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ABSTRACT 

Colorectal cancer (CRC) is referred to as cancers that arise in the colon or rectum. Rectal cancer 

is most often defined as cancers originating within 15 cm from the anal verge. The crude 

incidence of CRC in sub-Sahara African populations has been found to be 4.04/100,000 (4.38 

for men and 3.69 for women). CRC stage correlates well with survival/cure rates with the 

majority of patients diagnosed with CRC presenting with advanced disease and a low 

survival/cure rate. Although most CRC-related deaths are preventable through colonoscopy 

screening, it is estimated that less than 50% of eligible patients are screened for CRC using the 

aforementioned procedure. The majority (70%) of CRCs arises sporadically, while the 

remaining 30% represent patients with a familial or inherited form of the disease. Mutations 

within tumor suppressor genes (APC, TP53), oncogenes (KRAS, BRAF, Bcl2, PI3K) and other 

genes, such as DNA mismatch repair (MMR) genes, accompany the stepwise transition from 

single crypt lesions to benign adenomatous polyps and finally development of malignant 

carcinomas, known as the adenoma-carcinoma sequence. Screening can detect colorectal 

polyps that may be removed before they become cancerous, as well as to detect cancer at an 

early stage when treatment is usually less extensive and more successful. Accepted screening 

methods include the guaiac-based Fecal Occult Blood Test (gFOBT), flexible sigmoidoscopy, 

stool DNA test, computed tomography (CT) colonography, double-contrast barium enema, 

colonoscopy and the use of biomarkers. Of these screening options, more sensitive and specific 

diagnostic, prognostic/survival markers are still under development. Preventive measures for 

CRC include maintaining healthy body weight, being physically active, minimizing 

consumption of red and processed meat and alcohol, and avoidance of smoking. Early 

diagnosis and the search for the non-invasive biomarker is currently one of the most rapidly 

growing areas in cancer research, and an effective way to prolong the life of patients with CRC. 

MicroRNAs have proven to be a fit in this context. These microRNAs function as important 

regulators at the post-transcriptional level of a wide range of cellular processes by modulating 

gene expression levels. Basically, they regulate the expression of over 30% of human genes. 

Present estimates suggest that nearly a third of all cellular transcripts may be regulated by the 

few hundred human microRNAs currently known to exist. The abnormal expression level of 

microRNAs has been noted as an important issue in cancer development. Therefore, 

microRNAs therapy is becoming an increasingly valuable tool in the management of several 

cancers be it diagnosis and/or prognosis. Recently, they have gained substantial attention as 

therapeutic targets. Nevertheless, the complexity of gene networks that a single microRNA 

may control and the potential adverse effects of the microRNA and/or anti-microRNA in vivo 
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deliveries remain to be further explored. Given the ever-expanding number of microRNAs, 

understanding their functional aspects represents a promising research area. Also, the discovery 

of these microRNAs predominant at different stages of CRC will allow a more comprehensive 

assessment and understanding of microRNA effects and provide exciting opportunities for new 

pathogenesis, diagnosis and treatment insights into CRC management. Despite a better 

understanding of the molecular mechanisms involved in colorectal carcinogenesis, little or no 

progress has been made in the early detection, management and prevention of CRC at each 

stage by microRNA with in silico predictions and molecular approached. This study is aimed 

at investigating the potential of microRNA in the early detection and staging of CRC as well 

as their mechanism of gene regulation using argonaute protein. 

Experimentally validated and mature microRNAs implicated in CRC were extracted from 

various CRC microRNA databases (miRCancer, miR2disease, dbDEMC, and HMDD) with 

each microRNA’s reference paper showing experimental evidence for their association with 

CRC. Total mature microRNAs sequences deposited in miRBase were also extracted and 

duplicates were subsequently removed with CD-HIT software program generating two datasets 

(the query and reference dataset respectively). These datasets (query and reference) were used 

in the BLAST program for sequence similarity search. CH-HIT-EST-2D and BLASTn 

algorithms were used for this purpose. The final list of potential candidate microRNAs was 

used alongside their validated microRNAs in miRDB, TargetScan, and mirDip target 

prediction databases to predict the genes associated with these microRNAs after duplicate 

removal and text mining. The two gene lists were further subjected to intersection analysis after 

duplicate removal and the result was saved for further target prediction analysis. To determine 

the involvement of these microRNA in CRC, the gene list obtained were used alongside with 

CRC expressed genes extracted from gbCRC and CoReCG databases for gene intersection 

analysis (the predicted targets and the list of genes generated by CRC databases) with the aid 

of the Venn diagram. The involvement of these genes in the cancer subtype was further 

strengthened with the DAVID database. This database was used to examine the gene functions 

by annotation of the microRNA target genes. KEGG was used for the pathway analysis of these 

genes while STRING was employed for the interactions of proteins and further visualized by 

Cytoscape. 

To prioritize the gene list, an in silico approach was carried out with the cBioPortal database 

for complex genomic exploration analysis in CRC clinical data. With this approach, the genetic 
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alteration, distribution of mutation across protein domains, network visualization and the 

survival analysis for the microRNA target genes were performed.  

