 

miR-128 

 

 

miR-200c 

Bmi-1 Glioma  

 

 

Breast  

Godlewski et 

al.,(2008) 

 

Shimono et 

al.,2009 

miR-363, 

miR582-5p 

miR-15a, miR-16-

1  

Bcl-2 Glioblastoma 

 

Leukaemia  

Floyd et al.,2014 

 

Desano& Xu, 

2009 

miR-34 

Let-7 

HMGA2 Gastric  

Breast  

Ji et al., 2008 

Yu et al., 2007; 

Zhao et al., 2011 
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2.3.8 Regulatory roles of miRNAs in epithelial-mesenchymal transition and acquisition of 

cancer stem cell properties 

Several studies started to illustrate the relationship amongst the miRNAs, EMT and 

CSCs in some types of cancer including CRC.  EMT can be defined as a complex program by 

which epithelial cells shed their differentiated characteristics and acquire instead 

mesenchymal features, including motility, invasiveness and a heightened resistance to 

apoptosis. The role of Epithelial Mesenchymal Transition (EMT) in tumour progression, 

invasiveness and therapeutic failure extends to include its ability to create cells with stem like 

properties from more differentiated tumour cells (Qiao et al., 2012).  Some EMT TFs 

(transcription factors) have been found to regulate cancer stem cell stemness.  For example, 

forced expression of SNAIL or TWIST converted human mammary epithelial cells from a 

differentiated phenotype to breast cancer stem cell phenotype (Kong et al., 2011).  In 

addition, some studies found that Slug stabilizes Sox9 and thereby promotes the expansion of 

CSCs (Kong et al., 2011).   The whole marks for EMT include loss of cell polarity, loss of 

cell adhesion, ability to invade, low level of E-Cadherin and High level of N-Cadherin 

(Lamouille et al., 2014). 

The role of non-coding RNAs in EMT has been identified by demonstration the 

crucial regulatory functions of several miRNAs in this complex program (Figure 2.9).  miR-

200 family (miR-200a, miR-200b, miR-200c, miR-141, and miR-429) and miR-205 are the 

first robust discovered regulatory miRNAs of EMT (Gregory et al., 2008).  Expression of 

miR-200 family associated strongly with epithelial differentiation.  Also, there is a reciprocal 

feedback loop between these microRNAs and the transcriptional factors Zinc finger E-box 

binding family (ZEB); transcription factors of this program (DeCraene &Berx, 2013). miR-

200 family targeting E-cadherin (CDH1) and vimentin (VIM) of EMT component during the 

regulatory process (Park et al.,2008). Moreover, miR-34 family member directly controls 
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Snail 1(SNAI1)-dependent EMT (Kim et al., 2011; Siemens et al., 2011).  Also, miR-23a 

participates in FasL (Fas ligand) -induced EMT process by inhibiting E-Cadherin (Zheng et 

al., 2014). 

miR-21 proposed to regulate the EMT and CSCs in breast cancer; the study shows 

that depletion of miR-21 lead to decrease CSCs numbers by targeting PTEN (Han et al., 

2012).  miR-106-25 cluster was identified as a potential regulator of EMT by targeting Smad 

7 in breast cancer which ultimately leads to initiate cells with stem cell characteristic (Smith 

et al., 2012).  Let 7d negatively regulate the EMT by targeting Twist and Snail in human oral 

squamous cell carcinoma, therefore, downregulation of this microRNA will enhance cancer 

invasiveness and resistance to chemotherapy (Chang et al., 2011). To maintain a proper 

number of stem cells that are required to ensure self-renewal of normal stem cells, 

Asymmetrical cell division (ACD) is necessary and this achieved by several EMT inducers 

(Hwang et al., 2014). 

 In colonic cancer, Snail which is considered as an inducer of EMT is responsible for 

shifting the  ACD to symmetrical cell division (SCD) and acquisition of colon CSCs 

characters (Hwang et al., 2014).  Snail initiates the expression of miR-146a through B-

catenin-TCF4 (transcription factor 4) complex, this miRNA in turn targets Numb to stabilise 

B-catenin and maintain Wnt and SCD activity (Hwang et al., 2014).  Add to that, the level of 

Snail expression in CD44+ cells of human colonic cancer HCT-15 and HCT-116 is high, and 

it correlates inversely with the level of miR-203 (Ju et al., 2014).  In the same study, the 

authors express the mechanism of regulation EMT which is dependent on the interaction of 

EMT initiator with the miR-203 promoter region (Ju et al., 2014). Snail suppressed the 

activity of the miR-203 promoter.  In addition to that, E-box elements which are located 

upstream of the transcription start site of miR-203 are crucial for Snail-mediated repression 

of miR-203 promoter activity (Ju et al., 2014).  Deregulation of miRNAs expressions plays a 
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role in initiating and maintaining the stemness features through EMT process by involving 

several regulatory signals. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Role of microRNAs in EMT. There are a reciprocal regulatory function between 

miRNAs and EMT inducers.   miRNAs can regulate different EMT  signalling pathways.   In 

turn, EMT inducers can modulate the function of these genetic molecules (miRNAs) which 

again regulate the EMT signalling path ways. 
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There are reciprocal regulatory function between 

microRNAs and EMT inducers, microRNAs can 

regulate different EMT signaling pathways, in turn 

EMT inducers can modulate the function of these 

genetic molecules which are again regulate the 

controlling signals.  
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2.3.9 Possible clinical and therapeutical applications 

 Despite the advances in the management of patients with colorectal cancer through 

the use of molecular biomarkers and novel targeted therapies, metastatic colorectal cancer 

remains difficult to treat (Ung et al., 2014).  Cancer stem cells are believed to be responsible 

for cancer initiation, propagation and chemotherapeutic resistance, making them important 

targets for improving the management of colorectal cancer patients.   Development of 

antibodies against specific glycans on colon cancer stem cells conjugated to liposomes 

carrying a variety of therapeutic molecules could be a potential mean of treatment of 

chemoresistant cancers (Garofalo & Croce, 2015).  Liposome delivered molecules, or other 

treatments could be designed to target miRNAs specific to cancer stem cells without affecting 

the normal stem cells in the vicinity.  One of the most promising approaches is the cell-based 

delivery of miRNAs or miRNA inhibitors.   Along these lines, there have been advances in 

nanotechnology that can allow RNA delivery through self-assembled nanoparticles (Choi et 

al., 2014).   In addition to the direct targeting of miRNAs as therapeutic molecules, miRNAs 

related to cancer stem cell could be used as biomarkers in clinical practice for prediction of 

cancer recurrence, resistant to chemo-radiation therapy and prognosis in patients with 

colorectal cancer.  Use of miRNAs as biomarkers may enable the more efficient provision of 

treatments already available, which can lead to improvement in patient outcomes until 

molecularly targeted therapies can be thoroughly trialled. 
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2.3.10 Conclusion  

Thus, miRNAs regulate the stemness features of colon CSCs by targeting different 

signalling pathways.   Stem cell properties are mainly governed by Wnt and Notch signalling 

pathways.  Even though many miRNAs have been reported to be deregulated in colon CSCs, 

the function and the regulatory pathways for several miRNAs are still unclear.  The most 

frequently reported miRNAs to have roles in regulating colon cancer stem cells were miR-21 

and miR-34a via Wnt/B-catenin and Notch/C-kit-Erk pathways respectively.   Moreover, 

miRNAs such as miR-200a, miR-146a and miR-203 were shown to be involved in colon 

CSC regulation via EMT signalling pathways.   Modifications of cell cycle genes and 

PI3K/AKT are the other most often noted pathways which are targeted by miRNAs to 

achieve regulatory functions in colon CSCs.  A better understanding of the mechanisms of 

interaction of microRNAs with signalling systems in colon cancer stem cells will aid in 

determining the genes responsible for progression and metastasis of this disease.  Such 

research will assist in development of new targeted therapies as cancer stem cells are 

involved in cancer metastasis and resistance to different chemotherapeutic treatment, making 

them the source of the significant difficulties in treatment success at present.  
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2.4 miR-451 

2.4.1 Introduction to miR-451 

The miR-451 is located on chromosome 17 at 17q11.2 of the human genome (Figure 

2.10) (Gene ID: 574411). Many studies have established that miR-451 is widely dysregulated 

in different types of malignancies (Bandres et al., 2009; Yin et al., 2014; Lv et al., 2014).  

 

 

Figure 2.10: Chromosomal location of miR-451 (Gene Card, 2015).  The figure shows 

that miR-451 is located on 17 q11.2 of human genom.  The location was marked in red 

colour. 

2.4.2 Role of miR-451 in stem cells 

There is growing evidence supporting the role of miR-451 in cancer stem cell.  For 

example, miR-451 expresses at a lower level in CD133+ glioma cancer stem cells when 

compared to CD133- non-stem cells in this type of cancer (Gal et al., 2008).  Transfection of 

glioblastoma stem cells with miR-451 mimics results in minimising the size of glioblastoma 

neurospheres (Gal et al., 2008).  miR-451 targets the LKB1/AMPK pathway and sensitises 

glioma cancer stem cells to glucose deprivation.  Moreover, miR-451 is suggesting is one of 

the several miRNAs that downregulated to maintain the self-renewal capacity of BASCs 

(bronchoalveolar stem cells) which ultimately lead to initiate cancer stem cell of lung cancer 

(Qian et al., 2008). Furthermore, expression of miR-451 caused a decline in self-renewal, 

tumorigenicity, and chemoresistance to irinotecan in colon spheres (Bitarte et al., 2011). 
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In normal stem cells, Dore et al. validate that miR-451 is activated by erythroid 

transcription factor (Gata-1) when erythroid progenitors begin to differentiate into red blood 

cells (Dore et al., 2008).  In both zebrafish and mouse, loss of function studies revealed that 

miR-451 is required for erythrocyte maturation (Dore et al., 2008; Rasmussen et al., 2010).  

Importantly, miR-451directly targets several vital cytokines regulators in hematopoietic stem 

cells during erythroid differentiation (Patrick et al., 2010; Yu et al., 2010). 

2.4.3 Role of miR-451 in cancers 

miR-451 has been suggested mostly as a tumour suppresser gene in different kinds of 

cancers; table 2.5 summarises most of the studies regarding this type of miRNAs in a 

different type of cancers.  
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Table 2.5: The roles of miR-451 in different types of cancers 

Author/Year/ Country Cancer type  Sample/Number  Key findings   

…………………………………………………………………………………………………………………………………………………… 

   

Bandres / 2009/Spain  Gastric and CR cells/human tissue  Downregulation of miR-451associated with worse prognosis 

     (45 patients with gastric of gastric cancer. miR-451 increase sensitivity to radiotherapy 

     Cancer and 12 patients and decrease proliferation in both gastric and colorectal cancer 

     with colorectal cancer. by targeting MIF. 

     One gastric cell line and 

     One CR cancer cell line)    

  

Bitarte /2011/Spain  CR   4 cell lines   inhibition of CSC self-renewal, increase chemo sensitivity by 

         targeting MIF and ABCB. 

 

 

Wang/2011/China  Lung   cell lines/human tissue Downregulation of miR-451 correlated significantly with 

      and mice   tumour differentiation, stage of disease and survival. miR-451 

     (23 patients and 3 cell  suppress proliferation and increase apoptosis   

     Lines)    by targeting RAB14. 

       .       

        

   

 

Liu/2013/China  nasopharyngeal human tissue/cell lines Downregulation of miR-451 associated with poor survival. 

      and mice   miR-451 suppress invasion and inhibits tumour growth by 

      (300 patients and one cell targeting MIF. 

      Line) 
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Li/2013/China   CR   one cell line   Decrease proliferation by targeting P13K/AKT pathway. 

 

 

Zeng/2014/China  Bladder  human tissue/cell lines Downregulation of miR-451 correlated with cancer 

      (40 patients and 3 cell  differentiation, stage of disease. miR--451 inhibit 

      lines)    proliferation, invasion and EMT.    

  

Chen/2014/China  Lung   human tissue/cell lines a potential predictive biomarker for chemo resistance 

     and mice (30 patients  in lung adenocarcinoma. miR-451 reverse EMT to MET 

      and two cell lines)  by targeting c-Myc.       

 

Takei/2014/Japan  lymphoma  BM    Downregulation of miR-451 associated with cancer invasion.

     (5 patients)   

         

 

Xu / 2014/China  Osteosarcoma  human tissue/cell lines 

(10 patients and 3 cell lines) Decrease cell proliferation, arrest the cell cycle at G1 and 

induce apoptosis by targeting PGE2, and CCND1 

 

Zhang/2014/China  nasopharyngeal two cell lines   miR451 increase radiosensativity via increasing apoptosis 

         by targeting RAB14.      

           

           

 

Gits/2014/ Netherlands liposarcoma  human tissue/cell lines Differentiate liposarcoma subtypes, induce apoptosis. 

      (57 patients and two cell 

        lines)  
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Zhang/2015/China  Osteosarcoma  human tissue/cell lines Downregulation of miR451 correlate significantly with 

      (68 patients and two  metastasis and recurrence of tumour. miR-451 suppress 

      cell lines)   proliferation and invasion by targeting CXCL16. 

 

Li/2015/China   CR   human tissue/cell lines Downregulation of miR451 correlated significantly   

     and mice (46 patients,  with stage of cancer. miR-451 inhibits proliferation, 

      two cell lines)   promote apoptosis by targeting Ywhaz. 

 

Huang/2015/China  Liver   human tissue/cell lines Downregulation of miR451 significantly correlated with 

      and mice (108 patients advance stages and poor survival. miR-451 inhibit EMT and   

      and four cell lines)  metastasis by targeting c-Myc. 

 

Yin/2015   Lung   one cell line   Suppress tumour invasion by targeting PSMB8 and NOS2.  

  

 

Liu/2016/China  liver   two cell lines   Inhibit angiogenesis, proliferation and invasion by targeting 

          IL-6.   

 

Zhu/2016/China  Kidney   human tissue/cell lines Downregulation of miR451 associated with poor survival. 

     (51 patients and five  miR451 inhabits proliferation and induces apoptosis by  

      cell lines)   targeting PSMB8. 

   

Liu/2016/China  Brain   human tissue/cell lines Induce G1 arrest of neuroblastoma cell cycle, inhibit  

       (37 patients and two cell proliferation and enhance apoptosis by targeting MIF. 

       cell lines) 

 

Cheng/2016/China  Lung   one ell line/mice  enhance chemo sensitivity in chemo resistant lung cancer.  

                    

 

You/2017/China  Gastric   human tissue/cell lines Inhibit metastasis and epithelial- mesenchymal transition  

        (20 patients/one cell line) by targeting ERK2.     
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Soltani/2017/ Tunisia  leukaemia  Blood    decrease chemo resistance by targeting MYC. 

       (59 patients)  

 

Goto/2017/ Japan   Lung   human tissue/cell lines Downregulation of miR-451 correlates significantly with 

(370 patients and five stage, grade, squamous cell carcinoma type, poor survival and 

cell lines) smooking status of the patients. miR451 inhibits proliferation  

            and cell migration by targeting MIF. 

 

Liu/2017/China  Osteosarcoma  human tissue/cell lines miR-451 inhibits proliferation, migration, angiogenesis and    

       and mice (eight patients promote apoptosis by targeting MIF.  

       and two cell lies) 

 

Mamoori/2017/Australia CR   human tissue (70 patients) Downregulation of miR-451correlated significantly with 

           co-existing adenoma and recurrence of the tumour.  

           miR-451 correlated inversely with MIF expression. 

 

      

Current study   CR   two cell lines   miR-451 enhance apoptosis, decrease proliferation,  

           cell migration and inhabit cancer stemness by targeting MIF 

           and there by SOX2, OCT4 and SNAI1.     

…………………………………………………………………………………………………………………………………………………….. 

CR: Colorectal, CSC: Cancer Stem Cell, BM: Bone Marrow, ABCB: ATP-binding cassette drug transporter, RAB 14: Ras-related protein14, 

PGE2: Prostaglandin E Receptor 2, CCND1: Cyclin D1, IL-6: Interleukin 6, ERK2: Extracellular Signal-Regulated Kinase 2, CXCL16:     

chemokine ligand 16, Ywhaz : Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta , MET: mesenchymal-

epithelial transition, PSMB8: proteasome subunit beta type-8, NOS2: Nitric Oxide Synthase 2
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2.4.4 Factors controlling the expression pattern of miR-451 in cancer 

DNA hypermethylation 

miR-451 is downregulated significantly in different types of cancers.  Also, it is 

reported mostly as a tumour suppressor gene in most types of cancers (Yin et al., 2015; Lv et 

al., 2014; Bandres et al., 2009).  These findings raise the possibility of its silencing by DNA 

hypermethylation and or histone modification.  In 2011, Wang and his colleagues reported 

that the expression of miR-451 was significantly increased in non-small cell lung cancer after 

treatment with 5-aza-2ʹ-deoxycytidine, sodium phenylbutyrate, or both agents (Wang et al., 

2011).  However, the human genome did not show any CPG islands within the region of 2 kb 

upstream of the miR-451 transcription site (Pan et al., 2013).  This may discuss the 

possibility of finding the CPG rich islands region in upstream (more than 2 kb) of the miR-

451 promoter region (Pan et al., 2013).  Thus, the role of hypermethylation in regulation 

miR451 still need to further investigation to know the exact mechanism of action and to 

confirm the CPG region in the miR-451 promoter region.  

E2a (Transcription Factor 3) 

This gene encodes a member of the E protein (class I) family of helix-loop-helix transcription 

factors which activate transcription by binding to E-box sequences on target genes (Massari 

et al., 2000).   miR-451 was suggested to be a direct target of the tumour suppressor, E2a in 

acute lymphocytic leukaemia (Li et al.,2011).  The authors found that repression of miR-451 

by degradation of E2a is essential for NOTCH-driven oncogenesis in T-lineage acute 

lymphocytic leukaemia (Li et al., 2011).  
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Myc  

c-Myc is a regulator gene; the protein encoded by this gene plays a role in cell cycle 

progression, apoptosis and cellular transformation.  Liu et al. demonstrate that c Myc 

mediates downregulation of miR-144/451(Liu et al., 2012).  They reveal that there were two 

c-Myc-binding sites located in the 1,000-bp promoter region of pre-miR-144 which mediated 

downregulation of miR-144/451(Liu et al., 2012).   

PAX 4(Paired box gene 4) 

PAX4 is a family member of transcription factors that contain a paired box domain.  These 

genes play critical roles in fetal development and cancer growth.  PAX4 was identified as a 

direct regulator of miR-451 expression and essential factor which downregulate the 

expression of this miRNA in non-small cell lung cancer and breast cancer (Zhang et al., 

2015).  By using Chip assays followed by real-time PCR, the authors demonstrated that 

PAX4 protein could form a complex with the predicted motif of the miR-144/451 promoter 

region in non-small cell lung cancer and breast cancer (Zhang et al., 2015).  These findings 

further confirmed by luciferase assay (Zhang et al., 2015).  

RUNX1 (Runt Related Transcription Factor) 

RUNX1 is a transcription factor, also known as AML1 (Acute Myeloid Keukemia1).  This 

factor plays essential roles in human haematopoiesis and its mutations related to the 

development of acute myeloid leukaemia in human (Ichikawa et al., 2012).  A recent study 

by Kohrs et al. showed that miR-451 was repressed by RUNX in acute myeloid leukaemia; 

upregulation of miR-451 was obtained by knockdown of RUNX1 in myeloid leukaemia cell 

line (kasumi1 cell line) (Kohrs et al.2016).  Moreover, increase the expression of miR451 
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was obtained in a sample of the patients with acute myeloid leukaemia after degradation of 

RUNX1 (Kohrs et al.2016).   

2.4.5 Role of miR-451 in modulating the sensitivity of cancer to treatment 

miR-451 was reported to enhance the sensitivity of several cancer types to treat.  For 

example, miR-451 can increase the sensitivity of non-small cell lung cancer to cisplatin (Bian 

et al., 2011).  The authors reported that upregulation of miR451 increases the sensitivity of 

A549 cell line to cisplatin by enhancing caspase-3-dependent apoptosis via the inactivation of 

Akt signalling pathway (Bian et al., 2011).  Also, increase the expression of miR-451 in 

MCF-7 (breast cancer cell line) leads to sensitise these cells to doxorubicin by targeting mdr1 

gene (multidrug resistance 1 gene) expression (Kovalchuk et al., 2008).  Moreover, Bitrate et 

al. 2011 found that ABCB1 play a role in resistance of colorectal cancer cell lines to 

irinotecan and miR-451 can inhibit the expression of ABCB gene resulting in sensitising the 

cells to this chemotherapeutic drug (Bitarte et al., 2011).   Also, the authors reported that the 

colorectal cancer patients with high level of miR-451 respond to the irinotecan treatment 

when compared to those with a low level of miR-451 (Bitarte et al., 2011).   Furthermore, 

Bandres and his colleagues reported that miR-451 could sensitize the colorectal and gastric 

cancer cells to the radiotherapy (Bandres et al., 2009).  The authors demonstrated a 

significant decrease in proliferation and colony formation abilities of colorectal and gastric 

cancer cell lines transfected with miR-451 precursor when compared to non-transfected cells 

(Bandres et al., 2009).   
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2.5 miR-193a 

 

2.5.1 Introduction to miR-193a  

The miR-193a is a member of the miR-193 family, which also consist of miR-193b 

and miR-193c, is located on chromosome 17 at 17q11.2 of the human genome (Gene ID: 

406968) (Landgraf et al., 2007).  Based on the arm selection, miR-193a can be subdivided 

into miR-193a-3p and miR-193a-5p.  This point is significant as recent research show that 

some 3p and 5p species of microRNAs can express differently and can target different genes 

in different types of cancers or even in the same type of cancer (Choo et al., 2014; Huang et 

al., 2014) 

Although miR-193a and miR-193b are related miRNAs that share 18 of 22 

nucleotides and possess the identical 8-nucleotide seed sequence, they are encoded by 

different genes located on different chromosomes (Iliopoulos et al., 2011) (Figure 2.11 and 

Figure 2.12).  miR-193c differs from miR-193b by one nucleotide at position 21 and it is 

shorter than miR-193b (Wang et al.,2008) (Figure 2.13).   
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Figure 2.11: The nucleotides sequences of miR-193a and miR-193b. The figure shows that 

both miRNAs share the 18 nucleotides sequence as illustrated by red colour and have the 

same seed sequence as shown between two brackets. 

 

                   
 

 

 

 

 

 
 

 

 

 

         
 
Figure 2.12: genetic location map of human miR-193 family.  The figure shows that miR-

193a (A) located on chromosome 17 while miR-193b located on chromosome 16. 
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Figure 2.13: The nucleotides sequences of miR-193b and miR-193c. The figure shows that 

both miRNAs share the 20 nucleotides sequence as illustrated by red colour and miR-193c 

smaller than miR-193b 

 

 

Inhibitory role of miR-193a has been identified in many types of cancers.  miR-193a 

acts as a tumour suppressor gene in leukaemia (Gao et al., 2011; Li et al., 2013; Fu et 

al.,2015; Xing et al.,2015), lung cancer (Deng et al.,2015; Liang et al.,2015; Yu et al.,2015; 

Wang et al.,2013; Heller et al.,2012; Yang et al.,2010) and breast carcinomas (Pillai et 

al.,2014).  miR-193a aberrantly silenced by DNA hypermethylation which leads to inhibiting 

its protective role and enhancing cancer development (Lopez-Serra & Esteller 2012; Gao et 

al.,2011; Kozaki et al., 2008).  In contrast, miR- 193a is reported to have oncogenic effect in 

other types of cancers like prostatic adenocarcinoma (Walter et al., 2013) and colorectal 

adenocarcinomas (Yong et al., 2013).   The following subsections have critically reviewed 

the different roles of miR-193a and its regulatory factors in human cancers.  

 

2.5.2 The roles of miR-193a in development of the cancers 

miR-193a often acts as a tumour suppressor in the development of cancer (Table 2.6). 

In leukaemia, miR-193a has been involved in the pathogenesis of leukaemia by targeting c-kit 

gene (V-Kit Hardy-Zuckerman 4 Feline Sarcoma Viral Oncogene) (Gao et al., 2011).  It is 
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understood that the c-kit protein is overexpressed in approximately 80% of the acute myeloid 

leukaemia cases (Gao et al., 2015).  The upregulation of miR-193a blocks the cell cycle 

progression in myeloid leukaemia by targeting several genes involved like AML1 (Acute 

myeloid leukaemia 1), ETO (Eight twenty-one), KIT, CCDDN1 (Cyclin D1) and MDM2 

(Mouse double minute 2 homolog) (Li et al., 2013).   

The tumour suppressor role of miR-193a was noted in malignant pleural 

mesothelioma (Williams et al., 2015).  Transfections of malignant pleural mesothelioma cell 

lines with miR-193a-3p and miR-193a-5p have proliferation inhibitory effect; miR-193a-5p 

has less inhibitory role than miR-193a-3p (Williams et al., 2015).  This may indicate that 

miR-193a-3p has more tumour suppressor properties than miR-193a-5p in this type of a 

tumour and may be in other types which need to further investigation.   Also, delivery of 

miR-193a-3p mimic inhabits malignant pleural mesothelioma xenograft tumour growth with 

an increase in apoptosis which is determined by terminal deoxynucleotidyl transferase dUTP 

nick end labelling assay (Williams et al., 2015).   

In lung carcinomas, significant downregulation of miR-193a-3p has been reported in a 

large cohort of the patients with non-small cell lung carcinoma (NSCLC) when compared to 

match non-neoplastic tissue (Ren et al., 2015).  The authors reported that miR-193a-3p 

targets AEG-1 (astrocyte elevated gene-1) in NSCLC (Ren et al., 2015).  Expression of AEG-

1plays important role in the carcinogenesis of NSCLC and could inhibit the apoptosis by 

enhancing the level of anti-apoptotic protein Bcl-2 (Ke et al., 2013).  Another study showed 

that overexpression of miR-193a-3P inhibits the proliferation and enhances the apoptosis in 

several NSCLC cell lines (Wang et al., 2013). 

In breast carcinoma, tumour suppressor role of miR-193a had been proven (Iliopoulos 

et al., 2011; Noh et al., 2011; Uhlmann et al., 2012; Tahiri et al., 2014; Pillai et al.,2014).  

miR-193a-3p has a significant effect on several proteins controlling G1/S phase transition of 
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the cell cycle in breast carcinoma cell lines (MDA-MB-231 and MCF) by targeting JNK1 

(Jun N-terminal kinases1), a cytosolic kinase member of mitogen-activated protein kinase 

(MAPK) (Uhlmann et al.,2012).  High expression of JNK1 was reported in many cancers 

(Bubici et al., 2014).  Furthermore, miR-193a-3p co-operates with miR-9-5p to target 

multiple genes involved in oestrogen receptor (ER) signalling pathway in breast cancers 

(Pillai et al., 2014).  miR-193a-5p also reported having important role in the regulation HER2 

(human epidermal growth factor 2) in breast cancer (Leivonen et al.,2014).  Tahiri and his 

colleagues showed that miR-193a-3p has downregulated in both tissues samples from breast 

carcinomas and core needle biopsies from benign tumours of fibroadenomas and 

fibroadenomatosis (Tahiri et al., 2014).  By doing miRNA microarrays followed by 

Quantitative Real-Time PCR; Tahiri et al. showed that this miRNA similarly deregulated in 

both benign and malignant tumours of the breast. Also, restoration the level of miR-193a-3p 

by transfection the breast cancer cell lines confirmed the growth inhibitory properties of this 

miRNA (Tahiri et al., 2014). 

 Studies using both in vivo and in vitro analysis have shown that miR-193a has a 

significant role in the development of hepatocellular carcinoma.  Salvi et al. found that the 

transfection of hepatocellular carcinoma cell lines (HA22T/VGH) with pre-miR-193a 

resulted in inhibiting the tumour growth by targeting UPA (Urokinase, Plasminogen 

Activator) (Salvi et al., 2013).  It is noteworthy that high UPA level plays important roles in 

tumour progression and metastasis.  By using qRT-PCR, significant downregulation of miR-

193a-3p was noted in 95 hepatocellular carcinoma tissues when compared with their 

corresponding non-neoplastic tissue of the same patient (Liu et al., 2015).   

 Iliopoulos et al. showed that miR-193a functions as a tumour suppressor gene in 

HCT-29 and HCT-116 colon cancer cell lines (Iliopoulos et al., 2011).  Also, miR-193a-3p 

showed inhibitory role in a glioblastoma cell line (U-87) by targeting JNK1 and MCL-1 genes 
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as well as in glioblastoma U-251 cell line by targeting MCL-1 (Uhlmann et al.,2012; Kwon et 

al.,2013).     

In the female genital tract, miR-193a-3p was reported to induce apoptotic cell death in 

an A2780 cell line of ovarian cancer by targeting an apoptotic protein from BCL2 family 

gene, myeloid leukaemia cell differentiation protein-1 (Mcl-1) (Nakano et al., 2013).  Also, 

downregulation of miR-193a-5p increases the expression of a YY1 oncogene (Yin Yang 1), 

and epigenetically silences the APC (adenomatous polyposis coli) gene in endometrial 

adenocarcinoma (Yang et al., 2013).  The decline of APC gene expression results in 

activation of downstream target genes which are increasing the cell proliferation and 

migration. Ultimately, the processes are contributing to the endometrial adenocarcinoma 

development (Yang et al., 2013).  The authors confirm the miR-193a-5P downregulation in 

tissue samples of 122 primary endometrial adenocarcinomas and injection of miR-193a-5p 

oligos into endometrial adenocarcinoma xenograft tumour significantly inhibits the cancer 

growth by downregulation of YY1gene expression (Yang et al., 2013).   

  miR-193a also has oncogenic properties in cancers (Table 2.7).  miR-193a-3p was 

significantly upregulated in both tissues and blood samples of patients with colorectal 

adenocarcinoma (Yong et al.,2013).  The authors did miRNAs microarray in 30 tissues 

(matched cancer and non-cancerous tissues) and blood samples from 42 patients.  Then, 

validation of these results by RT-PCR in other sets of both tissue and blood samples were 

done (Yong et al., 2013).   

 miR-193a-3p was noted to be one of the most upregulated miRNAs in response to 

hypoxia in U-87 malignant glioma cell line and tissue samples of 30 patients (Agrawal et al., 

2014).  The authors demonstrate these finding by using next-generation sequencing, miRNA 

microarray and quantitative RT-PCR (Agrawal et al., 2014).  The results also showed that the 
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expression of miR-193a-3p is HIF-1(Hypoxia-inducible factor 1) dependent (Agrawal et al., 

2014). 

By using RT2 PCR arrays, miR-193a-5P also showed a significant upregulation in 

prostate adenocarcinoma tissues compared to non-neoplastic tissue (Walter et al., 2013). 
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Table 2.6: Studies which report miR-193a as a tumour suppressor gene 

 

Author/  miR  type of  type of  Cell Type of Target 

year    Cancer study  Lines in vivo  genes  

................................................................................................................................................ 

Wang/  193a-3P NSCL  in vitro  NCI-H  ........  ...........  

2013        1993/    

        NCI-H  

1915/ 

        A427/ 

NCI-H 

2073 

   

Liang/  193a-3P NSCL  in vitro  A549, human tissue, ERBB4 

2015      in vivo  HCC mouse  

        827, 

        H1975     

      

   

Yu/   193a-3P NSCL  in vitro  SPC- human tissue ERBB4, 

2015      in vivo  A-1SCI  S6K2 

        SPC-A-1   

     

Ren/   193a-3P NSCL  in vivo  ....... human tissues  AEG-1 

2015 

 

Williams 193a-3P Malignant in vivo  MSTO human tissues MCL-1 

/2015    193a-5P mesothelioma in vitro  -H211 

 

Iliopoulos 193a  Colorectal in vivo  HCT- human tissue KRAS 

/2011    carcinoma in vitro  116 mouse  PLAU 

        HT-    

        29 

       

Zhang/  193a-5P Colorectal in vivo  …….. human tissue ……… 

2014    carcinoma 

 

Lam  193a  Colorectal in vitro  HCT- ……….. ……… 

2010    carcinoma   116 

 

Uhlmann 193a-3P Glioblastoma in vitro  U-87 …………. JNK1 

/2012 

 

Kwon  193a-3P Glioblastoma in vitro  U-251 ……….. MCL-1 

/2013  

 

Gokhale 193a-3P Medullo- in vitro  Doay human tissue ..........  

/2010    blastoma in vivo 
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Salvi/  193a-3P HCC  in vivo  HA22J human tissue UPA  

2013      in vitro  /VGH 

            

         

Liu/  193a-3P HCC  in vivo  ........ human tissue ........ 

2015 

 

He/  193a-5P Prostate in vivo  ....... human tissue ........ 

2013    carcinoma 

 

Kwon/  193a-3P Cervical in vitro  Hela ..........  MCL-1 

2013    carcinoma 

 

Nakano/ 193a-3P Ovarian in vitro  A2780 ..........  MCL 

2013    carcinoma 

 

Yang/  193a-5P Endometrial in vivo  ......... human tissue YY1  

2013    carcinoma 

 

Iliopoulos/ 193a  Breast  in vitro  MDA- ……...  KRAS 

2011    carcinoma   MB-   UPA 

        231 

 

Noh/  193a  Breast  in vitro  MDA- ............ PLAU 

2011    carcinoma   MB- 

        231 

 

        MDA- 

        MB- 

        436 

 

Pillai/  193a-3P Breast  in vitro  MCF7 ...........  NCOA3 

2014    carcinoma 

 

Gao/  193a  AML  in vivo  kasumi  human  c-Kit 

2011      in vitro  -1  BM   

        K562 

 

Li/  193a  AML  in vitro  SKNO-1  ETO 

2013      In vitro  Kasumi-1   

          

………………………………………………………………………………………………… 

BM: Bone Marrow; NSCL: Non-small cell lung carcinoma; HCC: hepatocellular carcinoma; 

AML: Acute myeloid leukaemia 
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Table 2.7: Studies which report miR-193a as a tumour oncogene and to have a role in 

chemoresistance 

 

Author/miR  type of   type of  Cell Type of Target 

Year   Cancer   study  Lines in vivo  genes 

................................................................................................................................................ 

Deng/  193a-3P Urothelial carcinoma in vitro  H-bc mice  LOXL4 

2014      in vivo     

 

Lv/ 193a-3P Urothelial carcinoma in vitro  H-bc mice  SRSE2, 

2014      in vivo     PLAU  

           HIC2 

 

Deng/ 193a-3P Urothelial carcinoma in vitro  H-bc mice  PSEN 

2015      in vivo       

 

Li/ 193a-3P Urothelial carcinoma in vitro  H-bc mice  ING5 

2015      in vivo   

 

Lu/ 193a-3P Urothelial carcinoma in vitro  H-bc  mice  HOXC9 

2015      in vivo 

 

Xu/ 193a  Urothelial carcinoma in vivo  - human tissue  

   

2015 

 

Yong/ 193a-3P Colorectal   in vivo  - human tissue - 

2013   adenocarcinoma    blood samples  

 

Ma/ 193a-3P Hepatocellar  in vitro  SMM mice  - 

2012   carcinoma  in vivo  C-7721    

 

Walter 193a-5P Prostate  in vivo  - human tissue - 

/2013   adenocarcinoma 

 

 

Mariani 193a-5P Ovarian  in vivo  SKOV3 human tissue -  

/2015   adenocarcinoma in vitro  OV2774 

 

Santarpia 193a-3P Thyroid medullary in vivo  - human tissue - 

/2013   carcinoma         
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 2.5.3 Role of miR-193a in cancer stem cells 

Stem cells play vital roles in tumour initiation, progression, metastasis and chemo 

resistance in cancers.  Long-term suppression of miR-193a can trigger the formation of 

ovarian cancer-initiating cell by targeting a stem cell factor receptor, c-KIT (Cheng et al., 

2014).  Additionally, miR-193a has shown to be downregulated in a breast cancer cell line 

(MCF-10) which contains ER (oestrogen receptor)-Src (non-receptor tyrosine kinase) fusion 

protein after treatment with tamoxifen that blocks the oestrogen receptor (Iliopoulos et al., 

2011).  Studies have proved that treatment with tamoxifen can lead to the formation of 

mammospheres enriched with breast cancer stem cells (Iliopoulos et al., 2009).  

Downregulation of miR-193a in these cells ha resulted in increased tumorigenicity and 

invasiveness by targeting K-RAS (Kirsten Rat Sarcoma Viral Oncogene Homolog) and PLAU 

respectively (Iliopoulos et al., 2011).  Moreover, miR-193a inhibits tumorigenicity and 

invasiveness of colon cancer stem cells by targeting K-RAS and PLAU (Takahashi et al., 

2013).  Upregulation of miR-193a has also been reported in colon cancer stem cells (CSCs) 

in other studies.   By using miRNAs microarray, Yu et al. reported miR-193a-3p 

overexpression in cancer stem cells compared to non-cancer stem cells from SW116 colon 

cell lines (Yu et al., 2011).  Another study by Xu et al. has determined that miR-193a-3p 

amongst the up-regulated miRNAs which are differentially expressed between side 

population and non-side population cells of colon cancers (Xu et al., 2012). Thus, 

deregulation of miR-193a in different types of cancer stem cells is evident.  Altered 

expression levels and its association with cancer stem cells raise the complexity of the 

biological behaviour of miR-193a which need to further investigations. 

 

Apparent expression of miR-193a has been reported in embryonic stem cells (ESC), 

induced pluripotent stem cells (iPSC).  miR-193a silences ESC self- renewal and it expressed 
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in different cell lineages (Landgraf et al., 2007).  The regulatory pathways and the target 

genes for this miRNA in this process still unexplained (Guo et al., 2014).  In addition, miR-

193a significantly arrested the ESCs in the G1 phase of the cell cycle during differentiation 

(Wang et al., 2013).  However, the co-downregulation of both miR-193a-3P and miR-193a-

5P has been shown in iPSC relative to the ESCs (Hang et al., 2014). 

 

2.5.4 The role of miR-193a in cancer progression, invasion and metastasis 

 miR-193a was reported to have important roles in cancer progression, invasiveness 

and metastasis.  Invasiveness and distant metastasis in cancers cause one of the most 

significant challenges in cancer therapy.  Previous studies have observed that miR-193a 

repress the invasion and metastasis in some cancers.  For examples, miR-193a-3p reduces the 

metastasis and invasion of human NSCLC by targeting ERBB signalling pathway (Liang et 

al., 2015; Yu et al., 2015).  ERBB is a family of oncogenes composed of four receptors 

tyrosine kinases that are deregulated in different types of cancers including lung cancer (Park 

et al., 2010). Transfection of highly metastatic NSCLC with miR-193a-3p mimic resulted in 

suppressing the migration of the cells, reversing the epithelial-mesenchymal transition and 

reducing the metastatic nodules formation in nude injected mice (Yu et al., 2015).  Also, 

proteomic analysis assists in identifying specific proteins which are directly affected by the 

miR-193a expression in metastatic cancer.  For example, Deng and his colleagues determined 

that GSN (Gelsolin) and PPP2R2A (protein phosphatase 2, regulatory subunit B, alpha) were 

upregulated in cancer cell line from metastatic non-small cell lung cancer (SPC-A-1sci) and 

they implicated in miR-193a-3p directed inhibition of metastatic NSCLC (Deng et al., 2015).  

Furthermore, the low expression of miR-193a-3p was significantly associated with lymph 

node metastasis and NSCLCs with advanced pathological stages (stage III and IV) (Ren et 

al., 2015).   

http://www.ncbi.nlm.nih.gov/pubmed?term=Guo%20WT%5BAuthor%5D&cauthor=true&cauthor_uid=24470117
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A similar trend of clinical correlation was noted in colorectal carcinoma. 

Downregulation of miR-193a-5p had a significant association with lymph node metastasis 

and venous invasion in patients with colorectal cancer (Zhang et al., 2014).  Thirty-seven of 

55 patients with lymph node metastases showed low expression of miR-193a-5p, and there 

were 13 of 16 patients with venous invasion expressed a low level of miR-193a-5p in the 

colorectal cancer tissues (Zhang et al., 2014).  Also, miR-193a downregulation was 

associated with reduced survival of the patients with acute myeloid leukaemia (Li et al., 

2013).  The above studies give evidence support that miR-193a downregulation has been 

implicated in invasion and metastasis of different types of cancers.   

 On the other hand, significant up-regulation of miR-193a-3p was reported in other 

studies and has been contributed to the roles of this miRNA in invasion and metastasis.  For 

examples, considerable upregulation of miR-193a-3p was noted in metastatic medullary 

thyroid carcinoma tissues (Santarpia et al., 2013).  The authors confirmed significant 

upregulation of miR-193a-3p in tissue samples with metastatic medullary carcinoma when 

compared to primary medullary carcinoma by using qRT-PCR and in situ hybridisation 

(Santarpia et al., 2013).  Moreover, significant upregulation of miR-193a-5p was also 

reported in high-grade prostatic adenocarcinomas (Gleason score≥8) tissue samples (Walter 

et al., 2013).  Also, the expression level of miR-193a-3p increased significantly in blood 

samples of colorectal cancer patients with advanced stages (Yong et al., 2013).  By using the 

Illumina HiSeq platform-miRNA microarray analysis, miR-193a appears to be significantly 

upregulated in muscle-invasive urothelial carcinoma of the bladder, and subsequent data 

analysis reveals its correlation significantly with pathologic T, N stages, and histologic grades 

(Xu et al., 2015).  High expression of miR-193a was associated with poorer survival of the 

patients with muscle-invasive urothelial carcinoma of the bladder (Xu et al., 2015).   
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2.5.5 The role of miR-193a in differentiating the different cancers  

 It is difficult sometime to differentiate between some types of cancers without using 

invasive measures.   Benjamin et al. identified that miR-193a-3p and miR-192 can be used to 

distinguish malignant pleural mesothelioma from lung adenocarcinoma with a specificity of 

94% and sensitivity of 100% (Benjamin et al., 2010).  The authors developed an assay 

composed of three phases (Discovery Phase, Training Phase and validation phase) to 

compare miRNAs expression between malignant pleural mesothelioma and lung 

adenocarcinoma (Benjamin et al., 2010).  The diagnosis based on miRNAs assay is in 

agreement of histological diagnosis in most of the cases.  In addition, it was found that miR-

193a had the lowest expression in acute myeloid leukaemia-M2 subtype comparing to other 

subtypes of acute myeloid leukaemia (Li et al., 2013).  Acute myeloid leukaemia subtype-M2 

is characterised by a translocation of a part of chromosome 8 to chromosome 21(a 

chromosomal change which is associated with more favorable treatment).  Other studies on 

brain tumours have reported that Wnt type medulloblastoma showed significant upregulation 

of miR-193a-3p compared to other subgroups of medulloblastoma (Gokhale et al., 2010; 

Kunder et al., 2013).  Taken together, this information may raise the possibility of using miR-

193a in differentiating some types of cancers.  

 

2.5.6 The role of miR-193a in modulating the chemotherapeutic treatment  

 New evidence suggesting the role of miR-193a in modulating the sensitivity of 

several chemotherapeutic treatments raises the possibility of targeting miR-193a in future 

cancer therapies.   In 2014, Lv et al. found that the high expression of miR-193a-3P increases 

the chemoresistance of urothelial carcinoma of the bladder to several chemotherapeutic 

treatments such as pirarubicin, epirubicin hydrochloride and adriamycin by targeting SRSF2 

(Serine/Arginine-Rich Splicing Factor 2), PLAU and HIC2 (Hypermethylated In Cancer 2) 
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(Lv et al., 2014).  Both SRSF2 and PLAU were reported previously as direct targets for miR-

193a in other types of cancers (Ma et al., 2012; Iliopoulos et al., 2011).  Several pathways 

were involved in this process including DNA damage, NF-KB (nuclear factor kappa-light-

chain-enhancer of activated B cells), Myc/Max (Avian Myelocytomatosis Viral oncogene 

Homolog /myc-associated factor X), oxidative stress and Notch signalling pathways (Lv et 

al., 2014).  Also, Deng et al. found that miR-193a-3p expression was over 100-fold change 

higher in H-bc cells (the multi chemo-resistant bladder cancer cell line) than in 5637 cells 

(the multi chemo sensitive bladder cancer cell line) (Deng et al.,2014).  Moreover, 

overexpression of miR-193a-3p in 5637 cells led to a reduction in cell death triggered by four 

chemotherapeutic drugs (pirarubicin, epirubicin hydrochloride, paclitaxel and cisplatin) via 

repressing a tumour suppressor gene, LOXL4 (Lysyl Oxidase-Like 4), and by targeting the 

oxidative stress pathway (Deng et al.,2014).   

 miR-193a-3p also enhances the chemoresistance in urothelial carcinoma of the 

bladder by targeting other regulatory genes.  Many recent studies have showed that miR-

193a-3p can modulate the resistance of the urinary bladder carcinoma to chemotherapeutic 

drugs by modulating various downstream targets such as PSEN1 (Presenilin 1), ING5 

(Inhibitor Of Growth Family, Member 5) and HOXC 9 (Homeobox C9) (Deng et al.,2015; Li 

et al.,2015; Lv et al.,2015).   ING5 is well known for its tumour suppressor role and PSEN1is 

known for its association with Alzheimer's disease and in the cleavage of the Notch receptor.  

HOXC9 belongs to the family of transcription factors that play critical roles in cell 

differentiation.  Similar to urinary bladder cancers, miR-193a has also been noted for 

chemoresistance in liver, ovarian and oesophageal carcinomas (Ma et al., 2012; Mariani et 

al., 2014; Meng et al., 2016).  miR-193a-3p was found to be upregulated in a hepatocellular 

carcinoma cell line resistant to 5- fluorouracil (SMMC-7721).  Repression of miR-193a-3p in 

these cells decreases the size of the cancer and sensitises the cells to 5 fluorouracil treatment 
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(Ma et al., 2012).  Another study on ovarian carcinoma revealed that the expression of miR-

193a-5p was increased in patients with ovarian carcinoma who are refractory to non-adjuvant 

chemotherapy (Mariani et al., 2014).  Similar to these findings, miR-193a-3P enhances the 

chemoresistant of oesophageal carcinoma cells by targeting PSEN1 (Meng et al., 2016). 

 

 In contrast to these findings, miR-193a was reported to sensitise tumour cells to 

chemotherapeutic treatment in other types of cancers.  For example, overexpression of miR-

193a-3p significantly downregulated its target gene NCOA3 (Nuclear Receptor Coactivator 3) 

and sensitised the oestrogen receptor-positive breast cancer cells to tamoxifen treatment 

(Pillai et al., 2014).  It is noteworthy that NCOA3 was overexpressed up to 60% in breast 

cancer (Burandt et al., 2013).  In colon cancer cells, miR-193a overexpression has led to 

sensitise the cancer cells (HCT116) to the BCL2 inhibitor, ABT-263 (Navitoclax), by 50% 

(Lam et al., 2010).  These studies suggest that miR-193a plays a vital role in modulating the 

cancer cell response to several chemotherapeutic treatments by targeting different genes.  

 

2.5.7 Factors regulating miR-193a expression in cancers 

 Several factors were reported to have effects on the expression pattern of miR-193a in 

different types of cancer.  Some of these factors are acting on mature miR-193a which is 

either epigenetic factors or genetic factors.   Others working on miR-193a precursors and all 

of them are genetic factors. 

A-Factors working on mature miR-193a 

1-Epigenetic factors 

DNA methylation state of miR-193a 

Tumour suppressor or oncogenic roles and other functional significance of miR-193a 

have been reported to be associated with the methylation state of its promoter region.  The 
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methylation state of miR-193a promoter region is one of the most important factors which 

had been studied by several groups.   

Gao et al. in 2011 have first reported hypermethylation of miR-193a in acute myeloid 

leukaemia (Gao et al., 2011), followed by Heller et al. in non-small cell lung carcinomas 

(Heller et al.,2012).  In contrast, this microRNA was found to be hypomethylated in other 

types of cancers.  For example, miR-193a-3P is significantly hypomethylated in SMMC-7721 

(hepatocellular carcinoma cell line resistant to 5- fluorouracil), that explains why this miRNA 

can act as an oncogene in such type of cancer by targeting SRSF2 (Ma et al., 2012).  SRSF2 

encode the Serine/arginine-rich splicing factor 2 protein that plays essential roles in splicing 

of mRNA precursors, mutation of this gene is frequently reported in patients with 

myelodysplastic syndrome and some types of leukaemia (Zhang et al., 2015).  miR-193a-3P 

is also noted to be hypomethylated in multi-chemo resistance urinary bladder cancer cell lines 

(H.bc).   Injection of antagomiR-193a-3P into urinary bladder cancer cells in mice leads to 

decrease the cancer size indicating its behaviour as a tumour oncogene due to 

hypomethylation of its promoter region (Lv et al., 2014). 

The methylation state of this gene was differentially expressed amongst different 

types of cell lines in the same kind of cancer and has affected the expression pattern of this 

miRNA in these cell lines.  miR-193a is hypermethylated in 5637 (multi-chemo sensitive 

bladder cancer cell line), the average CPG methylation is 78.6% while it is hypomethylated in 

H-bc, the average CPG methylation is 4.3% (Lv et al., 2014).  Moreover, the miR-193a gene 

was at the top of the most differentially methylated CPG in hepatocellular carcinoma.  It was 

hypomethylated in hepatocellular carcinoma cell line resistant to 5- fluorouracil (SMMC-

7721) whereas hypermethylated in QGY-7703 (hepatocellular carcinoma cell line sensitive to 

5-fluorouracil) (Ma et al., 2012).   
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The methylation state of miR-193a was also reported to not affect the miR-193a 

expression in some cancers.  For example, miR-193a was expressed even in cell lines with 

complete methylation in gastric cancer (Ando et al., 2009).  Furthermore, measuring the 

expression level of miR-193a-3p in 10 types of malignant pleural mesothelioma after 

treatment with 5-aza-2ʹ-deoxycytidine (DNA methylation inhibitor) showed that there is an 

only 3-fold increase in miR-193a-3P expression in H28 cell line; the other nine cell lines 

showed slight decrease in miR-193a-3P (Williams et al., 2011).  Moreover, methylation of 

miR-193a-3p promoter region was not detected in all except one malignant pleural 

mesothelioma cell line without making a significant difference in its expression level 

(Williams et al., 2015).  Several studies proved the effectiveness of the methylation state on 

miR-193a expression.  However, other studies demonstrated that the miR-193a methylation 

state is not a common event in all cancer subtypes.  Even if it presents, it does not affect the 

expression pattern of miR-193a.  The methylation state and its effect on the expression 

pattern of miR-193a may be cancer-specific event. 

 

Long non- coding RNAs (lncRNAs)  

Long non- coding RNAs (lncRNAs) may play a role in regulating the expression of 

miR-193a in cancer.  HOTAIR (Homeobox (HOX) transcript antisense RNA) has a 

significant role in cancer invasiveness and metastasis (Gupta et al., 2010; Kogo et al., 2011; 

Geng et al., 2011; Kim et al., 2013).  Recently, HOTAIR identified as one of competing for 

endogenous RNAs (ceRNAs) that acts as a natural sponge to bind miR-193a and inhibit its 

function in acute myeloid leukaemia (Xing et al., 2015).  Similar to this finding, urothelial 

carcinoma-associated 1 (UCA1) which is another type of long non-coding RNAs, identified 

as a molecular sponge to miR-193a-3P in non-small cell lung carcinoma (Nie et al., 2016).  

UCA1 revokes the tumour suppressor effect of miR-193a-3P on its target ERBB4 in non-
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small cell lung carcinoma (Nie et al., 2016).  The future may give other evidence about the 

role of such types of RNAs in regulating miR-193a and different types of miRNAs. 

 

 2-Genetic factors (Figure 2.14) 

Max and RXR α 

Max (MYC associated factor X) is a type of phosphoprotein composed of two main 

isoforms (P21 and P22).  Both isoforms have different transcription and biological activities, 

but they have different DNA binding (Hurlin et al., 2006).  RXRα (Retinoid X receptor 

alpha) is a member of retinoid X receptors (RXRs) which are ligands dependent 

transcriptional factors that play a critical role in cell growth and differentiation by interacting 

with different cancer molecular pathways (Altucci et al.,2007).  Both Max and RXR α bind 

directly to the promoter region of miR-193a and regulate this miRNA during the process of 

transformation of breast cancer cell line (MCF-10) treated with tamoxifen (Iliopoulos et al., 

2011).  Chromatin immunoprecipitation showed that Max and RXRα bind to the miR-193a 

regulatory region in oestrogen receptor-Src (non-receptor tyrosine kinase) breast cancer 

transformed cells (Iliopoulos et al., 2011).  Moreover, Max and to a lesser extent RXRα 

repress the miR-193a transcription significantly at later stages of cellular transformation 

(Iliopoulos et al., 2011).  Thus, a combination of both Max and RXRα involve in the process 

of miR-193a transcription.  

 

P63 and P73 

P63 and P73 are P53 transcription factors family members that play an integral role in 

DNA damage response and tumorigenesis (Moll et al., 2004).  These two transcription factors 

are validated as miR-193a direct regulators (Ory et al., 2011).  The P73 function as a direct 

transcriptional activator of miR-193a whereas P63 function as a transcriptional repressor for 
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this miRNA in head and neck squamous cell carcinoma (Ory et al., 2011).  Knockdown of 

P73 resulted in down-regulation of miR-193a while knockdown of P63 lead to up-regulation 

of miR-193a.  These results were confirmed later by luciferase assays (Ory et al., 2011).  

Also, there is UTR-dependent regulation of multiple P73 isoforms by the feedback loop from 

miR-193a (Ory& Ellisen, 2011).  The results of these studies demonstrated the complex roles 

for miR-193a in this type of the cancers which is mediated by both P63 and P73 transcription 

factors. 

 

Astrocyte elevated gene-1 (AEG-1) 

AEG-1 plays an important role in angiogenesis, invasion, metastasis and 

chemoresistance (Yoo et al., 2011).  AEG-1 has also been reported to have role in regulating 

RNA-induced silencing complexes (RISC) and miRNA expressions in cancer (Yoo et al., 

2011).  Huang et al. identified that the AEG-1 can modify the expression pattern of miR-193a 

in colon cancer cell lines (Huang et al., 2014).  Downregulation of miR-193a has been noted 

in colon cancer cell line which showed at the same time upregulation of AEG-1 (Huang et al., 

2014).  This study indicated that inhibition of AEG-1 expression significantly increases the 

miR-193a expression and sensitise the cells to 5-fluorouracil (Huang et al., 2014).   

 

HIFs (Hypoxia-inducible factors) 

HIFs are transcription factors mediate the effect of hypoxia on cellular environment 

(Smith et al., 2008).   miR-193a-3p showed a significant increase in HIF1A transfectedd 

glioblastoma cell line (U87MG) which represent stage IV brain cancer. Downregulation of 

HIF1A resulted in downregulation of miR-193a-3p in these cells (Agrawal et al., 2014).  That 

means this factor acts synergistically to increase the miR-193a expression.  However, the 

expression of miR-193a-3p did not show a significant change in response to HIF1 A 
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transfection in other glioblastoma cell line (U 251 MG) which represent human glioblastoma 

astrocytoma grade III (Agrawal et al., 2014).  These results may suggest the difference in the 

regulatory process of this miRNA in different cell lines which may be attributed to the 

difference in cells genotypes. 

 

 

 

Figure 2.14: Genetic factors control the miR-193a expression in cancer and working on 

mature miR-193a. The figure shows that upregulation of p63, AEG-1, Max, RXRα and 

downregulation of HIF, P73 lead to inhibit miR-193a expression by binding to its regulatory 

region. 
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 B-Factors work on miR-193a precursors (Figure 2.15) 

XB 130 

XB130 (also known as actin filament associated protein 1-like2, AFAPIL2) is a 

member of adaptor proteins which are involved in intracellular signal transductions and 

cellular motility (Shiozaki et al., 2011).  XB130 has been reported as a potent regulator of 

several miRNAs including miR-193a-3p (Takeshita et al., 2013).  Based on their study, 

Takeshita and his colleagues validated the upregulation miR-193a-3p in XB130 knockdown 

thyroid cancer cells (Takeshita et al., 2013).   In addition, overexpression of miR-193a-3p 

significantly induced both early and late apoptosis in XB130 knockdown thyroid cancer cells; 

the expression of pri-miR-193a-3P was also increased in XB130 knockdown cells (Takeshita 

et al., 2013).  Quantitative real-time PCR was used to quantify the amount of mature and pri-

miR-193a-3p in these cells suggesting that the transcription of pri-miRNAs may also control 

by XB130.  

 

Impaired Drosha, DGCR8 and Dicer function 

 Drosha is RNase III enzyme binds to the protein DGCR8 which is in humans is 

encoded by DGCR8 gene (DiGeorge Syndrome critical region gene 8) to form 

microprocessor complex that cleaves the pri-miRNAs to pre-miRNAs.  Dicer is enzyme 

belongs to RNase III family that cleaves the pre-miRNAs to mature-miRNAs.  

Downregulation of miR-193a can be attributed to other cause rather than reduced gene 

transcription.  Some studies showed that reduced function of Drosha and Dicer is associated 

with specific subgroups of breast cancer (Dedes et al., 2011).  Another study has noted 

reduced levels of Drosha/DGCR 8 and low level of mature miR-193a in high UPA-

expressing cells of breast cancer (Noh et al., 2012).  Moreover, an increased level of miR-

193a expression was noted in these cells followed by forced expression of Drosha/DGCR8 
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(Noh et al., 2012).  These findings suggest that the downregulation of this miRNA in invasive 

breast cancer might be attributed to inefficient processing of miR-193a by Drosha/DGCR8. 

 

EGFR  

EGFR (Epidermal Growth Factor Receptor) is a member of the ErbB family 

receptors, a subfamily of four closely related receptor tyrosine kinases: EGFR (ErbB-1), 

HER2/c-neu (ErbB-2), Her 3 (ErbB-3) and Her 4 (ErbB-4).  EGFR suppresses the maturation 

of some tumour-suppressor miRNAs including miR-193a (Shen et al., 2013).  Under 

hypoxia, EGFR phosphorylates the Argonaute 2 (AGO2) at Tyr 393, this process in turn 

reduces the binding of Dicer to AGO2 (Shen et al., 2013).  Reduction in Dicer-AGO2 

interaction resulted in less loading of the miR-193a-5p precursor consequently leads to 

decrease loading of mature miR-193a-5p to RISC (RNA-induced silencing complex) (Shen et 

al., 2013).  This finding can explain one factor behind the downregulation of miR-193a in 

some types of cancers.  
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Figure 2.15: Genetic factors control miR-193a expression in cancer and working on 

miR-193a precursors. The figure shows that high expression of XB 130, EGFR and low 

expression of DGCR8, Drosha, Dicer lead to inhibit miR-193a expression by inefficient 

processing of its precursors. 
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2.5.8 Conclusion 

Thus, it is clear that miR-193a has significant tumour suppressor roles in non-small 

cell lung cancer, breast carcinoma and acute myeloid leukaemia.  Its oncogenic properties 

and contribution to the chemoresistance in some types of cancer are pronounced in bladder 

cancer.  The complex biological behaviour of miR-193a is attributed to differences in factors 

controlling its expression in different types of cancers.  The methylation state of its promoter 

region appears to be the most prominent factor.   Also, miR-193a can play a role in 

differentiating some types of cancers.   Thus, miR-193a can be targeted to treat particular 

types of cancers and can be used in conjunction with other targets in predicting the 

progression and prognosis of various cancers. 
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Chapter 3: Methodology  
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3.1 Recruitment of tissue samples 

Tissue samples have been recruited from patients who are admitted to Gold Coast 

Hospital for tumour resection. Ethical approval has been obtained from the patients for the 

use of these samples in this research. 70 samples of colorectal cancer tissues with another 70 

samples of normal colon tissues from the same patients are managed to be collected and 

stored in -80ºC. In addition, Part of each case (normal and colorectal tissues) has been cut by 

making Formalin Fixed Paraffin Embedded tissue blocks. All cases had been collected 2013-

2014. 

3.2 Cell lines 

Two types of colorectal cancer cell lines are managed to be collected and stored for 

this study. These include SW480 (Dukes B colon cancer, CCL-228™), SW48 (Dukes C 

colon cancer, CCL-231™).  SW480 represents early stage colorectal cancer (Dukes B colon 

cancer) and SW48 represents late stage of disease (Dukes C colon cancer).  For this reason, 

using these two cell lines can give information regarding the development and progression of 

the disease.   In addition to one normal colon epithelial cell line (FHC). All the cell lines were 

obtained from American Type Culture Collection (ATCC) (Manassas, VA, USA). 

3.3 Cryotomy and samples collected for further RNA extraction 

Cryotomy was done to collect thin slices of fresh tissue samples and managed for 

further processing to extract total RNA.  Cryostat device (Leica Biosystems, Wetzlar, Hesse, 

Germany) was adjusted to -28ºC and cryotomy were done after embedding the tissue in 

O.C.T media and cooling it in liquid nitrogen. 5-7 slices of 5µm thickness had been collected 

in 2 ml collecting tube for 70 cases of colorectal cancer and their adjacent normal tissue. In 

addition, a further slice of 5µm thickness was obtained for each case (cancer and normal 
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tissue) and adhered to the positive charge slides for confirmation of diagnosis. H&E staining 

for these slides was done according to the usual protocol for staining the frozen section with 

Hematoxylin and Eosin Stain. Confirmation of diagnosis was done by a pathologist using a 

light microscope. 

3.4 Total RNA extraction including miRNAs 

Total RNA extraction was done by using Qiagen miRNeasy Mini Kit for purification 

the total RNA including miRNA from tissues and cell line (Qiagen, Hilden, North Rhine-

Westphalia, Germany) which is composed of QIAZOL Lysis Reagent, Buffer RWT, Buffer 

RPE, RNase-Free Water in addition to collecting tubes. The procedure involved adding 700 

µl QIAZOL Lysis reagents to the collecting tube which contained the tissue slices and 

collecting cell lines; this step will enhance disruption of the tissue and cells. Homogenization 

of the disrupted tissue should be done perfectly. Otherwise, the amount of yield RNA will be 

not sufficient. The tube containing homogenate should be placed at room temperature for 5 

min to promote the dissociation of nucleoprotein complex. 140 µl chloroform was added to 

the homogenate. In this step, thorough mixing is important for subsequent phase separation. 

The next step was to place the tube containing the homogenate at room temperature for 2-3 

min followed by centrifugation for 15 min at 12,000 x g at 4ºC. After centrifugation, sample 

separates into 3 phases, an upper aqueous phase which contains RNA; a white interphase; and 

a lower red phase. The upper phase was transferred to a new collection tube, 1.5 volume of 

100% ethanol was added to the sample and mixed thoroughly by pipetting up and down 

several times. Next, to this step, 700µl of the sample was pipetted to a RNeasy Mini spin 

column in a 2 ml collection tube, followed by adding the washing buffers step by step 

according to manufacturer’s protocol. RNA quality was assessed by using a NanoDrop 

ND.1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, MA, U.S.A.). The 
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purity of RNA was obtained by checking the optical density (OD) 260/280 ratio. The 

concentration of RNA was also noted in ng/µl. 

3.5 cDNA conversion 

Reverse transcription reactions were performed using 1 μg total RNA in a final 

reaction volume of 20 µl. RNA was converted to cDNA using miScript Reverse 

Transcription Kit which consists of 5x miScript HiSpec Buffer or 5x miScript HiFlex Buffer, 

10x miScript Nucleic Mix RNase-according to the manufacturer’s instructions (Qiagen, 

Hilden, North Rhine-Westphalia, Germany). Master Mix and 1 µg of total RNA were 

incubated for 60 minutes at 37 Cº and the heated up for 5 min at 95ºC to inactivate the 

reverse transcriptase mix. Each cDNA sample was diluted to 1.5 ng/µl to provide uniformly 

concentrated samples for miRNA qRT-PCR. Samples were stored in -20ºC freezers. 

3.6 Real-time quantitative PCR 

Real-time quantitative polymerase chain reaction (PCR) was performed for detection 

of miR-193a-3p and miR-451 expressions in both normal and cancerous tissue of the patients 

with colorectal cancer. 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 10 µl 2x QuantiTect SYBR Green PCR Master Mix, 2 µl 10x 

miScript Universal Primer, 2 µl 10x miScript Primer Assay (Hs_miR-193a-3P and Hs_miR-

451_1) which were purchased from Qiagen). For accurate and reproducible results in miRNA 

quantification by real-time PCR, it is necessary to normalise the amount of target miRNA by 

using a suitable endogenous reference RNA. This approach is known as relative 

quantification. Normalization corrects for factors that could otherwise lead to inaccurate 

quantification. These factors include variation in the quantity of input RNA, possible RNA 

degradation or presence of inhibitors in the RNA sample, and differences in sample handling. 
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Normalization also allows results from different experiments and samples to compare 

directly. RNU6B RNA (Hs_RNU6B_2 miScript Primer Assay, Qiagen) was chosen to be 

used as a ubiquitous control gene. 4 µl of cDNA template at 1.5 ng/ µl concentration and 2 

μL of RNase-free water were also added to the mixture. All the samples (tumour and normal) 

were run in triplicate. Thermal cycling conditions are mentioned in table 3.1.  

Table 3.1: Thermal cycles for miR-193a-3P and miR-451 Real-time PCR 

Cycle Type Temperature 

(Celsius) 

Cycle 

Time 

Times Performed 

 

Initial Denaturation 95°C 15 min 1 

Denaturation 94°C 15 sec  

40 Annealing 55°C 30sec 

DNA Synthesis 72°C 30sec 

 

 The melting curves of all final real-time PCR products were analysed. The pattern of 

melting temperature of real-time PCR products allowed us to distinguish the genuine product 

from nonspecific products. 

Data were obtained as CT values according to the manufactures guidelines and ΔCT value 

(ΔCT= CT of the target gene – CT of control gene). The fold change in the target gene for the 

results of Quantitative amplification was calculated for each sample using 2-ΔΔCT (Livak 

&Schmittgen, 2001), where ΔΔCT = (CT target gene – CT control gene) CANCER- (CT 

target gene – CT control gene) NORMAL. Normalised values for each Triplicate sample 

were averaged to give the CT data used for each sample. The expression pattern was 

determined by measuring the fold change of cancer tissue about normal tissue sample. miR-

193a-3p and miR-451 which show 2 fold change or more were considered as upregulated, 
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miR-193a-3p and miR-451 which show fold change less than 1 were deemed to be 

downregulated.  The same criteria for the fold change were used to determine the expression 

pattern of miR-193a-3p and miR-451 in colorectal cancer cell lines.  Moreover, the inverse 

ratio of miR-193a-3p and miR-451 versus RNU6B (control miRNA) [expression ratio] was 

used to represent the miRNA expression in relative to control samples in the cell lines which 

are used in this study. 

3.7 Clinical and pathological data of the patients 

 The surgical specimens of colorectal cancer were processed for pathological 

examination. All the histological sections of the colorectal cancer were examined by a 

pathologist. 

 There are 70 patients (35 men and 35 women) with colorectal adenocarcinoma 

collected. The mean age of the patients was 70 years (range from 24-91years). The size of the 

cancer was classified into two groups - less than 40 mm (n= 39) and more or equal to 40 mm 

(n=31). Fifty-four carcinomas were located in colon and 16 were in the rectum. The cancer 

was graded according to the World Health Organization (WHO).   Staging of the cancer was 

done according to TNM (Tumour, Lymph node, Metastasis) classification.  

 The other pathological parameters including the association of the colorectal 

adenoma, the presence of lymphovascular permeation, peri-neural invasion and hereditary 

nonpolyposis colorectal cancer (HNPCC) were also noted. Microsatellite Instability (MSI) 

was tested in these cases by immunohistochemistry on 4 proteins (MLH1, PMS2, MSH2 and 

MSH6). All the patients were follow-up clinically according to standard protocol. Recurrence 

of cancer after surgery was recorded. 
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Quantitative PCR results (Upregulation, Downregulation, no significant changes) for 

these miRNAs correlated individually with each clinical and pathological parameter for every 

participant to identify any substantial correlation using P value for measurement. 

 

3.8 Microtome and slides preparation 

 Formalin-fixed paraffin embedded tissue (FFPE) blocks from the 70 cases which 

were used in this study were sectioned to the 4µm thickness and placed on positively charged 

slides by using the microtome (Leica Biosystems, Wetzlar, Hesse, Germany). To examine 

both proteins (KRAS and MIF), two slides per each one tissue sample were managed to 

achieve this aim (140 slides in total). The slides left to dry overnight at 37 0C to be ready for 

immunostaining. 

 

3.9 Immunohistochemical (IHC) study to detect the expression profiles of KRAS and 

MIF proteins from colorectal cancer tissue samples 

FFPE tissue samples for those patients who participate in this study were used to 

investigate the expression level of KRAS protein as a target for miR-193a-3p and MIF 

protein as a target for miR-451. A high PH ENVisionTM FLEX Mini Kit (Dako, Glostrup, 

Hovedstaden, Denmark) was used for the immunohistochemical analysis of both proteins. 

Deparaffinised and rehydrated sections (4μm) were first processed for antigen retrieval in 

citrate buffer (at pH 6.0) for 15 minutes in a microwave oven and then blocked with 

peroxidase blocking reagent for 8 minutes. Tissues were incubated with Anti –KRAS 

antibody, Rabbit polyclonal to KRAS (ab 137739, 1:150 dilution; Abcam, Cambridge, 

England) and rabbit anti-human MIF polyclonal antibody (FL-115, 1:150 dilution; Santa 

Cruz Biotechnology, Santa Cruz, CA, USA) for 60 minutes at room temperature. The slides 

were then incubated with a horseradish peroxidase conjugated rabbit secondary antibody 
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(Dako) for 25 minutes at room temperature. Visualization of staining was done by using 3, 3'-

diaminobenzidine (DAB) (Dako) to produce a brown colour, and then counterstained with 

haematoxylin. A colon adenocarcinoma tissue that showed strong nuclear or cytoplasmic 

staining was used as a positive control in each run of the experiment.  A negative control 

sample was prepared with the same procedure, except that tissue was not incubated with the 

primary antibody. Cytoplasmic staining was quantitated by counting the number of KRAS-

positive cells in a total of 500 tumour cells in at least six randomly selected fields at high 

power (400×) under a standard light microscope. A grading scale ranging from 0 to 3 was 

used for this assessment, where 0 represented a negative staining, 1 represented weak staining 

(1-30%), 2 represented moderate staining (31 to 70%), and 3 represented strong staining 

(>70%). Assessment of the slides according to the extent of positive KRAS staining was also 

taken into consideration. Pale yellow indicating weak-positive staining (1); brown yellow 

indicating moderate-positive staining (2) and nut-brown yellow indicating strong-positive 

staining (3). The same quantification method was used to assess the expression pattern of 

MIF protein in both cytoplasm and the nucleus of the tissue. 

  

3.10 Cell culture 

Two human colon carcinoma cell lines were used in this study, SW480 (Dukes B 

colon cancer, CCL-228™), SW48 (Dukes C colon cancer, CCL-231™). Non-neoplastic 

colonic epithelium cell line (FHC) also used as normal human colon cell line. These cell lines 

were obtained from the American Type Culture Collection (ATCC). SW480 and SW48 cell 

lines were maintained in Dulbecco's Modified Eagle Medium (DMEM) (Thermo Fisher 

Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum at 37 ℃ in 5% 

CO2. FHC cells were maintained in DMEM: F-12 (1:1) with 10% fetal bovine serum with 

containing an extra 10 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) 
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(Thermo Fisher Scientific) (for a final concentration of 25 mM), 10 ng/ml cholera toxin, 

0.005 mg/ml insulin, 0.005 mg/ml transferrin, 100 ng/ml hydrocortisone. All the cells were 

routinely checked for mycoplasma contamination. 

 

3.11 Cell transfection 

Permanent transfection of colon cancer cell line (SW480 & SW48) with miRNAs 

193a-3P and 451 analogues was achieved by using OriGene pCMV/miR 193a and miR451 

plasmid vector (OriGene Technologies, Rockville, MD, USA). Transfection was done 

according to the manufacturer’s instructions, and optimisation was achieved by doubling the 

concentration of miR-193a-3p and miR451 plasmids DNA required for the transfection.  

After seeding the cells in 96 well plates, approximately 0.5 μg of DNA plasmids were used to 

optimise the transfection. The ratio of Mega Tran to DNA which was used for the 

transfection is 3:1. The cells were incubated for 48 hrs post transfection and then passaged at 

1: 10 dilution into fresh growth medium for each type of transfected miRNA containing 

Neomycin in starting concentration of 500μg/ml as a selective agent. After 2 weeks, a large 

number of the cells were killed; the cells that remain in selective medium with neomycin 

dose of 375μg/ml retained the expression plasmid which stably integrates into the genome of 

targeted cells.  Cells transfected with empty vector were used as a control, and non-

transfected cells were used as mock. The transfection efficiency was monitor by monitoring 

the TGFP. 

 

3.12 Clonogenic assay 

To assess miR-193a effect on clonogenic ability of colon cancer cell lines, all the 

treated/control cells were seeded in 6-well plates (200 cells/well). After two weeks, cells 

were fixed with 70% cold ethanol for 10 minutes. Following fixation, 5% crystal violet 
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solution was added and incubated at room temperature for 2 hours. Then, 10% fetal bovine 

serum (FBS) containing media was added and pipetted to wash off the cells. Plates were 

allowed to dry after that photos were taken and clones were counted under a microscope. 

 

3.13 MTT proliferation assay 

The role of miR-193a and miR451 in colon cancer cell proliferation was detected by using 3-

(4, 5-dimethylthiazol-2-yl) - 5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

salt (MTS). Both transfected and non-transfected cells were seeded in flat-bottom 96-well 

plates with 1 x 104 cells/well in quadruplicate. The cell incubated for 0 hours, 48 hours, 72 

hours, and 96 hours proliferation assay reading.  10 ml CCK8 per 100 ml media (Sigma–

Aldrich, Australia) was added to each well and cells were incubated at 37 °C for 1 h. 

Absorbance was determined by fluorescence polarization microplate reader POLARstar 

Omega (BMG TABTECH, Ortenberg, Germany) using a wavelength of 450 nm. 

 

3.14 Cell Cycle Analysis 

To determine the effect of miR-193a and miR-451 on cell cycle regulation, all treated 

and non treated cells were collected by trypsinisation and fixed in phosphate buffered saline 

(PBS) with 70% ethanol. After 1 h of incubation with RNase A, 400 µl of propidium iodide 

was added directly to cells containing RNase A solution. Finally, the analysis was performed 

with a flow cytometer (BD FACSCalibur™ flow cytometer- US) after incubation in a dark 

room for 5-10 minutes. 

 

3.15 Apoptotic morphology by DAPI staining 

All the treated and control cells were used for assessing miR-193a and miR-451 

directed apoptotic changes.  Cells are grown in their required media.  Harvested cells are 
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washed once with PBS, and then resuspended in PBS containing 0.1 % Triton X (to induce 

holes in the cells' membrane = increase permeability) and incubated for 10 min on ice. Spin 

cells down and resuspend them at 5000 cells/µl in 4% PBS buffered paraformaldehyde 

solution containing 10 µg/ml 4, 6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). 10 µl 

of this suspension is placed on a glass slide and covered with a coverslip. The morphology of 

the cells' nuclei is observed using a fluorescence microscope, and those with fragmented or 

condensed nuclei were recorded as apoptotic cells. 

 

3.16 Annexin-V staining 

Annexin V-FITC conjugated apoptosis detection kit (Invitrogen, Carlsbad, CA, USA) 

was used to assess miR-193a and miR451 induced apoptosis in colon cancer cell lines. The 

experiment was done according to the manufacturer’s instructions.  All the treated/control 

cells were washed with PBS and resuspended in binding buffer containing Annexin V and 

propidium iodide (PI). Fluorescence intensity was measured using flow cytometry with a BD 

FACS CaliburTM flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA). 

3.17 Wound healing assay 

 In vitro wound healing assay was performed to examine the migration of SW480and 

SW48 transfected with miR-193a and miR451, non-transfected and mock cells.  The cells 

were grown in 6-well plates with their respective culture media. After reaching 90% 

confluence, wounds were made by a single scratch on the monolayer using a yellow pipette 

(200ul) tip, and the wounded layers were washed with phosphate buffered saline (PBS) to 

remove cell debris. Measurement of the closure or filling of the wounds at 0, 24, 48 and 72 

hours was done under contrast microscope. All experiments were performed in triplicate. 
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3.18 Western Blot Analysis 

Cells were harvested and lysed with NP40 (ThermoFisher Scientific, USA) buffer 

enriched with complete protease inhibitor cocktail (Sigma-Aldrich, USA) and then incubated 

on ice for 30 min with regular vortexing every five minutes before centrifuging at 14,000 rpm 

at 4° C for 15 min. Protein concentration was determined by using protein quantification 

assay kit (Macherey-Nagel, Germany). The protein samples were boiled in 1X SDS sample 

buffer for 5 min for complete denaturation and were resolved on a 4 to 15% TGX-

polyacrylamide gel according to the manufacturer protocol. After electrophoresis, proteins 

were transferred onto polyvinyl difluoride (PVDF) membrane, which was blocked with 5% 

non-fat dry milk in 1X PBS-T (Phosphate buffered saline with 0.1% Tween-20) and 

incubated with primary antibody (Anti –KRAS antibody, Rabbit polyclonal to KRAS ,ab 

137739, Abcam, Cambridge, England) at 1:500 dilution.  A rabbit anti-human MIF 

polyclonal antibody (FL-115, 1:500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, 

USA).  Other antibodies including OCT 4 polyclonal antibody (Sc-86291, 1;1000 dilution, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA), SOX-2 polyclonal antibody (Sc-17320, 

1:100, Santa Cruz Biotechnology, Santa Cruz, CA, USA), SNAI1 polyclonal antibody (sc-

10432, 1:500 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA), and TWIST 

polyclonal antibody (sc-15393, 1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA) are 

used to study the effect of miR-193a and miR451 on stem cell markers and epithelial 

mesenchymal transition respectively.  GAPDH was used as a control.  Each sample was then 

incubated with the appropriate secondary antibody.  Finally, western blot images were 

developed using VersaDoc-MP imaging system (Bio-Rad) with enhanced chemiluminescence 

(ECL) reagents.  
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3.19 Tumour sphere formation assays 

Treated and non- treated cells were seeded to assess the effect of miR-193a and 

miR451 on the ability of cancer cells to grow in sphere-media condition.  The cells were 

harvest after growing in their required media, approximately, 1500 cells are seeded in 12 

ultra-low attachment well plates provided by DMEM/F-12 (Sigma) containing 20 ng/mL 

human FGF-2  (Miltenyi Biotec), 20 ng/mL EGF (Life Technologies), 5 μg/mL insulin, B-27 

supplement (1:50 dilution, Life Technologies), and penicillin/streptomycin.  The cells 

cultured at 37°C, 5% CO2.  The experiment runs in quadruplicate, and after one week 

incubation, tumour sphere numbers are counted under a phase-contrast microscope using the 

20 x magnification lens.  Results presented as a percentage of the number of tumour spheres 

divided by the initial number of the cell-seeded. 

3.20 Immunofluorescence assay 

 After growing the cells in spheres manner, the spheres are transferred to the 6- well 

plates by using a 1000 µL pipette and left for 7 minutes to allow gravity precipitation.  Then, 

the multi-well plate is tilted slightly, and the culture medium is aspirated using a 200 μL 

pipette.  The tip of the pipette is placed against the wall of the well, and the medium is 

aspirated slowly to avoid disturbance of spheres.  Washing of the spheres by using PBS is 

done carefully to avoid losing of spheres.  The aspirated medium or PBS is kept in another 

well so it can be re-used when all spheres are aspirated by mistake.  After aspiration, the 

spheres are verified to be at the bottom of the well by visualisation using a microscope.  The 

spheres then fixed by using 70% ethanol for 20 minutes followed by washing 3 times by 

using PBS (each time for 3 minutes).  After that, the spheres permeabilised by incubation 

with 0.1% Triton x-100 in PBS for 15 minutes on ice.  The spheres are then incubated with 

the blocking buffer (BSA) for 1 hour after washing with PBS buffer for three times.   
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Overnight incubation at 4ºC, dark room is used to incubate the spheres with primary 

Antibodies (OCT 4 and SOX2).   OCT4 polyclonal antibody (Sc-86291, 1:500 dilutions, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA) and SOX-2 polyclonal antibody (Sc-

17320, 1:200 dilutions, Santa Cruz Biotechnology, Santa Cruz, CA, USA) are used to study 

the expression patterns of stem cell markers in treated and non-treated colon spheres.  Each 

sample is then incubated with the appropriate fluorescein-conjugated secondary antibody in 

dark humidity chamber for 1 hour at room temperature after washing.  

 Spheres are washed with of PBS and then left for 3 min. This washing procedure is 

repeated three times.  After aspiration of the PBS by the same procedure, nuclear staining is 

performed with Hoechst 33342 (1:500 dilution), and the spheres are observed using a 

fluorescence microscope. 

 

3.21 Statistical analysis 

Statistical analysis was performed using the Statistical Package for Social Sciences for 

Windows (version 22.0, IBM SPSS Inc., New York, NY, USA).  Chi-square test or likelihood 

ratio was used for categorical variables.  Pearson correlation test was used for continuous 

variables.  Independent t-test and ANOVA was performed for the analysis of continuous 

variables in categories.  A significance level of the tests was taken at p ˂0.05. 
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Chapter 4: (Aim one & Aim two) 

Aim one 

 Investigate the expression profile of miR-451 in colorectal cancer  

fresh tissues and correlate its  expression to several clinical and pathological  

parameters of colorectal cancer. 

 

Aim two 

Determine and correlate the expression level of MIF with miR-451 in these 

colorectal cancer tissues. 
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4.1 Introduction 

MicroRNAs are essential in the pathogenesis and have potential applications in 

colorectal carcinoma (Ebrahimi et al.,2014; Ebrahimi et al.,2015; Gopalan et al., 2014; 

Gopalan et al., 2015; Mamoori et al.,2017).  Amongst these microRNAs, miR-451 has 

important roles in the pathogenesis of colorectal cancer and with a downstream target 

identified. miR-451 is located on chromosome 17 at 17q11.2 of the human genome (Landgraf 

et al., 2009).  The high expression level of miR-451was reported in human foetuses when 

compared to adults indicating that miR-451 could play an important role in cell growth and 

differentiation (Liu et al., 2009; Liu et al., 2010).   miR-451 acts as tumour suppresser gene 

in modulating different molecular pathways in many cancers (Li et al.,2013; Yin et al., 2015; 

Wang et al., 2011; Lv et al., 2014; Liu et al.,2014; Tian et al.,2012).  To exert its effects, 

miR-451 target several genes and the most significant target is MIF (macrophage migration 

inhibitory factor) (Bandres et al., 2009; Bitarte et al., 2011).  MIF protein is a pro-

inflammatory cytokine that has an association with the pathogenesis of chronic inflammatory 

diseases (Adamali et al., 2012) and many types of cancers (Gupta et al., 2016; Mawhinney et 

al., 2015).  Recent studies have proven that MIF has the potential to act as a target against 

cancer as its expression in human cancers correlates positively with the tumour 

aggressiveness and metastatic potential (Subbannayya et al., 2015; Gordon-Weeks et 

al.,2015; Babu et al.,2012). 

 Till now, tumour suppressive properties of miR-451in colorectal carcinoma have been 

studied mostly on in vitro analysis.  Moreover, previous studies did not correlate the co-

expression pattern of miR-451 and its target MIF in cancer tissues.  Thus, this study aims to 

analyse the role of miR-451 in colorectal carcinoma by identification its expression pattern in 

conjunction with MIF protein expression status and correlate this expression with different 

clinicopathological parameters of the patients with colorectal carcinoma.   
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4.2 Materials and Methods 

4.2.1 Recruitment of the tissues and sample selection  

A total of 70 fresh frozen colorectal cancer tissue specimens with matched non-cancer 

tissues were prospectively recruited and stored in -800C.  The samples were collected from 

patients with colorectal carcinoma who have undergone resection.   A signed consent from 

each of the participating patients was also obtained.  Formalin-fixed paraffin tissue blocks 

from the same tissues were also collected for MIF protein expression analysis.  The fresh 

frozen colorectal tissues were sectioned using a cryostat (Leica Biosystems, Wetzlar, Hesse, 

Germany) and histological examination was made after staining with hematoxylin and eosin 

staining.  This study was approved by the Human Research Ethics Committee of Griffith 

University (GU Ref No: MSC/17/10/HREC). 

 

4.2.2 Clinical and pathological data of the patients 

 The surgical specimens of colorectal cancer were processed for pathological 

examination.  All the histological sections of the colorectal cancer were examined by the 

author (AKL).   

 There are 70 patients (35 men and 35 women) with colorectal adenocarcinoma 

collected.  The mean age of the patients was 70 years (range from 24-91years).  The size of 

the cancer was classified into two groups - less than 40 mm (n= 39) and more or equal to 40 

mm (n=31).   Fifty-four carcinomas were located in colon and 16 were in the rectum.   The 

cancer was graded according to the World Health Organization (WHO) (Hamilton et al., 

2010).   Staging of the cancer was done according to TNM (Tumour, Lymph node, 

Metastasis) classification (Hari et al., 2013).   

 The other pathological parameters including the association of the colorectal 

adenoma, the presence of lymphovascular permeation, peri-neural invasion and hereditary 

nonpolyposis colorectal cancer (HNPCC) were also noted.  Microsatellite Instability (MSI) 
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was tested in these cases by immunohistochemistry on 4 proteins (MLH1, PMS2, MSH2 and 

MSH6) as described previously (Ebrahimi et al., 2015). 

 All the patients were follow-up clinically according to standard protocol.  Recurrence 

of cancer after surgery was recorded. 

 

4.2.3 MicroRNA extraction and cDNA conversion 

Total RNA including miRNA was extracted from the fresh frozen human tissues after 

cryotomy.   In brief, tissues were sectioned in thin slices (5µm) and followed by extraction 

using Qiagen miRNeasy Mini Kit which is specific for purification the total RNA including 

miRNA from fresh frozen tissues (Qiagen, Hilden, North Rhine-Westphalia, Germany).   

RNA quality was assessed by using a NanoDrop ND.1000 spectrophotometer (Thermo Fisher 

Scientific, Wilmington, MA, U.S.A.).   The purity of RNA was obtained by checking the 

optical density (OD) 260/280 ratio and concentration of RNA was noted in ng/µl. 

 Reverse transcription reactions were performed using 1 μg total RNA in a final 

reaction volume of 20 µl.   RNA was converted to cDNA using miScript Reverse 

Transcription Kit (Qiagen) according to the manufacturer’s instructions.   Each cDNA sample 

was diluted to 1.5 ng/µl to provide a uniformly concentrated sample for miRNA quantitative 

real-time polymerase chain reaction.  The sample was stored at -20oC till the PCR analysis. 

 

4.2.4 Quantitative Real-time PCR 

 An IQ5 Multicolour Real-Time PCR Detection system (Bio-Rad, Hercules, CA, 

USA) was used to analyse the miR-451 expression changes.   PCR was performed in a total 

volume of 20 µl reaction mixture containing 10 µl 2x QuantiTect SYBR Green PCR Master 

Mix, 2 µl 10x miScript Universal Primer, 2 µl 10x miScript Primer Assay (Hs_miR-

451_1)(Qiagen) and4 µl of cDNA template at 1.5 ng/ µl concentration.  RNU6B RNA 

(Hs_RNU6B_2 miScript Primer Assay, Qiagen) was used for normalising the amount of 
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target miRNA.   All the samples (cancer and non-cancer) were run in triplicates.  The fold 

change in the target gene for the results of quantitative amplification was calculated for each 

sample using 2-ΔΔCT (fold change) method as previously reported (Ebrahimi et al., 2015; 

Gopalan et al., 2014; Gopalan et al.,2015).  A fold change more than 2 was considered as 

high miR-451 expression, and a fold change of less than 1 was regarded as a low expression 

for miR-451. 

 

4.2.5 Immunohistochemistry of MIF in colorectal cancer tissues: 

 Formalin-fixed paraffin tissue blocks from the same patients were also obtained for 

MIF protein expression.   A high PH ENVisionTM FLEX Mini Kit (Dako, Glostrup, 

Hovedstaden, Denmark) was used for the immunohistochemical analysis of MIF protein.  In 

brief, deparaffinised and rehydrated sections (4μm) were first processed for antigen retrieval 

in citrate buffer (at pH 6.0) for 15 minutes in a microwave oven and then blocked with 

peroxidase blocking reagent for 8 minutes.  Tissues were incubated with a rabbit anti-human 

MIF polyclonal antibody (FL-115, 1:150 dilution; Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) for 60 minutes at room temperature.   The slides were then incubated with a 

horseradish peroxidase conjugated rabbit secondary antibody (Dako) for 25 minutes at room 

temperature.   Visualization of staining was done by using 3, 3'-diaminobenzidine (DAB) 

(Dako) to produce a brown colour, and then counterstained with haematoxylin.  A colon 

adenocarcinoma tissue that showed strong nuclear staining was used as a positive control in 

each run of the experiment.  A negative control sample was prepared with the same 

procedure, except that tissue was not incubated with the primary antibody.  Both cytoplasmic 

and nuclear staining was quantitated by counting the number of MIF-positive cells in a total 

of 500 tumour cells in at least six randomly selected fields at high power (400×) under a 

standard light microscope.  A grading scale ranging from 0 to 3 was used for this assessment, 

where 0 represented a negative staining, 1 represented weak staining (1-30%), 2 represented 
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moderate staining (31 to 70%), and 3 represented strong staining (>70%).   Assessment of the 

slides according to the extent of positive MIF staining was also taken into consideration.   

Pale yellow indicating weak-positive staining (1); brown yellow indicating moderate-positive 

staining (2) and nut-brown yellow indicating strong-positive staining (3).  

 

4.2.6 Statistical analysis 

Statistical analysis was done by using the Statistical Package for Social Sciences 

(IBM SPSS, version 22, New York, NY. the USA).  Chi-square test or likelihood ratio was 

used for categorical variables.  Pearson correlation test was used for continues variables. 

Independent t-test was performed for the analysis of continues variables in categories, value < 

0.05 for these tests was considered as significant.  

  



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

130 
 

4.3 Results 

4.3.1 miR-451 expression pattern and correlation to clinicopathological parameters of 

the patients (Table 4.1) 

MiR-451 expression was down-regulated in colorectal carcinoma tissues when 

compared to matched non-cancer tissues (Figure 4.1).  Approximately 84.3%, (59/70) of the 

colorectal carcinomas showed reduced expression levels of miR-451, most of the cases 

showed severe downregulation (fold change less than 0.1) (Figure 4.2).  Overexpression was 

noted in only 7.1%, (5/70) of patients.  The remaining patients (n=6) did not show any 

change in expression levels for miR-451.   

Down-regulation of miR-451 was noted to be predominant in colorectal carcinoma 

with co-existing adenoma(s) when compared to cancers without co-existing colorectal 

adenoma(s) (91.4%, 32/35 versus 77.1%, 27/35, p= 0.02).  All the cases with high expression 

of miR-451 did not have co-existing adenoma(s) (0%, 0/5).    

 In patients with cancer recurrence after surgery (n=20), approximately 80% patients 

had reduced levels of miR-451 expression.   Recurrence was not reported in any case with 

high miR-451 expression (p=0.028).   There is no significant correlation between miR-451 

expression and age, gender, the presence of HNPCC of the patients as well as size, grades, 

pathological stages, presence of lymphovascular permeation, peri-neural invasion, MSI status 

of the colorectal carcinoma and survival of the patients (p > 0.05).  
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Table 4.1  

The correlation of miR-451 expression level with different clinical and pathological 

parameters in patients with colorectal carcinoma. 

 

Parameters  Total no. High  Low  Normal p-value

   expression  expression expression 

……………………………………………………………………………………………… 

Age    
≤60  14(20.0%) 2 (14.3%) 11(78.6%) 1(7.1%)  0. 507 

>60  56 (80.0%) 3 (5.4%) 48 (85.7%) 5 (8.9%)  

Gender 

Male  35 (50.0%) 1(2.9%) 32 (91.4%) 2 (5.7%) 0.236 

Female  35 (50.0%) 4(11.4%) 27 (77.1%) 4(11.4%) 

Size  

≤ 40mm  39(55.7%) 2(5.1%) 33(84.6%) 4(10.3%) 0.673 

> 40 mm  31(44.3%) 3(9.7%) 26(83.9%) 2(6.5%)   

Location 

Colon  54(77.1%) 5(9.3%) 45(83.3%) 4(7.4%) 0.391 

Rectum  16(22.9%) 0(0.0%) 14(87.5%) 2(12.5%) 

Grade 

I  9(12.9%) 0(0.0%) 9(100.0%) 0(0.0%) 0.340 

II  52(74.3%) 5(9.6%) 41(78.8%) 6(11.5%) 

III  9(12.9%) 0(0.0%) 9(100.0%) 0(0.0%) 

Stage 

I /II  41(58.6%) 4(9.8%) 35(85.4%) 2(4.9%) 0.282 

III/IV  29(41.4%) 1(3.4%) 24(82.8%) 4(13.8%) 

Associated adenoma 

Yes  35(50.0%) 0(0.0%) 32(91.4%) 3(8.6%) 0.025 

No  35(50.0%) 5(14.3%) 27(77.1%) 3(8.6%) 

Lymphovascular  

permeation 
Yes  15(21.4%) 0(0.0%) 14(93.3%) 1(6.7%) 0.443 

No  55(78.6%) 5(9.1%) 45(81.8%) 5(9.1%) 

Peri-neural 

infiltration 

Yes  6(8.6%) 1(16.7%) 4(66.7%) 1(16.7%) 0.455 

No  64(91.4%) 4(6.3%) 55(85.9%) 5(7.8%)  

MSI status 

Yes  12(17.1%) 2(16.7%) 9(75.0%) 1(8.3%) 0.370 

No  58(82.9%) 3(5.2%) 50(86.2%) 5(8.6%) 

HNPCC 

Presence  6(8.6%) 0(0.0%) 6(100.0%) 0(0.0%) 0.542 

Not detected  64(91.4%) 5(7.8% ) 53(82.8% 6(9.4%) 

Recurrence 

Yes  20(28.6%) 0(0.0%) 16(80.0%) 4(20.0%) 0.028  

No 

  50(71.4%) 5(10.0%) 43(86.0%) 2(4.0%) 
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4.3.2 Correlation between miR-451 downregulation and MIF protein expression (Table 

4.2)  

In our sample, MIF protein was noted predominately in the nuclei of the colorectal 

carcinoma (Figure 4.1).  Also, cytoplasmic expression was reported in some cases (Figure 

4.2).  From the total cases (n=64) with either high or low expression for miR-451, MIF 

protein showed mostly high and moderate expression (score 2 and score 3) on 

immunohistochemical analysis (n=39/64).   From the total 64 cases, 10 cases (15.62%) had 

score 0, 15 cases (23.43%) had score1, 21 cases (32.81%) was scored 2 and 18 cases 

(28.12%) was scored 3. 

  Majority of colorectal cancer patients with low miR- 451expressions (37/59) showed 

the high and moderate score for MIF expression on immunohistochemistry.  The results 

showed that there is a significant inverse relationship between miR-451 and MIF (P˂0.05) 

indicating its target association at the human tissue level.  

 

Table 4.2: Correlation of miR-451 expression to its target MIF protein by the  

immunohistochemical study: 

 

Expression pattern No of the MIF expression profile    

of miR-451    patients score 0  score 1  score 2  score 3  

………………………………………………………………………………………………….

  

Up regulated  5(7.8%) 0(0.0%) 3(60.0%) 1(20.0%) 1(20.0%) 

 

 

Down regulated 59(92.18%) 10(16.9%) 12(20.3%) 20(33.9%) 17(28.8%) 

   

 

P ˂ 0.05 
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Figure 4.1:  Expression of MIF in colorectal adenocarcinoma.  Strong nuclear staining of 

MIF protein was noted predominately in the nuclei of tumour cells (green arrow) in 

moderately differentiated colorectal adenocarcinoma with low expression of miR-451 (x 30).  

 

 

 

Figure 4.2:  Expression of MIF in colorectal adenocarcinoma.  Strong cytoplasmic 

staining of MIF protein was noted in the cytoplasm of tumour (green arrow) cells in 

moderately differentiated colorectal adenocarcinoma with low expression of miR-451 (x 30). 
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4.4 Discussion 

In colorectal cancer, downregulation of miR-451 has been reported previously (Li et 

al., 2013; Bandres et al., 2009; Li et al., 2015).  In the current study, we used wider sample 

size to confirm that miR-451 was down-regulated in colorectal cancer tissues.  Our findings 

support the role of miR-451 as a tumour suppressor gene in colorectal cancer and further 

point its possible role in cancer development.  

It is understood that progression from adenoma to carcinoma is essential steps in the 

development of colorectal cancer.  Yin and colleagues have reported some downregulation of 

miR-451 in small population patients with colorectal adenoma and more in colorectal 

adenocarcinoma (Yin et al., 2016).  Our study found that there is significant downregulation 

of miR-451 expression in colorectal carcinoma with co-existing adenoma.  These findings 

may imply that miR-451downregulation is involved in the development of colorectal 

adenoma which is in the early steps of the pathogenesis of colorectal carcinoma.  

The current study demonstrated a significant relationship between miR-451 

downregulation and recurrence of colorectal cancer after surgery.   By studying circulating 

miRNAs in blood samples of 30 patients diagnosed with early-stage colon cancer, 

Shivapurkar and his colleagues identified miR-451 amongst the 6 panel miRNAs (miR-15a, 

miR-103, miR-148a, miR-320a, miR-451, miR-596) which can be used to predict the 

recurrence of early-stage colon cancer (Shivapurkar et al.,2014).  Also, significant correlation 

of miR-451 downregulation to recurrence of the tumour had been identified in gastric cancer 

(Bandres et al., 2009).   In addition, the patients with low miR-451 showed worse overall 

survival rates than patients with high expression of miR-451 in gastric cancer (Su et al., 

2015).  In contrast, Brenner et al. stated that miR-451 overexpression has strong relationship 

with cancer recurrence and worse survival in gastric cancer patients (Brenner et al., 2011).   

The discrepancy in these results may attribute to the difference in the study population and 

the percentage of a tumour in the selected samples.   
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 Our results showed no significant relationship between the expression pattern of 

miR-451 and clinicopathological parameters like age, the gender of the patients as well as 

pathological stage, grade, size, lymphovascular permeation, peri-neural invasion, MSI status 

of a tumour.  These findings were in concur with those of Liu and colleagues who studied the 

expression pattern of miR-451 in nasopharyngeal carcinoma and found no relationship 

between expression of miR-451 with age, the gender of the patients as well as pathological 

stage, grade and size of cancer (Liu et al.,2013).   

MIF has been implicated in carcinogenesis of different types of cancers by 

inactivating the P53 signalling (Brock et al., 2014) and promoting angiogenesis (Shun et al., 

2005; Sun et al., 2003).   In relation to colorectal cancer, MIF was involved in development, 

maintain and metastasis of this disease (He et al., 2009; Hu et al., 2015; Morris et al., 2014).  

MIF was proven to have direct regulatory roles on several genes in colorectal cancer 

including COX2 (cyclooxygenase 2) (Bitarte et al., 2011), VEGF (Vascular endothelial 

growth factor) and MMP-9(Matrix metallopeptidase 9) (He et al., 2009).  Recently, MIF was 

reported to have an important role in promoting epithelial-mesenchymal transition (EMT) in 

colorectal cancer (Hu et al., 2015).   Previous studies have identified MIF gene as a direct 

target for miR-451(Bandres et al., 2009; Bitarte et al., 2011).  The current research has 

analysed the expression pattern of MIF protein in conjunction with the expression patterns of 

miR-451 to correlate and confirm their target association in human cancer tissues.  Our 

results for the first time identified the target association of MIF with miR-451 using 

immunohistochemical analysis.  These results are in concurrence with the findings of 

Bandres and colleagues who found that there is a significant inverse relationship between 

miR-451 expression and MIF gene in patients with gastric cancer (Bandres et al., 2009).  

Thus, it can be hypothesized that miR-451 plays a key role in the pathogenesis of CRC by 

regulating the expression level of MIF.  Immunohistochemical expression of MIF showed 
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nuclear localisation in most of our cases.  However, our sample is small.  Previous data 

mostly reported the cytoplasmic expression of MIF protein (He et al., 2009, Cludts et al., 

2010; Nabizadeh et al., 2011).  Furthermore, both cytoplasmic and nuclear expression had 

been reported in some studies with a predominance of cytoplasmic expression.   Although the 

cytoplasmic expression of MIF protein had been reported in all the cases of lung 

adenocarcinoma, MIF expression also noted in 79.7% of these cases in the nucleus 

(Kamimura et al., 2000).  Intracellular localisation of the MIF may play a role in tumour 

progression.  Kamimura et al. found that the patients with lung adenocarcinoma who show 

only MIF cytoplasmic localisation had shorter survival times than those with positive MIF 

expression in the nuclei (Kamimura et al., 2000). 

 

In summary, this study for the first time correlated the expression pattern of miR-451 

to several clinical and pathological features of colorectal carcinoma.  The results 

demonstrated that miR-451 could play a role in early steps carcinogenesis and further support 

that miR-451 can assist in the detection of cancer recurrence.    
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Chapter 5: Aim 3 

Confirmation the functional roles of miR-451 in colorectal cancer by in vitro 

study.  
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5.1 Introduction 

Amongst the cancer-specific microRNAs, miR-451 plays crucial roles in cancer, its 

downregulation in different types of cancers correlated significantly with tumour 

differentiation, invasion, worse prognosis, angiogenesis, proliferation and cancer stem cells 

self-renewal.  Studies reported significant impacts of miR-451 on different types of cancers 

(Mamoori et al., 2017; Wang et al., 2014; Lv et al., 2014).   miR-451 acts as a tumour 

suppresser gene in modulating different molecular pathways in cancers such as Pi3k/AKT, 

IL-6R-STAT3-VEGF and RAS-related protein14 signalling pathways (Li et al., 2013; Tian et 

al.,2012; Liu et al., 2016;  Wang et al., 2011).   To exert its cellular effects, miR-451 targets 

several genes such as AKT (Actin-like protein), Bcl2 (B-Cell CLL/Lymphoma 2), Myc (V-

Myc Avian Myelocytomatosis Viral Oncogene Homolog), CCND1(Cyclin D1), ATF2 

(Activating transcription factor 2) and MIF (Macrophage Migration Inhibitory Factor) (Wang 

et al., 2014; Li et al., 2013; Lv et al., 2014; Bitarte et al., 2011; Bandres et al., 2009).  

  MIF is a proinflammatory cytokine that has the potential to target in human cancers 

including colorectal cancer because its expression correlates positively with the tumour 

aggressiveness and metastatic potential (Subbannayya et al., 2015; Gordon-Week set al, 

2015; Babu et al., 2012). The precise cellular effect of miR-451 and its role in modulating the 

expression of MIF and other regulatory proteins are not elucidated extensively in literature. 

Recently, we reported MIF targeted downregulation of miR-451 and its clinical correlation 

with pre-neoplastic lesions and recurrence of colorectal cancer (Mamoori et al., 2017).   In 

this study, we further support the importance of miR-451 and its target MIF in colorectal 

cancer by in-depth study the cellular implication, targets interaction as well as its effect on 

cancer stem cells regulation. 
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5.2 Materials & Methods 

5.2.1 Cell culture 

The human colon carcinoma cell lines were used in this study, SW480 (Dukes B 

colon cancer, CCL-228™) and SW48 (Dukes C colon cancer, CCL-231™).   These cell lines 

were obtained from the American Type Culture Collection (ATCC).  A normal colonic 

epithelial cell line (FHC) was also used.  Each cell line was cultured in its required media and 

tested routinely for mycoplasma contamination. 

5.2.2 Cell transfection 

   Permanent transfection of the colon cancer cells was done by using an OriGene 

pCMV/miR 451 plasmid vector was performed for knocking in miR-451 (OriGene 

Technologies, Rockville, MD, USA) was.   Transfection was done according to the 

manufacturer’s instructions, and optimisation was achieved by using 0.5 μg of DNA plasmid 

in 96 well plates.  Neomycin in starting concentration of 500μg/ml was used as a selective 

agent for permanent transfection, and then the dose was adjusted to 375μg/ml.  Cells 

transfected with empty vector were used as a control and non-transfected cells were used as 

mock. 

5.2.3 MicroRNA extraction and cDNA conversion 

Total RNA including miRNA was extracted from SW480, SW48, and FHC cell lines 

before transfection.  After transfection, total RNA including miRNA was obtained from both 

SW480 and SW48 (treated and non-treated cells).  Qiagen miRNeasy Mini Kit was used for 

purification the total RNA including miRNA from the cell lines (Qiagen, Hilden, North 

Rhine-Westphalia, Germany).  RNA quality was assessed by using a NanoDrop ND.1000 

spectrophotometer (Thermo Fisher Scientific, Wilmington, MA, U.S.A.).   The purity of 
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RNA was obtained by checking the optical density (OD) 260/280 ratio and concentration of 

RNA was noted in ng/µl. 

 Reverse transcription reactions were performed using 1 μg total RNA in a final 

reaction volume of 20 µl.   RNA was converted to cDNA using miScript Reverse 

Transcription Kit (Qiagen) according to the manufacturer’s instructions.   Each cDNA sample 

was diluted to 1.5 ng/µl to provide a uniformly concentrated sample for miRNA quantitative 

real-time polymerase chain reaction.  The sample was stored at -20oC till the PCR analysis. 

5.2.4 Quantitative real-time PCR 

An IQ5 Multicolour Real-Time PCR Detection system (Bio-Rad, Hercules, CA, 

USA) was used to analyse the miR-451 expression changes.   PCR was performed in a total 

volume of 20 µl reaction mixture containing 10 µl 2x QuantiTect SYBR Green PCR Master 

Mix, 2 µl 10x miScript Universal Primer, 2 µl 10x miScript Primer Assay (Hs_miR-451) 

(Qiagen) and4 µl of cDNA template at 1.5 ng/ µl concentration.  RNU6B RNA 

(Hs_RNU6B_2 miScript Primer Assay, Qiagen) was used for normalizing the amount of 

target miRNA.   All the samples were run in triplicates.  The fold change in the target gene 

for the results of quantitative amplification was calculated for each sample using 2-ΔΔCT (fold 

change) method as previously reported (Ebrahimi et al.,2014; Gopalan et al.,2014; Gopalan 

et al.,2015).  A fold change more than 2 was considered as high miR-451 expression, and a 

fold change of less than 1 was regarded as a low expression for miR-451.  Also, the inverse 

ratio of miR-451 versus RNU6B (control miRNA) [expression ratio] was used to represent 

the miRNA expression in relative to control samples.  
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5.2.5 Western blot analysis  

Cells were harvested and lysed with NP40 (ThermoFisher Scientific, USA) buffer 

enriched with complete protease inhibitor cocktail (Sigma-Aldrich, USA) and then incubated 

on ice for 30 min with regular vortexing every five minutes before centrifuging at 14,000 rpm 

at 4ºC for 15 min.  Protein concentration was determined by using protein quantification 

assay kit (Macherey-Nagel, Germany). The protein samples were boiled in 1X SDS sample 

buffer for 5 min for complete denaturation and were resolved on a 4 to 15% TGX-

polyacrylamide gel according to the manufacturer protocol.  After electrophoresis, proteins 

were transferred onto polyvinyl difluoride (PVDF) membrane, which was blocked with 5% 

non-fat dry milk in 1X PBS-T (Phosphate buffered saline with 0.1% Tween-20) and 

incubated with a rabbit anti-human MIF polyclonal antibody (FL-115, 1:500 dilution; Santa 

Cruz Biotechnology, Santa Cruz, CA, USA). Other antibodies including OCT4  polyclonal 

antibody (Sc-86291, Santa Cruz Biotechnology, Santa Cruz, CA, USA), Sox-2 polyclonal 

antibody (Sc-17320,Santa Cruz Biotechnology, Santa Cruz, CA, USA), SNAI1polyclonal 

antibody (sc-10432,Santa Cruz Biotechnology, Santa Cruz, CA, USA), and twist polyclonal 

antibody (sc-15393, Santa Cruz Biotechnology, Santa Cruz, CA, USA) are used to study the 

effect of miR-451 on colorectal cancer stemness and epithelial-mesenchymal transition. 

GAPDH was used as a control.  Each sample was then incubated with the appropriate 

secondary antibody.   Finally, western blot images were developed using VersaDoc-MP 

imaging system (Bio-Rad) with enhanced chemiluminescence (ECL) reagents.  

5.2.6 Clonogenic assay 

To assess the miR-451 effect on clonogenic ability of colon cancer cell lines, all the 

treated/control cells were seeded in 6-well plates (200 cells/well).  After two weeks, cells 

were fixed with 70% cold ethanol for 10 minutes.  Following fixation, 5% crystal violet 
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solution was added and incubated at room temperature for 2 hours. Then, 10% fetal bovine 

serum (FBS) containing media was added and pipetted properly to wash off cells.  Plates 

were allowed to dry after that photos were taken and clones were counted under a 

microscope. 

5.2.7 Cell proliferation assay 

The role of miR-451 in colon cancer cell proliferation was detected by using 3-(4, 5-

dimethylthiazol-2-yl) - 5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt 

(MTS).  Both transfected and non-transfected cells were seeded in flat-bottom 96-well plates 

with 1 x104 cells/well in quadruplicate.  The cell incubated for days 0, 48 hours, 72 hours and 

96 hours proliferation assay reading.  10 µl CCK8 per 100 µl media (Sigma–Aldrich, 

Australia) was added to each well and cells were incubated at 37 °C for 1 h.  Absorbance was 

determined by fluorescence polarization microplate reader POLARstar Omega (BMG 

TABTECH, Ortenberg, Germany) using a wavelength of 450 nm. 

5.2.8 Apoptotic morphology by DAPI staining 

SW480 and SW48 miR-451-transfected cells, SW480 and SW48 control cells and 

SW480 and SW48 mock cells were used for assessing the miR-451 directed apoptotic 

changes.  The cells were stained with 4, 6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) 

and those with fragmented or condensed nuclei under the fluorescent microscope were noted 

as apoptotic cells. 

5.2.9 Cell cycle analysis 

To determine the effect of miR-451 on cell cycle regulation, miR-451 transfected 

cells, control cells and mock cells of both SW480 and SW48 cell lines were collected by 

trypsinization and fixed in phosphate buffered saline (PBS) with 70% ethanol.  After 1 h of 
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incubation with RNase A, 400 µl of propidium iodide was added directly to cells containing 

RNase A solution.  Finally, the analysis was performed with a flow cytometer (BD 

FACSCalibur™ flow cytometer- US) after incubation in a dark room for 5-10 minutes. 

5.2.10 Annexin-V staining 

Annexin V-FITC conjugated apoptosis detection kit (Invitrogen, Carlsbad, CA, USA) 

was used to assess miR-451 induced apoptosis in colon cancer cell lines.  The experiment 

was done according to the manufacturer’s instructions.  Briefly, all the treated/control cells 

were washed with PBS and resuspended in binding buffer containing Annexin V and 

propidium iodide (PI).  Fluorescence intensity was measured using flow cytometry with a BD 

FACS CaliburTM flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA). 

5.2.11 Wound healing assay 

 In vitro wound healing assay was performed to examine the migration of SW480and 

SW48 transfected with miR-451compared to non-transfected and control cells.  Briefly, the 

cells were grown on 6-well plates with their respective culture media.  After reaching 90% 

confluence, wounds were made by a single scratch on the monolayer using a yellow pipette 

(200ul) tip and the wounded layers were washed with phosphate buffered saline (PBS) to 

remove cell debris.  Measurement of the closure or filling of the wounds at 0, 24, 48 and 72 

hours was done under contrast microscope.  All experiments were performed in triplicate. 

5.2.12 Tumour sphere formation assays: 

Treated and non- treated cells were seeded to assess the effect of miR-451 on the 

ability of cancer cells to grow in sphere-media condition.  Briefly, the cells were harvest after 

growing in their required media.  Approximately, 1500 cells are seeded in 12 ultra-low 

attachment well plates in DMEM/F-12 (Sigma) containing 20 ng/mL human FGF-2  
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(Miltenyi Biotec), 20 ng/mL EGF (Life Technologies), 5 μg/mL insulin, B-27 supplement 

(1:50 dilution, Life Technologies), and penicillin/streptomycin.  The cells cultured at 37°C, 

5% CO2.  The experiment runs in quadruplicate, and after one-week incubation, tumour 

sphere numbers are counted under a phase-contrast microscope using the 20 x magnification 

lens.  Results presented as a percentage of the number of tumour spheres divided by the 

initial number of the cell-seeded. 

5.2.13 Immunofluorescence assay: 

 After growing the cells in spheres manner, the spheres are transferred to the 6- well 

plates by using a 1000 µL pipette and left for 7 minutes to allow gravity precipitation.  Then, 

the multi-well plate is tilted slightly, and the culture medium is aspirated using a 200 μL 

pipette.  The tip of the pipette is placed against the wall of the well, and the medium is 

aspirated slowly to avoid disturbance of spheres.  Washing of the spheres by using PBS is 

done carefully to avoid losing of spheres.  The aspirated medium or PBS is kept in another 

well so it can be re-used when all spheres are aspirated by mistake.  After aspiration, the 

spheres are verified to be at the bottom of the well by visualisation using a microscope.  The 

spheres then fixed by using 70% ethanol for 20 minutes followed by washing 3 times by 

using PBS (each time for 3 minutes).  After that, the spheres permeabilized by incubation 

with 0.1% Triton x-100 in PBS for 15 minutes on ice.  The spheres are then incubated with 

the blocking buffer (BSA) for 1 hour after washing with PBS buffer for three times.   

Overnight incubation at 4° C, dark room is used to incubate the spheres with primary 

Antibodies (OCT 4 and SOX2).   OCT 4 polyclonal antibody (Sc-86291, 1:500 dilution, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA) and SOX-2 polyclonal antibody (Sc-

17320, 1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA) are used to study 

the expression patterns of stem cell markers in treated and non-treated colon spheres.  Each 
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sample is then incubated with the appropriate fluorescein-conjugated secondary antibody in 

dark humidity chamber for 1 hour at room temperature after washing.  

 Spheres are washed with of PBS and then left for 3 min. This washing procedure is 

repeated three times.  After aspiration of the PBS by the same method, nuclear staining is 

performed with Hoechst 33342 (1:500 dilution), and the spheres are observed using a 

fluorescence microscope. 

5.2.14 Statistical analysis 

Statistical analysis was performed using the Statistical Package for Social Sciences 

for Windows (version 22.0, IBM SPSS Inc., New York, NY, USA).  All the categorical data 

were obtained as mean ± SD (Standard Deviation).  The statistical analysis for single 

comparison was performed using the Student, s t-test.  The criterion for statistical significance 

was *, ** and*** as P<0.05, 0.01 and 0.001 respectively.   
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5.3 Results 

5.3.1 miR-451 expression and Correlation to MIF protein expression in colorectal 

cancer cell lines   

Down-regulation of miR-451 was noted in both cell lines which are used in this study 

(SW480, SW48) when compared to FHC cells.  The more down regulation was reported in 

SW480 cell line.  Fold change was (0.0727, 0.2087) respectively.   Upregulation of miR-451 

was achieved in both cell lines after stable transfection with pCMV/miR- 451plasmid vector 

(Figure 5.1).   Western blot revealed high MIF protein expression in both SW480 and SW48 

when compare to the normal FHC cell line before transfection with pCMV/miR- 451plasmid 

vector, higher expression of MIF protein was noted in SW480 cell line.   The results showed 

a significant inverse correlation between the expression pattern of miR-451 and its target MIF 

in both SW480 and SW48 (Figure 5.2).  After restoration, the level of miR-451 by permanent 

transfection, both SW480 and SW48 transfected cell revealed significant downregulation in 

MIF protein expression when compared to the non-transfected and control cells (Figure 5.3). 
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Figure 5.1: Expression pattern miR-451 in colorectal cancer cell lines.  Downregulation 

of miR-451 was noted in SW480 and SW48 colon cancer cells when compared to the non-

neoplastic colon cells (FHC).    Significant upregulation of miR-451 was obtained in SW480 

and SW48 transfected with pCMV/miR 451 plasmid vector (fold change compared to FHC 

cells) (P<0.01). These data were obtained by qRT-PCR.  

 

 

 

 

 

 

 

 

Figure 5.2: Correlation of miR-451 expression to MIF protein expression in colorectal 

cancer cell lines: MIF protein shows upregulation in both SW480 and SW48 cell lines when 

compared to non-neoplastic FHC cells as detected by Western blot before transfection of 

these cells with pCMV/miR 451 plasmid vector.  There is significant inverse correlation 

between miR-451 expression and its target protein MIF in colorectal cancer cell lines 

(P<0.01). 
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Figure 5.3: The effect of miR-451 on MIF after stable transfection with pCMV/miR 451 

plasmid vector (western blot analysis). MIF is significantly down-regulated in SW480 and 

SW48 cells transfected with miR-451 when compared to both control and mock cells. 

 

 

5.3.2 miR-451 reduces the proliferation, migration and colony formation in colon cancer 

cells 

The proliferation of SW480 and SW48 cells transfected with pCMV/miR- 451 

plasmid vector was noted to be reduced compared to SW480 and SW48 control and mock 

cells.  The paired t-test showed that the proliferation was significantly different from that of 

control and mock cells (P <0.05) (Figure 5.4).  Cell colony formation assay found that miR-

451 apparently inhibited the clonogenic activity of both SW480 and SW48.  Data revealed 

significant difference between both control and mock cells (p< 0.01) (Figure 5.5).  The cells 

migration was significantly decreased after stable transfection with pCMV/miR- 451.   The 

wound area showed a significant difference in these cells from both control and mock cells in 

day 2 and day 3 (P value <0.05 and 0.01) respectively (Figures 5.6).  

 

 



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

149 
 

 

 

 

 

 

 

 

 

 

Figure 5.4: Proliferation assay of colorectal cancer cell lines.  The figure shows decrease 

proliferation of both SW48 and SW480 cells transfected with pCMV/miR 451 plasmid vector 

when compared to mock and control cells after 48 hours from the transfection (p<0.05) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: colony formation assay of colorectal cancer cell lines. SW480 and SW48 cells 

which were transfected with miR-451 have less ability to form colonies when compared to 

non-transfected cells and cells transfected with empty vector (P<0.01). 
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Figure 5.6: The effect of miR-451 on colorectal cancer cell migration was determined by 

wound healing assay in SW480 and SW48 cell lines.  Photos show the migration of 

transfected and non- transfected cells towards the wound area, cells transfected with miR-451 

have less ability to migrate when compared to control and mock cells.  The level of cells 

migration was detected by measuring the wound area after seeding the cells for 4 consecutive 

days.  The results show that miR-451 significantly inhibit the cell migration (p<0.05).  
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5.3.3 Altered cell cycle events and apoptotic changes by miR-451  

 Flow cytometry analysis of miR-451 transfected colon cancer cells (miR-451+ colon 

cancer cells) indicated reduces accumulation of the cells at G0/G1 phase compared to both 

control and mock cells.  Also, a significant increase of the cells in the G2-M phase has been 

noted in the miR-451+   colon cancer cells compared to control and mock cells (Figure 5.7).  

The majority of the miR-451+ colon cancer cells displayed apoptotic cell phenotypes by 

showing either shrinkage or fragmentation of the nucleus or/and disturbance of cell 

membrane (late stage apoptotic changes) under a fluorescence microscope.  The control and 

mock cells showed less or no changes in its nuclear or cell membrane morphology (Figure 

5.8).  Flow cytometry and by using Annexin-V staining confirmed these findings by 

demonstrating a significant shift of miR-451+ cells to both late and early apoptosis compared 

to the control and mock cells  (p <0.05) (Figure 5.9).    

 

 

 

  



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

152 
 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: miR-451 induces changes in colorectal cancer cell cycle events:  Flow 

cytometry analysis revealed decrease accumulation of SW480 and SW48 cells transfected 

with miR-451 in G0-G1phase and significant increase accumulation in G2-M phase when 

compared to control and non- transfected cells (P<0.05).  
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Figure 5.8: miR-451 induces apoptosis in colorectal cancer cells (DAPI staining):   

SW480 and SW48 cells transfected with miR-451 and stained by DAPI staining show 

apoptotic changes when compared to non-transfected cells and cells transfected with empty 

vector.  Apoptotic changes include both pyknotic nuclei (head arrows) and fragmented nuclei 

(arrows) 
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Figure 5.9: miR-451 induces apoptosis in colorectal cancer cells (Flow cytometry 

analysis). Annexin-V staining shows that SW480 and SW48 cells transfected with miR-451 

have significant apoptotic changes when compared to both mock and control cells (P<0.05). 
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5.3.4 miR-451 induced changes in colon cancer stemness 

Immuno-markers specific to stemness and epithelial-mesenchymal transition (EMT) 

were tested to examine the regulatory roles of miR-451 in colon cancer stemness.  Both stem 

cell markers (SOX-2 and OCT-4) showed significant changes in their expression pattern 

following miR-451 transfection.  Among the EMT markers (SNAIL and TWIST), the SNAIL 

protein showed a significant reduction in its expression in miR-451+ colon cancer cells 

(Figure 5.10). 

Tumour sphere assay formation was carried out in treated and non- treated cells to 

determine the effect of miR-miR-451 on the ability of colorectal cancer cell to grow as 

spheres in serum-free media.  Cells treated by a miR-451showed significant reduction in 

tumour spheres numbers when compared to control and mock cells, p<0.05.  Also, the cells 

transfected with miR-451 show decrease in the size of tumour spheres when compared to 

control and mock cells (Figure 5.11).   Upregulation of miR-451 was confirmed in tumour 

spheres of miR-451 + colon cancer cells by Quantitative Real-time PCR (Figure 5.12).  

Immunofluorescence further supports the role of miR-451 in the regulation of colon cancer 

stem cells by determining that both OCT4 and SOX2 show low expression in spheres 

obtained from SW480 and SW48 transfected with miR-451 when compared to those derived 

from control cells (Figures 5.13 B &5.14).  The nuclei of spheres were visualized by Hoechst 

stain (Figures 5.13 A)  
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Figure 5.10: The effect of miR-451 on stem cell and epithelial-mesenchymal transition 

factors (western blot analysis).  miR-451 significantly down-regulates SOX-2, OCT-4 and 

SNAIL1 in SW480 and SW48 cell lines (P<0.05)  and does not affect TWIST protein 

expression.  GAPDH was used as a control. 
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Figure 5.11: miR-451 inhibits the sphere formation in both SW480 and SW48. The 

figure shows that SW480 and SW48 cells transfected with miR451 have less ability to form 

spheres in serum-free media when compared to control. There is significant decrease in the 

spheres number of the cells transfected with miR-451 when compare to their control cells 

(P=001).  
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Figure 5.12: Expression pattern miR-451 in colon spheres: Quantitative Real-time PCR 

shows upregulation of miR-451 in the colon spheres obtained from the cells transfected with 

miR-451 when compared to those taken from non- transfected cell (P<0.05)  
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Figure 5.13 A: Colonospheres stained by Hoechst stain:   The figure shows the physical 

appearance of the colonospheres in SW480 and SW48 cell lines of both control and 

transfected cells in which the nuclei can be distinguished by their bright blue colour. 

 

 

 

 

 

 

  

 

 

 

 

Figure 5.13 B: OCT 4 expression in colon spheres by immunofluorescence study.  The 

expression of stem cell marker (OCT 4) is decreased in the colon spheres obtained from 

cancer cells transfected with pCMV/miR451 when compared to colon spheres obtained from 

control cells.   
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Figure 5.14: SOX2 expression in colon spheres by immunofluorescence study.  The 

expression of stem cell marker (SOX 2) is decreased in the colon spheres transfected with 

pCMV/miR451 when compared to colon spheres obtained from control cells.  
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5.3.5 Discussion 

Downregulation of miR-451 was reported previously in different types of cancers 

including colorectal cancer (Wang et al., 2011; Lv et al., 2014; Bandres et al., 2009; Li et al., 

2015; Xu et al., 2015; Li et al., 2013; Mamoori et al., 2017).  Our study results are in 

consensus with the previous reports on miR-451 signifying its importance in the molecular 

carcinogenesis.  

The MIF gene plays a significant role in development and progression of colorectal 

cancer by targeting several genes including COX2 (cyclooxygenase 2), VEGF (Vascular 

endothelial growth factor) and MMP-9 (Matrix metallopeptidase 9) (Bitarte et al., 2011; He 

et al., 2009).  miR-451 was previously reported to have tumour suppressor properties in vitro 

and in vivo in nasopharyngeal carcinomas by targeting MIF (Liu et al., 2013).   Our own and 

previous studies have showed that miR-451 expression could modulate MIF protein 

expression in colorectal cancer (Mamoori et al., 2017; Bandres et al., 2009; Bitarte et al., 

2011).  In this study, we investigated the effect of restoring the expression of miR-451 in both 

SW480 and SW48 cell lines on MIF expression by western blot.   Our results agree with that 

of Bandres and his colleges who reported previously the ability of miR-451 to inhibit MIF 

protein in colorectal cancers by in vitro study (Bandres et al., 2009).  These findings support 

that miR-451 can target MIF and highlight its importance in colorectal cancer pathogenesis.  

MIF protein focused clinical trials via a neutralizing antibody (clinicaltrials.gov identifier, 

NCT01765790) for colorectal cancer therapy is already in use, and further research using 

miR-451 regulators would enhance the current MIF based therapeutics in patients with 

colorectal carcinomas.  

The present study has confirmed the growth inhibitory properties of colon cancer cells 

in-vitro following the overexpression of miR-451 indicating its tumour suppressor roles.   Liu 

et al. have previously demonstrated miR-451 induced cell cycle changes in colon cancer cells 
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supporting the inhibitory functions of this miRNA (Liu et al., 2014).   miR-451 also reported 

to arrest the cell cycle and enhance apoptosis of osteosarcoma and hepatocellular carcinoma 

(Xu et al.,2014; Liu et al., 2014).   In this study, miR-451 overexpression has led to arrest the 

cells during their transition from S phase to the G2/M phase of the cell cycle.   Accumulation 

of the cells in G2/M phase may make the cells vulnerable to the apoptotic changes.   These 

findings of the cell cycle and apoptotic changes are in agreement with the findings of Li et al. 

(Li et al., 2015).  This study has demonstrated the ability of miR-451 to promote apoptosis in 

colon cancer cells by targeting Ywhaz gene (Li et al., 2015).   Ywhaz has been identified as a 

clinically relevant prognostic factor for several types of cancers, and it has essential roles in 

cancer cell proliferation and apoptosis (Watanabe et al., 2016).   

The role of MIF in regulating cell cycle events has been identified.  Nemajerova et al. 

showed that MIF can play important role in controlling G2/M phase of cell cycle and stated 

that MIF could be attractive target for therapeutic intervention (Nemajerova et al., 2007).  

MIF exert its effects on the G2/M phase check point regulatory genes like (cdc 25 A, cdk 2) 

by interaction with CSN5 (Signalosome Subunit 5) –SCF (Stem Cell Factor) (Nemajerova et 

al., 2007).  In turn, the effects will result in a strong P53-dependent anti proliferative 

response (Nemajerova et al., 2007).   Shine et al. demonstrated that MIF can cause significant 

decrease in the number of the colon cancer cells in G0/ G1 and significant increase in the 

number of colon cancer cells in G2/M phase (Shine et al., 2012).  These data support that 

miR-451 regulating the cell cycle events by targeting MIF.   Thus, we postulate the function 

of miR-451 to enhance apoptosis via targeting one or more of apoptotic-related genes in G2-

M checkpoint which still need further investigation.   However, another study by Wang et al. 

indicated that miR-451 has little or no effect on the cell cycle events of non- small cell lung 

cancer despite the significant apoptotic changes following miR-451 restoration (Wang et al., 
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2011).   The differences in these findings can attribute to the difference in downstream targets 

of this miRNA in different types of cancers. 

There is growing evidence supporting the role of miR-451 in the regulation of cancer 

stemness.   For example, transfection of glioblastoma stem cell with miR-451 mimics results 

in minimising the size of glioblastoma neurospheres (Gal et al., 2008).   Additionally, miR-

451 has reported being one of the several miRNAs that downregulated to maintain the self-

renewal capacity of bronchoalveolar stem cells which ultimately lead to initiate cancer stem 

cell of lung cancer (Qian et al., 2008).   Furthermore, overexpression of miR-451 in colon 

cancer stem cell spheres has led to a decline in self-renewal, tumorigenicity, and 

chemoresistance to irinotecan, a known therapeutic in colon cancers (Bitarte et al., 2011).   In 

the present study, a miR-451+ has induced a significant reduction of cancer sphere size and 

numbers.   Thus, the current results are in agreement with that of Bitarte et al. implying the 

regulation of miR-451 in colon cancer pathogenesis via altering the cancer stemness.   Bitarte 

et al. have also noted the involvement of the COX-2 protein in maintaining colon spheres via 

regulating miR-451 targeted MIF pathways (Bitarte et al., 2011).  Taken together, it can be 

hypothesized that miR-451 plays a crucial role in maintaining stemness in normal colonic 

epithelium and deregulation of miR451 will result in the activation of multiple stem cell 

markers to initiate colorectal carcinogenesis.  

Epithelial-mesenchymal transition (EMT) is a process by which epithelial cells lose 

their polarity and cell to cell adhesion leading to increase cell invasion, metastasis and 

chemotherapeutic resistance in cancer cells.   This process also plays a key role in the 

maintenance and differentiation of cancer stem cells (Qiao et al., 2012).   Recent studies by 

Huang et al and Chen et al have found that downregulation of miR-451 can induce EMT by 

targeting C-MYC/ ERK/GSK-3B signalling pathway and subsequent MMPs (Matrix 

Metalloproteinases) including MMP9 and SNAI1 activation in hepatocellular carcinoma and 
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lung adenocarcinoma respectively (Huang et al., 2015; Chen et al.,2014).  The regulatory role 

of miR-451 on other EMT proteins was also reported previously in different type of cancer 

(Zeng et al., 2014).    Moreover, MIF protein, a prominent downstream target of miR-451was 

reported to have important roles in EMT of colorectal cancer (Hu et al., 2015) and identified 

to have direct control on MMP-9 in colon carcinogenesis(He et al., 2009).  This study was 

first reported a significant regulation of EMT marker (SNAI1) and stem cell markers (SOX2 

& OCT4) following miR-451 overexpression.   These results in conjunction with the previous 

findings imply that miR-451 control EMT and thereby stemness by targeting MIF/ MMP-9 or 

their downstream signalling pathways.   Further studies are warranted to confirm this 

association.    

To conclude, this study found that miR-451 acts as a potential tumour suppressor in 

colorectal cancer by targeting its downstream signalling pathways, primarily by MIF.  The 

miR-451 induced growth suppression properties in-vitro and regulation of EMT/stemness in 

colon cancer cells indicates its significance in cancer cell initiation, maintenance and 

progression in the colon.   These results, in turn,, suggest the potential use of miR-451as a 

molecular target for regulating various signalling pathways especially MIF induced 

pathogenesis in colorectal carcinomas.   
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Chapter 6: (Aim 1& Aim 2) 

 

Aim one 

 Investigate the expression profile of miR-193a-3p in colorectal cancer  

fresh tissues and correlate its  expression to several clinical and pathological  

parameters of colorectal cancer. 

 

Aim two 

Determine and correlate the expression level of KRAS with miR-193a-3p in 

these colorectal cancer tissues. 
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6.1 Introduction 

It is estimated that approximately 30% of protein-coding human genome is targeted 

by microRNAs (miRNAs) (Li et al., 2009).   Many of these miRNAs act either as oncogenes 

or tumour suppressor genes.  They regulate multiple cellular and pathophysiological events in 

carcinogenesis (Amin et al.,2015; Ebrahimi et al., 2014;  Gopalan et al., 2014;  Gopalan et 

al., 2015; Mamoori et al.,2017; Maroof et al., 2014).   

The miR-193a is a member of the miR-193 family that consists of miR-193b and 

miR-193c.   miR-193a is located on chromosome 17 at 17q11.2 of the human genome (Gene 

ID: 406968) (Landgraf et al., 2007).  Based on arm selection, miR-193a could be subdivided 

into miR-193a-3P and miR-193a-5P.  Previous studies have proposed that miR-193a 

primarily functions as a tumour suppressor miRNA in many carcinomas including non-small 

cell lung (Heller et al., 2012) and breast carcinomas (Pillai et al., 2014).  miR-193a can be 

aberrantly silenced by DNA hypermethylation which in turn leads to inhibition of its tumour 

suppressor role and results in cancer development  (Lopez-Serra & Esteller, 2012; Gao et al., 

2011; Kozaki et al., 2008).  On the other hand, miR-193a has oncogenic roles in prostatic 

(Walter et al., 2013) and colorectal adenocarcinomas (Yong et al., 2013).  Also, miR-193a 

could target several genes.   Of these, KRAS is as one of its downstream direct target gene 

(Iliopoulos et al., 2011; Seviour et al., 2017).   KRAS mutations occur in approximately 40% 

of colorectal cancer that leads to activation of downstream targets genes of this disease (Kim 

et al., 2016). 

Until now, the significance of miR-193a in colorectal cancer is not well understood in 

patient-derived tissue samples. This study aims to investigate the expression pattern, 

clinicopathological relevance and target affinity of miR-193a-3p in colorectal cancer tissue. 
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6.2 Materials and Methods 

6.2.1 Recruitment of the tissues and sample selection  

 We prospectively collected fresh frozen colorectal cancer tissue specimens with 

matched non-cancer tissues and stored in -80 ºC.  The samples were collected from patients 

with colorectal carcinoma who have undergone resection.   A signed consent from each of the 

participating patients was also obtained.  In each case, formalin fixed paraffin tissue block 

from the cancer was also received. The paraffin block was used to study histology as well as 

for KRAS protein expression analysis.  The fresh frozen colorectal tissues were sectioned 

using a cryostat (Leica Biosystems, Wetzlar, Hesse, Germany) and histological analysis was 

made after staining with hematoxylin and eosin staining.  This study was approved by the 

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

 

6.2.2 Clinical and pathological data of the patients 

The surgical specimens of colorectal cancer were processed for pathological 

examination by the author (AKL).  After the histological confirmation, 70 patients (35 men 

and 35 women) with colorectal adenocarcinoma were selected for this study.  The mean age 

of the patients was 70 years (range from 24-91years).  The size of the cancer was classified 

into two groups - less than 40 mm (n= 39) and more or equal to 40 mm (n=31).   Fifty-five 

carcinomas were located in the colon and 15were in the rectum.   The cancer was graded 

according to the World Health Organization (WHO) (Hamilton et al., 2010).   Also, the 

carcinoma was staged according to the 8th edition of Cancer staging Manual of AJCC 

(American Joint Committee on Cancer) (Milburn Jessup, et al., 2017) based on T (tumor 

invasion), N (lymph node) and M (metastasis) staging.  The pathological stages were also 

confirmed in a multidisciplinary team meeting of the pathologist and the surgeon (AKL & 

CTL).  
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 The other pathological parameters including peri-neural cancer invasion, 

lymphovascular permeation, cancer perforation and presence of familial adenomatous 

polyposis disease were also noted.  Microsatellite instability (MSI) was tested in these cases 

by immunohistochemistry on four proteins (MLH1, PMS2, MSH2 and MSH6) as described 

previously (Ebrahimi et al., 2015).   

All the patients were follow-up clinically according to standard protocol.  Cancer 

recurrence the following surgery was recorded.  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.  Only cancer-related death was counted as an endpoint in the statistical 

analysis.   

 

6.2.3 MicroRNA extraction and cDNA conversion 

Total RNA including miRNA was extracted from the fresh frozen human tissues after 

cryotomy.   In brief, tissues were sectioned in thin slices (5µm) and followed by extraction 

using Qiagen miRNeasy Mini Kit which is specific for purification the total RNA including 

miRNA from the tissues (Qiagen, Hilden, North Rhine-Westphalia, Germany).  RNA quality 

was assessed by using a NanoDrop ND.1000 spectrophotometer (Thermo Fisher Scientific, 

Wilmington, MA, U.S.A.).  The purity of RNA was obtained by checking the optical density 

(OD) 260/280 ratio and concentration of RNA was noted in ng/µl. 

 Reverse transcription reactions were performed using 1 μg total RNA in a final 

reaction volume of 20 µl.   The extracted miRNA was converted to cDNA using miScript 

Reverse Transcription Kit (Qiagen) according to the manufacturer’s instructions.   Each 

cDNA sample was diluted to 1.5 ng/µl to provide a uniformly concentrated sample for 

miRNA quantitative real-time PCR (polymerase chain reaction).  The sample was stored at -

20oC until the PCR analysis. 
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6.2.4 Quantitative real-time PCR 

 An IQ5 Multicolour Real-Time PCR Detection system (Bio-Rad, Hercules, CA, 

USA) was used to analyse the miR-193a-3P expression changes.   PCR was performed in a 

total volume of 20 µl reaction mixture containing 10 µl 2x QuantiTect SYBR Green PCR 

Master Mix, 2 µl 10x miScript Universal Primer, 2 µl 10x miScript Primer Assay (Hs_miR-

193a-3P) (Qiagen) and 4 µl of cDNA template at 1.5 ng/ µl concentration.  RNU6B RNA 

(Hs_RNU6B_2 miScript Primer Assay, Qiagen) was used for normalizing the amount of 

target miRNA.  All the samples were run in triplicates.  The fold change in the target gene for 

the results of quantitative amplification was calculated for each sample using 2-ΔΔCT (fold 

change) method as previously reported (Ebrahimi et al.,2014; Gopalan et al.,2014; Gopalan 

et al.,2015).  A fold change of more than 2 was considered as high miR-193a-3P expression, 

and a fold change of less than 1 was regarded as a low expression for miR-193a-3P.  Also, 

the inverse ratio of miR-193a-3p versus RNU6B (control miRNA) [expression ratio] was 

used to represent the miRNA expression in relative to control samples.  

 

6.2.5 Immunohistochemical study of KRAS in colorectal cancer tissues 

 .  A high PH ENVisionTM FLEX Mini Kit (Dako, Glostrup, Hovedstaden, Denmark) 

was used for the immunohistochemical analysis of KRAS protein.  In brief, deparaffinised 

and rehydrated sections (4μm) from the paraffin blocks were processed for antigen retrieval 

in citrate buffer (at pH 6.0) for 15 minutes in a microwave oven. They were then blocked 

with peroxidase blocking reagent for 8 minutes.  Tissues were incubated with Anti –KRAS 

antibody, Rabbit polyclonal to KRAS (ab 137739, 1:150 dilution; Abcam, Cambridge, 

England) for 60 minutes at room temperature.  The slides were then incubated with a 

horseradish peroxidase-conjugated rabbit secondary antibody (Dako) for 25 minutes at room 

temperature.  Visualisation of staining was done by using 3, 3'-diaminobenzidine (DAB) 
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(Dako) to produce a brown colour, and then counterstained with haematoxylin.  A colon 

adenocarcinoma tissue that showed strong cytoplasmic staining was used as a positive control 

in each run of the experiment.  A negative control sample was prepared by the same 

procedure, except that tissue was not incubated with the primary antibody.  Cytoplasmic 

staining was quantitated by counting the number of KRAS-positive cells in a total of 500 

tumour cells in at least six randomly selected fields at high power (400×) under a standard 

light microscope.  A grading scale ranging from 0 to 3 was used for this assessment, where 0 

represented a negative staining, 1 represented weak staining (1-30%), 2 represented moderate 

staining (31 to 70%), and 3 represented strong staining (>70%).   Assessment of the slides 

according to the extent of positive KRAS staining was also taken into consideration.   Pale 

yellow indicating weak-positive staining (1); brown yellow indicating moderate-positive 

staining (2) and nut-brown yellow indicating strong-positive staining (3).  

 

6.2.6 Statistical analysis 

Statistical analysis was done by using the Statistical Package for Social Sciences 

(IBM SPSS, version 22, New York, NY. USA).  Chi-square test or likelihood ratio was used 

for categorical variables.  Pearson correlation test was used for continues variables. 

Independent t-test was performed for the analysis of continues variables in categories value < 

0.05 for these tests was considered as significant.  
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6.3 Results 

6.3.1 Downregulation of miR-193a-3P and its clinicopathological significance  

 The miR-193a-3P expression was predominantly downregulated in the colorectal 

adenocarcinoma tissues.  Compared to matched non-neoplastic tissues, approximately 70% 

(49/70) of the colorectal carcinomas patients showed reduced expression levels of miR-193a-

3P and upregulation/overexpression was noted in only 30% (21/70) of patients.  During the 

analysis, miR-193a-3P expression was observed to be downregulated in majority patients 

with early stages of colorectal adenocarcinoma (I/II) compared to patients with advanced 

pathological stages (III/IV).  From total 41(58.57%) cases with early stages colorectal 

adenocarcinoma, 33 cases (80.48%) show downregulation of miR-193a-3p while from 

29(41.42%) cases with advanced stages of colorectal cancer, only 16(55.2%) cases show 

downregulation of miR-193a-3p.  P value is significant and less than 0.05.  Also, significant 

correlation between downregulation of miR-193a-3p and multiple polyps is noted in this 

sample of the patients (p=0.034) and near significant value is determined between 

downregulation of miR-193a-3p and perforation of colorectal cancer (p=0.05).  No 

significant correlation between miR-193a-3p expression and other clinical and pathological 

parameter like age, gender, MSI and others (Table 6.1).  Survival analysis is performed on 

the patients with stage IV colorectal cancer (n=16), of these, 13 patients died due to cancer.   

Kaplan Meier test showed that patients with high level of miR-193a-3p have better survival 

rate than the patients with low level of miR-193a-3p expression (33 months versus 20 

months).   However, this difference does not statistically significant (p >0.05) (Figure 6.1). 
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Table 6.1: The correlation of miR-193a expression level with different clinical and 
pathological parameters in patients with colorectal carcinoma. 
 
Parameters  Total no. High expression Low expression p-value 
……………………………………………………………………………………………… 
Age    
≤60  14(20.0%) 4 (28.6%)  10 (71.4%  0.89 
>60  56 (80.0%) 17 (30.35%)  39 (69.6%)   
 
Gender 
Male  35 (50.0%) 11(31.5%)  24 (68.6%)  0.79  
Female  35 (50.0%) 10(28.57%)  25 (71.4%)  
 
Size  
≤ 40mm  39(55.7%) 12(30.8%)  27 (69.2%)  0.875 
> 40 mm  31(44.3%) 9 (29%)  22(71.0%)    
 
Location 
Colon    55(78.57%) 19(34.54%)  36 (66.7%)  0.092 
Rectum  15(22.9%) 2(12.5%)  13 (81.3%)  
 
Perforation 
Yes  5(7.14)  0(0.0%)  5(100%)  0.05* 
No  65(92.85)  21(32.30%)  44(67.69) 
 
Grade 
I  7(10%) 2 (28.57%)  5(71.42%)  0.251 
II  55(78.57%) 18 (32.72%)  37 (67.27%)  
III  8(11.42%) 1 (12.5%)  7(87.5%)  
 
LVI  
Yes  15(21.42) 7(46.66)  8(53.33)  0.11 
No  55(78.57) 14(25.45%)  41(74.54) 
 
Peri-neural infiltration  
Yes  6(8.6%) 3 (50%)  3 (50.0%)  0.264 
No  64(91.4%) 18 (28.12%)  46 (71.9%)  
 
MSI status 
High  12(17.1%) 4 (33.33%)  8 (66.7%)  0.782 
Stable  58(82.9%) 17(29.31%)  41 (70.7%)  
 
Multiple polyps 
Presence  6(8.6%) 0(0.0%)  6(100.0%)  0.034* 
Not detected  64(91.4%) 21(32.9%)  43 (67.2%)  
 
Stage 
I /II  41(58.57%) 8(19.51%)  33 (80.48%)  0.023* 
III/IV  29(41.42%) 13(44.82%)  16 (55.2%)  
 
Recurrence 
Yes  25(35.71%) 9 (36.0%)  16 (64.0%)  0.432  
No  45(64.28%) 12 (26.66%)  33 (73.33%) 
-------------------------------------------------------------------------------------------------------------    



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

173 
 

*: significant p value; MSI: microsatellite instability; FAP: familial adenomatous polyposis 

syndrome; LVI: lymphovascular permeation by carcinoma 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Correlation between miR-193a-3p expression and survival of colorectal 

cancer patients. The figure shows that patients with stage IV colorectal cancer who have low 

expression levels of miR-193a-3p (n=9) have reduced survival rates when compared to 

patients with high miR-193a-3p expression levels (n=7) in the same stage. 

 

 

6.3.2 Correlation between miR-193a-3p and KRAS protein expression in colorectal 

cancer tissues  

KRAS protein shows cytoplasmic expression in whole cases used for the 

immunohistochemical study.  From the total 70 cases, 37 cases showed low or no expression 

(score = 0 or 1) of KRAS protein, and 33 cases showed high expression (score = 2 or 3) of 

KRAS protein.   Overall, 55.1% of the miR-193a-3P downregulated colorectal cancer tissues 

showed overexpression of KRAS protein (score = 2 or 3) and 71.42% of the miR-193a-3P 

upregulated colorectal cancer tissues showed downregulation of KRAS protein (score = 0 or 
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1).  These data showed a significant inverse correlation between miR-193a-3p and its target 

KRAS in this sample of the patients (Table 6.2; Figures 6.2 & 6.3).    

 

Table 6.2: Correlation of miR-193a expression to its target KRAS protein by the 

immunohistochemical study: 

 

miR-193a expression  Patients number Immunohistochemical expression  

       (Low)   (High) 

………………………………………………………………………………………………… 

High miR-193a expression  21(30%) 15(71.42%)  6(28.57%) 

   

Low miR-193a expression  49(70%) 22(44.9%)  27(55.1%) 

  

P=0.03  
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Figure 6.2: Immunohistochemical study of KRAS protein in patients with colorectal 

cancer.   Moderate cytoplasmic expression (score 2) of KRAS protein was noted in 

colorectal cancer (green arrow) (x 20). 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Immunohistochemical study of KRAS protein in patients with colorectal 

cancer.   Strong cytoplasmic expression of KRAS protein was noted in colorectal cancer 

(green arrow) (x 25) 
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6.3.3 Discussion 

miR-193a-3p was noted to be downregulated in the majority of colorectal cancer 

tissues in this study.  In 2011, Iliopoulos et al. reported miR-193a as a tumour suppressor 

gene in both colorectal cancer tissues and colorectal cancer cell lines (Iliopoulos et al., 2011).  

Our finding is similar to the results of Iliopoulos et al.   In 2013, Yong et al. found that miR-

193a-3P was significantly upregulated in both tissue and blood samples of colorectal 

carcinoma (Yong et al., 2013).   Also, in other cancers, significant upregulation of miR-193a-

3p was noted in H-bc (bladder cancer cell line) and SMMC-7721 (hepatocellular carcinoma 

cell line) (Lv et al., 2014; Ma et al., 2012).   On the other hand, significant downregulation 

was reported in 5637(bladder cancer cell line) and QGY-7703 (hepatocellular carcinoma cell 

line) (Lv et al., 2014; Ma et al., 2012).  The difference in the methylation state of this 

miRNA was reported to have this significant effect on its natural behaviour in these types of 

cancers (Lv et al., 2014; Ma et al., 2012).  These finding may give some explanation to the 

differences between the results of our study and that of Yong et al., 2013, taking in 

consideration that our results also showed that miR-193a-3p was upregulated in 21 cases and 

five of these cases showed fold change more than ten.  

In this study, there was a correlation between miR-193a-3p downregulation and 

patients with early stages (Stage I or II) colorectal carcinomas.   The findings were in 

concurring with those of Williams et al. who reported the miR-193a-3p downregulation in the 

early pathogenesis of malignant pleural mesotheliomas (Williams et al., 2015).  However, 

Zhang et al. reported a significant correlation between miR-193a-5p overexpression and 

lymph node metastasis in patients with colorectal carcinomas (Zhang et al., 2014).  

Furthermore, downregulation of miR-193a-3p was reported to have a significant association 

with advanced stages of non-small cell lung cancer patients (Ren et al., 2015).  The 
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difference in these findings may attribute to the difference in the cancer subtypes, sample size 

and the modulation of different molecular pathways that miR-193a interacts with.   

This research showed a correlation between the downregulation of miR-193a-3p and 

the presence of multiple polyps associated with the colorectal cancer. Overall, there were six 

patients with colorectal cancer having multiple polyps. None of them had familial 

adenomatous polyposis (FAP) or microsatellite instabilities. The finding implied that miR-

193a inhibition promotes the presence of multiple colorectal epithelial lesions independent 

from above known genetic pathways. Further investigations are valid to confirm the role of 

and miR-193a in this setting.  

Perforation of colorectal cancer could be life threatening complication with severe 

consequences (Yang et al., 2014).  In our study, all the cases with perforation occur in low 

expression of miR-193a-3p patients (p=0.05).  The association between miRNAs expression 

and perforation of colorectal cancer have been reported previously (Hansen et al., 2014).  

Thus, the low miR-193a-3p expression could predict the risk of perforation in this type of 

cancers. 

   Previous studies have reported multiple genes such as UPA, MCL-1, JNK1 and 

ERBB4 as the downstream targets of miR-193a in different cancers (Salvi et al., 2013, Kwon 

et al., 2013; Uhlmann et al., 2012; Liang et al., 2015).  In colorectal cancers, KRAS protein 

has been reported as a downstream target of miR-193a (Iliopoulos et al., 2011).   Iliopoulos et 

al. demonstrated a strong inverse correlation between miR-193a and KRAS mRNA in 

colorectal carcinoma.  In this study, a significant inverse correlation was noted between miR-

193a-3p and KRAS protein expression in a tissue sample.  

KRAS gene plays a crucial role in colorectal cancer carcinogenesis (Worthley & 

Leggett, 2010).  Mutation of KRAS is responsible for the refractory to anti-epidermal growth 

factor receptor treatments widely used in the treatment of metastatic colorectal carcinoma 
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(Ung et al., 2014).  Moreover, KRAS exerts its effect in colorectal cancer by targeting two 

major signalling pathways, RAF-MEK-ERK and P13K-AKT pathways (McCubrey et al., 

2012).   Thus, miR-193a downregulation and its association with early stages colorectal 

carcinomas can be attributed to its activation of highly oncogenic KRAS protein for the 

initiation and progression of colorectal carcinomas, especially in its early pathological stages.  

These findings have potential therapeutic use to target KRAS associated pathogenesis in 

colorectal carcinomas. 

In summary, this study for the first time identified a significant correlation between 

downregulation of miR-193a and early stages colorectal cancer.  Thus, miR-193a can play a 

role in initial steps carcinogenesis by targeting KRAS gene.   Further research with increased 

numbers of the patients is necessary to confirm these findings.   
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Chapter 7: Aim 3 

Confirmation the functional roles of miR-193a-3p in colorectal cancer by in 

vitro study.  
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7.1 Introduction 

 In the first part of our study (Mamoori et al., 2017), we identified a significant 

correlation between downregulation of miR-193a and both familial adenomatous polyposis 

syndrome and early stages colorectal cancer.  In addition, we showed that miR-193a 

correlated significantly and inversely with KRAS expression in a sample of patients.  

According to that, miR-193a is suggested to play essential roles in colorectal carcinogenesis.  

To investigate its functions in different aspects of this disease, multiple functional and 

immunological assays were performed by in vitro studies.   

7.2 Materials and Methods 

7.2 1 Cell culture 

Two human colon carcinoma cell lines were used in this study, SW480 (Stage 2 colon cancer, 

CCL-228™) and SW48 (Stage 3 colon cancer, CCL-231™).   These cell lines were obtained 

from the American Type Culture Collection (ATCC).  The control was a non-neoplastic 

colonic epithelial cell line (FHC).  Each cell line was cultured in its required media and tested 

routinely for mycoplasma contamination. 

7.2.2 Cell Transfection 

 Permanent transfection of colon cancer cells using an OriGene pCMV/miR 193a 

plasmid vector was performed for knocking in miR-193a (OriGene Technologies, Rockville, 

MD, USA).   Transfection was done according to the manufacturer’s instructions and 

optimization was achieved by doubling the concentration of miR-193a-3p plasmid DNA.  

Approximately 0.5 μg of DNA was used to optimise the transfection in 96 well plates.  

Neomycin in starting concentration of 500μg/ml was used as a selective agent for permanent 

transfection and the dose of neomycin then adjusted to 375μg/ml.  Cells transfected with 

empty vector were used as a control and non-transfected cells were used as mock.   
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7.2.3 MicroRNA extraction and cDNA conversion 

Total RNA including miRNA was extracted from SW480, SW48, and FHC cell lines 

before transfection.  After transfection, total RNA including miRNA was extracted from both 

SW480 and SW48 (treated and non-treated cells).  QiagenmiRNeasy Mini Kit was used for 

purification the total RNA including miRNA from the cell lines (Qiagen, Hilden, North 

Rhine-Westphalia, Germany).  RNA quality was assessed by using a NanoDrop ND.1000 

spectrophotometer (Thermo Fisher Scientific, Wilmington, MA, U.S.A.).   The purity of 

RNA was obtained by checking the optical density (OD) 260/280 ratio and concentration of 

RNA was noted in ng/µl. 

 Reverse transcription reactions were performed using 1 μg total RNA in a final 

reaction volume of 20 µl.   RNA was converted to cDNA using miScript Reverse 

Transcription Kit (Qiagen) according to the manufacturer’s instructions.   Each cDNA sample 

was diluted to 1.5 ng/µl to provide a uniformly concentrated sample for miRNA quantitative 

real-time polymerase chain reaction.  The sample was stored at -20oC until the PCR analysis 

 

7.2.4 Quantitative real-time PCR 

 An IQ5 Multicolour Real-Time PCR Detection system (Bio-Rad, Hercules, CA, 

USA) was used to analyse the miR-193a-3P expression changes.   PCR was performed in a 

total volume of 20 µl reaction mixture containing 10 µl 2x QuantiTect SYBR Green PCR 

Master Mix, 2 µl 10x miScript Universal Primer, 2 µl 10x miScript Primer Assay (Hs_miR-

193a-3P) (Qiagen) and 4 µl of cDNA template at 1.5 ng/ µl concentration.  RNU6B RNA 

(Hs_RNU6B_2 miScript Primer Assay, Qiagen) was used for normalizing the amount of 

target miRNA.  All the samples were run in triplicates.  The fold change in the target gene for 

the results of quantitative amplification was calculated for each sample using 2-ΔΔCT (fold 

change) method as previously reported (Ebrahimi et al.,2014; Gopalan et al.,2014; Gopalan 
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et al.,2015).  A fold change of more than 2 was considered as high miR-193a-3P expression, 

and a fold change of less than 1 was regarded as low expression for miR-193a-3P.  Also, the 

inverse ratio of miR-193a-3p versus RNU6B (control miRNA) [expression ratio] was used to 

represent the miRNA expression in relative to control samples.  

 

7.2.5 Cell Proliferation Assay 

The role of miR-193a-3p in colon cancer cell proliferation was detected by using 3-(4, 

5-dimethylthiazol-2-yl) - 5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt 

(MTS).  Both transfected and non-transfected cells were seeded in flat-bottom 96-well plates 

with 1 x 104 cells/well in quadruplicate and were incubated for 0 hours, 48 hours, 72 hours, 

and 96 hours.  Approximately 10 ml CCK8 /100 ml complete media (Sigma–Aldrich, 

Australia) was added to each well.  The cells were incubated at 37 °C for 1 hour.  Absorbance 

was determined by using a fluorescence polarisation microplate reader POLARstar Omega 

(BMG TABTECH, Ortenberg, Germany) at a wavelength of 450 nm. 

 

7.2.6 Wound healing assay 

 In vitro wound healing assay was performed to examine the migration of miR-193a 

transfected and control colon cancer cells.  Briefly, the cells were grown in 6-well plates with 

their respective culture media.  After reaching 90% confluence, a single scratch was made on 

the monolayer using a yellow pipette (200ul) tip, and the wounded layers were washed with 

phosphate buffered saline (PBS) to remove cell debris.  Measurement of the closure or filling 

of the wounds at days 0, 1, 2 and 3 was done under a contrast microscope.  All experiments 

were performed in triplicate. 
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7.2.7 Clonogenic assay 

To assess miR-193a effect on clonogenic ability of colon cancer cell lines, all the 

treated/control cells were seeded in 6-well plates (200 cells/well).  After two weeks, cells 

were fixed with 70% cold ethanol for 10 minutes.  Following fixation, 5% crystal violet 

solution was added and incubated at room temperature for two hours. Then, 10% fetal bovine 

serum (FBS) containing media was added and pipetted properly to wash off the cells.  Plates 

were then allowed to dry, photos were taken and clones were counted under a microscope. 

 

7.2.8 Western blot analysis  

Cells were harvested and lysed with NP40 (ThermoFisher Scientific) buffer enriched 

with complete protease inhibitor cocktail (Sigma-Aldrich,  St. Louis , MO, USA) and then 

incubated on ice for 30 minutes with regular vortexing every five minutes before centrifuging 

at 14,000 rpm at 4°C for 15 minutes.  Protein concentration was determined by using protein 

quantification assay kit (Macherey-Nagel, Germany).  The protein samples were boiled in 1X 

SDS sample buffer for 5 minutes for complete denaturation and were resolved on a 4 to 15% 

TGX-polyacrylamide gel according to the manufacturer protocol.  After electrophoresis, 

proteins were transferred onto polyvinyl difluoride (PVDF) membrane followed by  blocking 

with 5% non-fat dry milk in 1X Phosphate buffered saline with 0.1% Tween-20 (PBS-T) and 

incubation with primary antibody (Anti-KRAS antibody, Rabbit polyclonal to KRAS (ab 

137739, Abcam, Cambridge, England) at the appropriate final concentration (after multiple 

optimisation steps).  Other antibodies including Oct 4 polyclonal antibody (Sc-86291, Santa 

Cruz Biotechnology, Dallas, TX, USA), Sox-2 polyclonal antibody (Sc-17320, Santa Cruz 

Biotechnology,), SNAI1 polyclonal antibody (sc-10432, Santa Cruz Biotechnology), and 

Twist polyclonal antibody (sc-15393, Santa Cruz Biotechnology) are used to study the effect 

of miR-193a on stem cell markers and epithelial-mesenchymal transition respectively.  

https://www.google.com.au/search?q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0ahUKEwiHyI607q7VAhUIUbwKHcs-DAMQmxMIhwEoATAS
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GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as a control.   Each sample 

was then incubated with the appropriate secondary antibody.   Finally, Western blot images 

were developed using VersaDoc-MP imaging system (Bio-Rad).  

 

7.2.9 Cell cycle analysis 

To determine the effect of miR-193a on cell cycle regulation, cells were harvested 

after trypsinisation and were fixed in phosphate buffered saline (PBS) with 70% ethanol.  

After 1 hour of incubation with RNase A, 400 µl of propidium iodide was added directly to 

cells containing RNase A solution.  Cell cycle analysis was performed with a flow cytometer 

(BD FACSCalibur™ flow cytometer- BD Bioscience, Franklin Lakes, NJ, USA) after 

incubation in a dark room for 5-10 minutes. 

 

7.2.10 Annexin-V staining 

Annexin V-FITC conjugated apoptosis detection kit (Invitrogen, Carlsbad, CA, USA) 

was used to assess miR-193a induced apoptosis in colon cancer cell lines.  The experiment 

was done according to the manufacturer’s instructions.  Briefly, all the treated/control cells 

were washed with PBS and resuspended in binding buffer containing Annexin V and 

propidium iodide (PI).  Fluorescence intensity was measured using flow cytometry with a BD 

FACS CaliburTM flow cytometer (BD Bioscience). 
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7.2.11 Apoptotic morphology by DAPI staining 

All the treated and control cells were used for assessing the miR-193a directed 

apoptotic changes.  The cells were stained with 4, 6-diamidino-2-phenylindole (DAPI) 

(Sigma-Aldrich) and those with fragmented or condensed nuclei under the fluorescence 

microscope were recorded as apoptotic cells. 

 

7.2.12 Tumour sphere formation assays 

Treated and non- treated cells are seeded to assess the effect of miR-193a on the 

ability of cancer cells to grow in sphere-media condition.  Briefly, the cells were harvest after 

growing in their required media.   Approximately, 1500 cells are seeded in 12 ultra-low 

attachment well plates in DMEM/F-12 (Sigma) containing 20 ng/mL human FGF-2  

(Miltenyi Biotec), 20 ng/mL EGF (Life Technologies), 5 μg/mL insulin, B-27 supplement 

(1:50 dilution, Life Technologies), and penicillin/streptomycin.  The cells cultured at 37°C, 

5% CO2.   The experiment runs in quadruplicate and after one week incubation, tumour 

sphere numbers are counted under a phase-contrast microscope using the 20 x magnification 

lens.  Results presented as a percentage of the number of tumour spheres divided by the 

initial number of the cell seeded. 

7.2.13 Immunofluorescence assay 

 After growing the cells in spheres manner, the spheres are transferred to the 6- well 

plates by using a 1000 µL pipette and left for 7 minutes to allow gravity precipitation.  Then, 

the multi well plate is tilted slightly, and the culture medium is aspirated using a 200 μL 

pipette.  The tip of the pipette is placed against the wall of the well, and the medium is 

aspirated slowly to avoid disturbance of spheres.  Washing of the spheres by using PBS is 

done carefully to avoid losing of spheres.  The aspirated medium or PBS is kept in another 

well so it can be re-used when all spheres are aspirated by mistake.  After aspiration, the 
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spheres are verified to be at the bottom of the well by visualization using a microscope.  The 

spheres then fixed by using 70% ethanol for 20 minutes followed by washing 3 times by 

using PBS (each time for 3 minutes).  After that, the spheres permeabilised by incubation 

with 0.1% Triton x-100 in PBS for 15 minutes on ice.  The spheres are then incubated with 

the blocking buffer (BSA) for 1 hour after washing with PBS buffer for three times.   

Overnight incubation at 4° C, dark room is used to incubate the spheres with primary 

Antibodies (OCT 4 and SOX2).   OCT 4 polyclonal antibody (Sc-86291, 1:500 dilution, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA) and SOX-2 polyclonal antibody (Sc-

17320, 1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA) are used to study 

the expression patterns of stem cell markers in treated and non-treated colon spheres.  Each 

sample is then incubated with the appropriate fluorescein-conjugated secondary antibody in 

dark humidity chamber for 1 hour at room temperature after washing.  

 Spheres are washed with of PBS and then left for 3 min. This washing procedure is 

repeated three times.  After aspiration of the PBS by the same procedure, nuclear staining is 

performed with Hoechst 33342 (1:500 dilution), and the spheres are observed using a 

fluorescence microscope. 

 

7.2.14 Statistical analysis 

Statistical analysis was performed using the Statistical Package for Social Sciences 

for Windows (version 24.0, IBM SPSS Inc., New York, NY, USA).  Chi-square test or 

likelihood ratio was used for categorical variables.  Pearson correlation test was used for 

continuous variables.  Independent t-test and ANOVA was performed for the analysis of 

continuous variables in categories.  Kaplan-Meier survival analysis was used to study the 

impact of factors affecting the survival of patients with colorectal carcinoma. A significance 

level of the tests was taken at p˂0.05. 
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7.3 Results 

7.3.1 Correlation between miR-193a-3p and KRAS protein expressions in colorectal 

cancer cell lines  

   Down-regulation of miR-193a-3p was noted in both cell lines which are used in this 

study (SW480, SW48) when compared to FHC cells.  The more down-regulation was 

reported in SW480 cells which showed fold change equal to (0.097) while a fold change 

equal to (0.109) was reported to SW48 cells.  A significant increase in the level of miR-193a-

3p was noted in both cell lines (SW480 and SW48) after stable transfection with pCMV/miR 

193a-3p plasmid vector (Figure 7.1).   The results showed a significant inverse correlation 

between the expression pattern of miR-193a-3P and its target KRAS in both SW480 and 

SW48 cells (Figure 7.2).  Western blot revealed high KRAS protein expression in both 

SW480 and SW48 when compare to the normal FHC cell line before transfection of the cells 

with miR-193a (Figure 7.2).  Higher expression of KRAS protein was noted in SW480 cell 

line.  Increase expression of miR-193a in colorectal cancer cell lines (SW480 and SW48) by 

stable transfection led to down-regulation of its target protein (KRAS) in both cell lines 

(Figure 7.3).   
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Figure 7.1: Expression pattern miR-193a-3p in colorectal cancer cell lines.  

Downregulation of miR-193a-3p was noted in SW480 and SW48 colon cancer cells when 

compared to the non-neoplastic colon cells (FHC).  There is more downregulation noted in 

SW480.  Significant upregulation of miR-193a-3p was obtained in SW480 and SW48 

transfected with pCMV/miR 193a-3p plasmid vector (fold change compared to FHC cells) 

(P<0.01). These data were collected via qRT-PCR.  

 

 

 

 

 

 

 

 

Figure 7.2: Correlation of miR-193a expression to KRAS protein expression in 

colorectal cancer cell lines: KRAS protein shows upregulation in both SW480 and SW48 

cell lines when compared to non-neoplastic FHC cells as detected by Western blot before 

transfection of these cells with pCMV/miR 193a plasmid vector.  There is significant inverse 

correlation between miR-193a-3p expression and its target protein KRAS in colorectal cancer 

cell lines (P<0.01). 
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Figure 7.3: The effect of miR-193a-3p on KRAS after stable transfection with 

pCMV/miR 193a plasmid vector (western blot analysis). KRAS is significantly down 

regulated in SW480 and SW48 cells transfected with miR-193a-3p when compared to both 

control and mock cells.   
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7.3.2 miR-193a-3p reduces the proliferation, migration and colony formation in colon 

cancer cells 

Overexpression of miR-193a (miR-193a+) in colon cancer cells was achieved after 

stable transfection.  The cell proliferation was significantly reduced in miR-193a+ transfected 

colon cancer cells when compared to the control cells (p <0.05) (Figure 7.4).  The cancer cell 

migration was significantly decreased after stable transfection with miR-193a.  The wound 

area showed a significant difference in these cells from both control and mock cells on day 2 

and day 3 (P value <0.05) (Figure 7.5).  Also, miR-193a+ apparently inhibited the clonogenic 

activity of cancer cells in both SW480 and SW48.  Data revealed significant difference  from 

both control and mock cancer cells (p< 0.01) (Figure 7.6). 

 

 

 

 

 

 

 

 

 

 

Figure 7.4: Proliferation assay of colorectal cancer cell lines.  The figure shows decrease 

proliferation of both SW48 and SW480 cells transfected with pCMV/miR 193a plasmid 

vector when compared to mock and control cells after 48 hours from the transfection 

(p<0.05) 
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Figure 7.5: The effect of miR-193a-3p on colorectal cancer cell migration was 

determined by wound healing assay in SW480 and SW48 cell lines.  Photos show the 

migration of transfected and non- transfected cells towards the wound area, cells transfected 

with miR-193a have less ability to migrate when compared to control and mock cells.  The 

level of cells migration was detected by measuring the wound area after seeding the cells for 

4 consecutive days.  The results show that miR-193a-3p significantly inhibit the cell 

migration (P<0.01). 
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Figure 7.6: colony formation assay of colorectal cancer cell lines. SW480 and SW48 cells 

which were transfected with miR-193a-3p have less ability to form colonies when compared 

to non-transfected cells and cells transfected with empty vector (P<0.01).  

 

 

7.3.3 Altered cell cycle events and apoptotic changes by miR-193a-3p  

Flow cytometry analysis of miR-193a+ colon cancer cells showed reduces 

accumulation of the cells in G0/G1 phase when compared to both the control and mock cells.  

In addition, a significant increase of cells in the G2-M phase has been noted in the miR-

193a+colon cancer cells when compared to the control cells (Figure 7.7).  The majority of the 

miR-193a+ colon cancer cells displayed apoptotic cell phenotypes by showing either 

shrinkage or fragmentation of the nucleus or/and disturbance of cell membrane (late stage 

apoptotic changes) under a fluorescence microscope.  The control and mock cells showed less 

or no changes in its nuclear or cell membrane morphology (Figure 7.8).  Flow cytometry and 

by using Annexin-V staining confirmed these findings by demonstrating a significant shift of 
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miR-193a+ cells to both late and early apoptosis when compared to the control and mock 

cells  (p <0.05) (Figure 7.9).   

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

Figure 7.7: miR-193a-3p induces changes in colorectal cancer cell cycle events:  Flow 

cytometry analysis revealed decrease accumulation of SW480 and SW48 cells transfected 

with miR-193a-3p in G0-G1phase and significant increase accumulation in G2-M phase 

when compared to control and non- transfected cells (P<0.05). 
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Figure 7.8: miR-193a-3p induces apoptosis in colorectal cancer cells (DAPI staining):   

SW480 and SW48 cells transfected with miR-193a-3p and stained by DAPI staining show 

apoptotic changes when compared to non-transfected cells and cells transfected with empty 

vector.  Apoptotic changes include both pyknotic nuclei (head arrow) and fragmented nuclei 

(arrow) 
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Figure 7.9: miR-193a-3p induces apoptosis in colorectal cancer cells (Flow cytometry 

analysis). Annexin-V staining shows that SW480 and SW48 cells transfected with miR-

193a-3p have significant apoptotic changes when compared to both mock and control cells 

(P<0.05). 

 

 

7.3.4 miR-193a-3p induced changes in colon cancer stemness  

Immuno-markers specific to stemness and epithelial-mesenchymal transition (EMT) 

were tested to examine the regulatory roles of miR-193a-3p in colon cancer stemness.  Both 

stem cell markers (SOX-2 and OCT-4) did not show a significant change in their expression 

pattern following miR-193a+ transfection.  Among the EMT markers (SNAIL1and TWIST), 

the TWIST protein showed a significant reduction in its expression in miR-193a+ colon 

cancer cells (Figure 7.10).  

Tumour sphere assay formation was carried out in treated and non- treated cells to 

determine the role of miR-miR-193a on the ability of colorectal cancer cell to grow as 

spheres in serum-free media.  Cells treated by miR-193a did not show a significant reduction 
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in tumour spheres numbers when compared to control and mock cells, p>0.05 (Figure 7.11).   

Upregulation of miR-193a was confirmed in tumour spheres of miR-193a + colon cancer 

cells by Quantitative Real-time PCR (Figure 7.12).    Immunofluorescence confirms that 

miR-193a-3p does not target OCT4 and SOX2 in colon cancer stem cells.  The results show 

no significant changes in the expression pattern of these two stem cell markers in tumour 

spheres obtained from SW480 and SW48 transfected with miR-193a-3p when compared to 

those obtained from SW480 and SW48 control cells (Figures 7.13&7.14). 
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Figure 7.10: The effect of miR-193a-3p on stem cell and epithelial-mesenchymal 

transition factors (western blot analysis).  miR-193a-3p significantly down-regulates 

TWIST in SW480 and SW48 cell lines (P<0.05) and does not affect SOX-2, OCT-4 and 

SNAIL1.  GAPDH was used as a control. 
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Figure 7.11: miR-193a-3p does not affect colorectal cancer cells affinity to form spheres 

in serum-free media.  SW480 and SW48 cells (transfected with miR-193a-3p and those 

transfected with empty vector) do not show any difference in their ability to form spheres; all 

cells keep their liability to form spheres and also no change in the size of the spheres between 

them. Tumour sphere assay shows that there is no significant difference in spheres numbers 

between those cells transfected with miR-193a-3p and controls in both cell lines (P>0.05). 
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Figure 7.12: Expression pattern miR-193a-3p in colon spheres: Quantitative Real-time 

PCR shows upregulation of miR-193a in colon spheres transfected with pCMV/miR 193a-3p 

plasmid vector compared to both control and mock cells (P<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.13: OCT 4 expression in colon spheres by immunofluorescence study.  The 

expression of stem cell marker (OCT-4) did not show any significant difference between the 

cells transfected with pCMV/miR 193a-3p plasmid vector and those used as a control.  
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Figure 7.14: SOX-2 expression in colon spheres by immunofluorescence study.  The 

expression of stem cell marker (SOX- 2) did not show any significant difference between the 

cells transfected with pCMV/miR 193a-3p plasmid vector and those used as a control.  
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7.4 Discussion 

Downregulation of miR-193a was reported in many types of cancers implying its role 

as a tumour suppressor gene.  miR-193a has been involved significantly as a tumour 

suppressor gene in the pathogenesis of leukaemia, malignant pleural mesothelioma, lung 

carcinomas and breast carcinoma (Li et al.,2013; Williams et al.,2015; Liang et al.,2015;  

Noh et al.,2011).  Similar to the previous findings, our results determined downregulation of 

miR-193a in colorectal cancer cell lines and implied its roles as a tumour suppressor gene in 

colorectal cancer.  Upregulation of miR-193a was also reported in other types of cancer like 

urothelial carcinoma, ovarian adenocarcinoma, and thyroid medullary carcinoma to suggest 

its role as oncogene in these types of cancers (Xu et al., 2015; Lu et al.,2015; Mariani et 

al.,2015; Santarpia et al.,2013).  The difference in these finding may attribute to the 

differences in downstream targets affinity of this miRNA in different types of cancers. 

miR-193a exerts its pathological effects in cancer  by targeting several genes like 

HOXC9 (HomeoboxC9), PSEN (Presenilin 1),ETO(Eight twenty one), MCL (Acute myeloid 

leukaemia), JNK1 (Jun N-terminal kinases1), UPA (UrokinasePlasminogen Activator) (Lu et 

al.,2015; Deng et al.,2015; Li et al.,2013; Uhlmann et al.,2012; Iliopoulos et al.,2011).  

Previously, Iliopoulos et al. reported KRAS gene as a downstream target gene for miR-193a-

3p in colorectal cancer (Iliopoulos et al., 2011).   Recently, Seviour and colleagues found that 

miR-193a-3p directly target two functional independent sites in the KRas 3'UTR (Seviour et 

al., 2017).  Our results are in concurring with the previous findings, and we show the ability 

of miR-193a-3p to target KRAS protein in colorectal cancer. 

KRAS encodes for the GTPase KRas and plays key cellular roles in the cell cycle and 

proliferation (Jancik et al., 2010).  It is well known that KRAS gene plays a crucial role in 

early steps colorectal cancer carcinogenesis.  KRAS gene reported to have essential roles in 

adenoma-carcinoma consequence of colorectal cancer, high percentage of KRAS mutations 
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was reported in advanced colorectal adenomas (Worthley&Leggett, 2010).  Clinical 

evaluation of the component inhibitors of KRAS signalling pathways which include RAF-

MEK-ERK and P13K-AKT pathways is currently carried out (Lemieux et al., 2015).  Thus, 

we can test hypothesis that miR-193a-3p as a direct regulator of KRAS gene in a colorectal 

cancer can significantly modulate the target therapies of KRAS signalling pathways in the 

future. 

The present study has confirmed the growth inhibitory properties of colon cancer cells 

in-vitro following the overexpression of miR-193a-3p indicating its tumour suppressor roles 

in healthy individuals.  Current literature has insufficient evidence on the cellular roles of 

miR-193a-3p in the colon (Iliopoulos et al., 2011; Lam et al., 2010) and other carcinomas (Li 

et al., 2013; Williams et al., 2015; Yu et al., 2015).  The miR-193a+ induced inhibition of cell 

proliferation, colony formation and cell migration are all in consensus with previous studies 

and indicate its growth inhibitory function in colon cells by regulating KRAS and by other 

growth associated molecular pathways. 

MicroRNA associated colorectal carcinogenesis by regulating its cell cycle phases has 

been reported in previous studies (Gopalan et al., 2014; Gopalan et al., 2015).  Recently, 

Khoo et al. reported that miR-193a could arrest the cell cycle of endothelial colony forming 

cells (Khoo et al., 2017) and Teng et al. stated that miR-193a-3p can arrest the cells in 

G1phase of mouse colon cancer cell cycle (Teng et al.,2017).  In 2010, Wu et al. stated that 

KRAS play a role in controlling G2/M phases of human colorectal cancer (Wu et al., 2010).  

In 2016, Nussinov et al. stated that KRAS signalling pathways (MAPK and P13K) act in 

early and late G1 cell cycle phase of cancer (Wu et al., 2010).   MAPK and P13K lead to 

expression of cell cycle regulatory proteins such as D type cyclins which are required for 

progression through G1 phase of cancer cell cycle (Nussinov et al., 2016).  These findings 

indicate that miR-193a-3p induce its regulation on cell cycle events by targeting KRAS. 
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   The arrest of cells upon their passing from the S phase to the G2/M phase and 

accumulation of G2/M phase cells following miR-193a+ in this study would make the colon 

cells vulnerable to the apoptotic changes and in turn lead to the inhibition of its cell growth 

and migration properties. These results are in agreement with the findings of Lam et al. in 

2010 who demonstrated that miR-193a could sensitise the colon cancer cells (HCT-116) to 

BCL2 family inhibitor (navitoclax) by 50% via enhancing apoptosis.  This study has also 

reported that miR-193a could increase the apoptosis in colon cancer cells treated with 

navitoclax via targeting MCL-1 gene (Myeloid Cell Leukaemia 1) (Lam et al. 2010).  The 

results of our study imply that miR-193a could induce cell apoptosis in colon cancer cells 

(sw480 & sw48) without sensitization by BCL2 inhibitors and there are relative more 

apoptotic changes in SW48 than SW480 transfected by miR193a-3p.  Such difference in 

apoptotic properties of miR-193a could be attributed to the pathological stages and genetic 

composition of colon cancer cell lines.  Importantly, these findings support our earlier 

hypothesis that miR-193a plays a significant role in the pathogenesis of early-stages 

colorectal carcinomas.  

The roles of miR-193a in cancer stem cells were reported in several types of cancers 

including colon cancers (Cheng et al., 2014; Iliopoulos et al., 2011; Yu et al., 2011).  This 

study has shown no significant change in the expression of stem cell markers (SOX-2 and 

OCT-4) following stable transfection of miR-193a in colon cancer cells.  Future study is 

needed to explore the role of miR-193a in stem cell regulation, as other stem cell markers 

could be targeted directly or indirectly by this miRNA.   For example, beside its role in the 

management of apoptosis, MCL1 (a direct target of miR-193a) was noted to play essential 

roles in self-renewal of cancer stem cells (Campbell et al., 2010; Singh et al., 2013).   

Epithelial-mesenchymal transition (EMT) is a process by which epithelial cells lose 

its polarity and cell to cell adhesion leading to increasing cell invasion, metastasis and 
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chemotherapeutic resistance in cancer cells. This process also plays a key role in the 

maintenance and differentiation of cancer stem cells (Qiao et al., 2012).  SNAIL 1 and 

TWIST are two prominent EMT markers having a strong association with colorectal cancer 

metastasis and poor prognosis (Fan et al., 2013; Kim et al., 2014).  Moreover, TWIST protein 

can directly regulate cancer stem cells by increasing the expression of CD44, a key stem cell 

regulator (Vesuna et al., 2009).  The current study has noted significant downregulation of 

TWIST protein following miR-193a transfection in cancer cells in both cell lines, suggesting 

its potential roles in EMT and cancer stemness.  It is worth noting that, RAS family genes 

also suggested having essential roles in regulating EMT process (Zaravinos et al., 2015; 

Wang et al., 2013).  Thus, it can be hypothesized that miR-193a exhibits its tumour 

suppressor properties by regulating the EMT process.  This could be through modulating the 

expressions of its downstream targets such as KRAS, TWIST and other molecular signalling 

pathways, which require further investigation.  Recently, miR-193a reported having a role in 

regulating E-cadherin in colorectal and lung cancer implied its role in EMT process 

(Maosong et al., 2017; Chen et al., 2016). 

To conclude, this study has confirmed the downregulation and tumour suppressor 

properties of miR-193a in colon cancer cell lines by regulating various cellular processes 

such as EMT.  The miR-193+ colon cancer cells showed a significant reduction in cell 

proliferation, colony formation, migration, the arrest of cell cycle progression and induction 

of apoptosis via targeting KRAS and EMT process.  Additional studies may be required to 

explore the role of miR-193a in maintaining EMT and stemness in colorectal cancer 

pathogenesis.  
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Chapter 8: Aim 4 

 

Determine any correlation between the expression pattern of miR-451 and miR-

193a-3p in colorectal cancer tissue and find any correlation between their target 

genes. 
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8.1 Introduction 

 All our previous data demonstrated that both miR-451 and miR-193a could act as 

tumour suppressor genes in modulating colorectal cancer signalling pathways.  Both miRNAs 

inhibit the proliferation, decrease cell migration and increase apoptosis in colorectal cancer.  

A sample of the patients that used in this study also confirm the down-regulation of miR-451 

and miR-193a in colorectal cancer and imply their roles in early steps colorectal 

carcinogenesis.  According to these results, we can hypothesize that miR-miR-451and miR-

193a cooperate to produce significant roles in the development of colorectal cancer.  

Therefore, this part of our study is carried out to investigate any significant correlation 

between the expression pattern of miR-451 and miR-193a in colorectal cancer. 

8.2 Methodology  

Western blot analysis  

To study if there any effect for  miR-451 on KRAS expression and  if miR-193a can 

inhibit the expression of MIF protein, treated and non-treated cells (SW480 and SW48) were 

harvested and lysed with NP40 (ThermoFisher Scientific) buffer enriched with complete 

protease inhibitor cocktail (Sigma-Aldrich, St. Louis , MO, USA) and then incubated on ice 

for 30 minutes with regular vortexing every five minutes before centrifuging at 14,000 rpm at 

4°C for 15 minutes.  Protein concentration was determined by using protein quantification 

assay kit (Macherey-Nagel, Germany).  The protein samples were boiled in 1X SDS sample 

buffer for 5 minutes for complete denaturation and were resolved on a 4 to 15% TGX-

polyacrylamide gel according to the manufacturer protocol.  After electrophoresis, proteins 

were transferred onto polyvinyl difluoride (PVDF) membrane followed by  blocking with 5% 

non-fat dry milk in 1X Phosphate buffered saline with 0.1% Tween-20 (PBS-T) and 

incubation with primary antibody (Anti-KRAS antibody, Rabbit polyclonal to KRAS (ab 

137739, Abcam, Cambridge, England) at the appropriate final concentration of 1:750  and a 

https://www.google.com.au/search?q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0ahUKEwiHyI607q7VAhUIUbwKHcs-DAMQmxMIhwEoATAS
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rabbit anti-human MIF polyclonal antibody (FL-115, 1:500 dilution; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA).  Each sample was then incubated with the appropriate 

secondary antibody.   Finally, western blot images were developed using VersaDoc-MP 

imaging system (Bio-Rad) with enhanced chemiluminescence (ECL) reagents.  

Statistical analysis 

To correlate between the expression of miR-451 and miR-193a expression and 

between their target genes, statistical analysis was done on our previously reported data by 

using the Statistical Package for Social Sciences (IBM SPSS, version 22, New York, NY. 

USA).  Chi-square test or likelihood ratio was used for categorical variables.  Pearson 

correlation test was used for continues variables.  Independent t-test was performed for the 

analysis of continues variables in categories, value < 0.05 for these tests was considered as 

significant.  
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8.3 Results 

8.3.1 miR-451 and miR-193a expressions correlated significantly in colorectal cancer 

Analysis of our previous data which obtained from 70 patients revealed that miR-451 

expression correlates significantly and synergistically with miR-193a expression.  There are 

21(30%), and 11(15.71 %) of cases (of 70) showed up-regulation of miR-193a and miR-451 

respectively.  miR-193a and miR- 451 down regulation are noted in 49/50 (70%) and 59/70 

(84.28% ) of the cases respectively (P= 0.012). 

 

8.3.2 miR-451 target KRAS gene in colorectal cancer 

Immunohistochemical analysis shows that there are 9/11(81.81%) cases with high 

expression of miR-451 have no or low expression of KRAS (score zero and one) protein, and 

there are 30/59 (50.8 %) of cases with low expression of miR-451 have high expression of 

KRAS protein (score two and three). Statistical analysis reviled inverses significant 

correlation between miR-451 and KRAS protein expression (P=0.035) (Table 8.1).  These 

data further supported by western blot study and considerable downregulation of KRAS 

protein was noted in colorectal cancer cell lines after transfection with pCMV/miR 451 

plasmid vector (Figure 8.1).  On the other hand, the results did not show any significant 

correlation between miR-193a-3p expression and MIF expression in both human tissue 

sample and cell lines.  

 Data analysis also reviled significant correlation between KRAS and MIF proteins by 

immunohistochemistry (Table 8.2) (p=0.009).  
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Table 8.1: Correlation of miR-451 expression to KRAS protein expression by the 

immunohistochemical study: 

 

miR-451 expression  Patients number Immunohistochemical expression  

       (Low)   (High) 

………………………………………………………………………………………………… 

High miR-451 expression  11(30%) 9(81.81% %)  3(27.27%)  

Low miR-451 expression  59(70%) 29(49.15%)  30(50.8%) 

……………………………………………………………………………………………….. 

P<0.05 

 

 

 

 

 

 

 

Figure 8.1: The effect of miR451 on KRAS expression (western blot study): miR-451 

significantly downregulate KRAS protein in both SW480 and SW48 cell lines. 
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Table 8.2: Correlation of MIF expression to KRAS protein expression by the 

immunohistochemical study: 

 

 

MIF expression 

Total low high 

KRAS 

expression 

low Count 19 18 37 

% within KRAS 51.4% 48.6% 100.0% 

% within MIF 73.1% 40.9% 52.9% 

% of Total 27.1% 25.7% 52.9% 

high Count 7 26 33 

% within KRAS 21.2% 78.8% 100.0% 

% within MIF 26.9% 59.1% 47.1% 

% of Total 10.0% 37.1% 47.1% 

Total Count 26 44 70 

% within KRAS 37.1% 62.9% 100.0% 

% within MIF 100.0% 100.0% 100.0% 

% of Total 37.1% 62.9% 100.0% 

 

p=0.009 
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8.4 Discussion 

 There is accumulated data support that miRNAs can cooperate to produce their roles 

in different types of cancers.  Sharma et al. found that transfection of TNBC (Triple Negative 

Breast Cancer) cells with anti-miR-206/21 reduced the level of pMEK ½ and pERK ½ to a 

greater extent than did either anti-miR when used alone (Sharma et al., 2014).  Both pMEK 

and pERK are proteins kinases which act as an essential component of Mitogen-Activated 

Protein Kinase signalling pathway and thereby essential roles in cell proliferation, 

differentiation and survival (Radhakrishnan et al., 2009).  Their roles in breast cancer 

development are highly considered (Ebi et al., 2013).  Similarly, Corney et al. reported that 

transfection of ovarian mouse tissue with both miR-34b and miR-34c result in significant 

reduction in cell proliferation compared to using individual miRNA alone (Corney et 

al.,2007).  

 Our results are highly suggested the cooperation between miR-451 and miR-193a in 

development of colorectal cancer.  Both miRNAs show tumour suppressor properties, and 

there is a significant correlation between their expressions in our sample of the patients.  

Also, the results indicate that miR-451 can target KRAS gene which is for the first time 

identified and imply that miR-451 can cooperate with miR-193a in colorectal cancer by 

targeting KRAS.  Further investigation by transfection of both miRNAs into the colorectal 

cancer cells will be very beneficial to explore the way of miR-451 and miR-193a cooperates 

in colorectal cancer development. 
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Conclusion, recommendation and future direction  

 It is clear that both miRNAs are playing significant roles in colorectal cancer 

development.  Also, they can cooperate to exert their effect in such type of cancer. Their roles 

are achieved by targeting well known human oncogenes. miR-451 and miR-193a act as 

tumour suppressor genes in colorectal cancer.  Their suppressive properties clear in different 

aspects of cancer including proliferation, migration, and cancer cell stemness.  In addition, 

they enhance apoptosis in this type of cancer. 

This research demonstrated that miR-451 can play a role in early steps carcinogenesis 

and further support that miR-451 can assist in detection of cancer recurrence.  miR-451 acts 

as a potential tumour suppressor in colorectal cancer by targeting its downstream signalling 

pathways especially MIF.  The miR-451 induced growth suppression properties in-vitro and 

regulation of EMT/stemness in colon cancer cells indicates its significance in cancer cell 

initiation, maintenance and progression in the colon.   These results in turn suggest the 

potential use of miR-451as a molecular target for regulating various signalling pathways like 

MIF induced pathogenesis in colorectal carcinomas.   

This study identified a significant correlation between downregulation of miR-193a 

and early stages colorectal cancer.  Thus, miR-193a can play a role in initial steps 

carcinogenesis by targeting KRAS gene.  Also, it confirmed the downregulation and tumour 

suppressor properties of miR-193a in colon cancer cell lines by regulating various cellular 

processes such as EMT.  The miR-193a+ colon cancer cells showed significant reduction in 

cell proliferation, colony formation, migration, the arrest of cell cycle progression and 

induction of apoptosis via targeting KRAS and EMT process.   

For the first time, this research report that miR-451 has a significant inverse 

correlation with KRAS protein and it can significantly inhibit the expression of KRAS 



The Role of Stem Cell Regulated miRNAs in Colorectal Cancer 

213 
 

protein in colorectal cancer.  It is recommended to investigate the way that this miRNA 

control the expression of this important oncogene.  Also, a significant correlation between 

miR-451 and miR-193a and their target genes (MIF and KRAS) respectively were detected in 

this research.  For these reasons, co-transfection of colon cancer cell lines with miR-451/ 

miR-193a plasmid vector may result in enormous inhibition in cancer cell growth and 

proliferation and may uncover many aspects of colorectal carcinogenesis.   

In this research and for the first time, miR-451 shows inhibitory roles on both SOX2 

and OCT4, and that implicate its critical roles in cancer stem cell regulation and subsequent 

cancer initiation, progression and chemoresistance.  For the future, it will be good to 

investigate if there is any direct control of miR-451 on these genes or uncover the signalling 

pathways that lead to exert its effect on these markers.  This will help in better understanding 

the roles of this miRNA in cancer stem cells development. 

This research identified a significant correlation between miR-451 and adenoma of 

the large bowel.   Also, significant correlation between miR-193a and multiple polyps was 

detected in this study.  Both types of lesions are implicated strongly in early steps colorectal 

cancer pathogenesis.  For future, investigate the roles of these miRNAs in these lesions by 

using a large cohort of patients may assist in the prediction of patients with high risk for 

colorectal cancer development and may help in development sensitive way for its screening.  

It is understood that epithelial-mesenchymal transition is involving in cancer 

metastasis, chemoresistance and cancer stem cell development.  Our results for the first time 

identified the role of miR-193a in epithelial-mesenchymal transition by targeting TWIST.  

For future, TWIST can be testing to identify if there is any direct control of miR-193a on this 

gene. 
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Nucleoitides sequence of hsa-mir-451 MI0001729 

(CUUGGGAAUGGCAAGGAAACCGUUACCAUUACUGAGUUUAGUAAUGGUAAUG

GUUCUCUUGCUAUACCCAGA) 

Nucleoitides sequence of hsa-miR-193a-3p MIMAT0000459  

 

(AACUGGCCUACAAAGUCCCAGU) 

 

 

    

 
 

Figure A: Amplification chart for miR-193a-3p, miR-451 and RNU6B in 3 

samples (paired tumour and normal tissue) each sample runs in triplicate.  
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Figure B: Melt curve chart for miR-193a-3p ,miR-451 and RNU6B in 3 samples   

   (paired tumour and   normal tissue) each sample run in triplicate         

  

 

Figure C: Melt peak chart for miR-193a-3p, miR-451 and RNU6B in 3 samples   

             (paired tumour and normal tissue) each sample run in triplicate         
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Figure D: SW 48 cells transfected with pCMV/miR 193a plasmid vector: The figure 

shows the colorectal cancer cells transfected with miR-193a-3p (green colour) after one week 

of transfection (Immunofluorescence Microscope x 10) 

 

 

 

 

 

 

 

 

Figure E: SW 480 cells transfected with pCMV/miR 451 plasmid vector: The figure 

show the growth of colon cancer cells transfected with miR-451 (green colour) after two 

weeks from transfection (Immunofluorescence Microscope x 20) 
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Figure F: Tumorspheres arise from both colon cancer cell lines: The figure shows that 

two forms of colon spheres can be obtained from both SW480 and SW48 cell lines when the 

cells grow in serum-free media. Sphere tends to be rounded (left one) and another tends to be 

more elongated (right) (Contrast Microscope section x 20). 

 

 

 

 

 

 

 

 

 

Figure G: Colon cancer cells transfected with pCMV/miR 451 plasmid vector and grow 

in serum free media: The figure shows that the SW480 cell line loses their ability to grow as 

spheres after growing in sphere media. The cells arrange themselves in clumps in this section 

(Contrast Microscope section x 10).  