After gene prioritization, prognostic and expression analyses were performed on both the 

candidate microRNAs and its target genes. The candidate microRNAs were subjected to 

PROGmiRV2 and SurvMicro databases for their prognostic analysis while SurvExpress and 

PrognoScan were used for their target genes. dbDEMC 2.0 and FIREBROWSE databases were 

used respectively to carry out the expression of both the microRNAs and the target genes.  

Functional analysis was finally performed on only target genes that are statistically significant 

to infer biological functions. The secondary structure of the microRNAs was revealed by 

MFold, Gene ontology, co-expression analysis, were performed alongside, and finally, the 

promoter sequences of these genes were extracted from the eukaryotic promoter database and 

verified with UCSC, NCBI, and Ensembl to prevent discrepancies. The sequence manipulator 

suite was also used to confirm the CpG island of these sequences and their triplex-helix 

structures were revealed by the Trident software. 

Furthermore, protein selection and preparation were carried out using PDB and Schrödinger 

suits. The molecular docking analysis was performed using PATCHDOCK webserver and 

visualized by discovery studio visualizer. The results of the study reveal that the candidate 

microRNAs have strong binding affinity towards their targets suggesting a crucial factor in the 

silencing mechanism. Furthermore, the molecular docking of the receptor to both the 

microRNA and microRNA-mRNA duplex were analyzed computationally to understand their 

interaction at the molecular level. 

After duplicate removal, 125 mature microRNAs linked to CRC were obtained after 

combination from miRCancer, miR2disease, dbDEMC, and HMDD databases and these 

microRNAs were labeled query dataset. A total of 2226 mature microRNA unique sequences 

were also downloaded from miRBase as the reference dataset. The result of the sequence 

similarity search produced 26 and 43 unique microRNAs respectively for both BLASTN and 

CD-HIT-EST-2D. The parameters used include the expected value of 1e-3, word size of 7 and 

a similarity between 90-99% and threshold of 0.90 and a word size of 7 for BLASTN and CD-

HIT-EST-2D respectively. After further screening by intersection analysis for unique 

microRNA and literature mining, six microRNAs were identified as candidates for CRC 

diagnosis. Since one out of the 6 candidate microRNAs did not generate any target gene only 

5 candidate microRNAs alongside their validated microRNAs were used to generate a total of 
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82 genes as enriched in DAVID after the target prediction analysis and 2 ‘hub’ genes. Using 

the cBioPortal, the 82 enriched genes were prioritized on the bases of genetic alteration/ 

frequency of alteration in CRC to 22 genes. Prognostic and expression analysis of the candidate 

microRNAs confirmed that there is no link to CRC and could serve as potential novel 

microRNAs while the prognostic and expression for their target genes concluded that seven 

genes namely APC, KRAS, TCF7L2, EGFR, IGF1R, CASP8 and GNAS at p < 0.05 are 

statistically significant and showed good prognostic values with clear implications in CRC. 

Finally, the biological function of these microRNAs and their target genes was confirmed by 

GO term, MFold, GeneMANIA, SEECancer, and Trident software. 

Using in silico approach, this study identified 5 candidate microRNAs, two hub genes 

alongside seven significant target genes. The patterns of expression obtained in these genes 

relative to their microRNAs and considering the survival analysis result could be inferred that 

patients with alterations in the microRNA prioritized target genes have significantly better 

overall survival than patients without these alterations. These could be further exploited and 

could potentially serve as a resource for explicitly selecting targets for diagnosis, drug 

development, and management of CRC. Although validation studies are required to ascertain 

the biological fitness of these findings. 
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CHAPTER 1.0 

INTRODUCTION 

1.1 Background to Research Project 

Cancer was reported to be the leading cause of death accounting for about 13% of all mortality 

globally (Ferlay et al., 2010). The occurrence of cancer is greater in America and Europe when 

compared to low and middle-income countries but they still suffer an appreciable burden of 

this disease. Almost 24 million people have been predicted to have cancer by 2050 and about 

70% will be located in the developing countries (Saluja et al., 2014). Diagnoses of new cancer 

cases are expected to exceed 20 million per year by 2030 as the population demographics 

change with two-thirds occurring in the developing countries (Alwan, 2011). Colorectal cancer 

is referred to as cancers that arise in the colon (large intestine) or rectum. Rectal cancer is most 

often defined as cancers originating within 15 cm from the anal verge (F.-y. Li et al., 2009). 

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in males and the second 

in females, and the fourth greatest cause of cancer-related deaths worldwide  (Xu et al., 2016). 

Carcinogenic processes involve the stepwise accumulation of mutations and/or epigenetic 

alterations, leading to the transformation of normal colonic epithelia. this may develop and 

progress over a period of 10 to 20 years (Winawer et al., 2002). The lifetime incidence of CRC 

in an average-risk population is 5% and progressively increases after age 50. Genetic and 

environmental factors play a role in colon cancer formation (Rao et al., 2013). Cronjé et al. 

(2009) reported the troubling trend for a disproportionately large number of patients present 

with CRC in South-Africa. However, the age at which these patients present with CRC may be 

a marker for the involvement of hereditary factors that often have specific pathological 

features. Over the past decade, the overall incidence of CRC in South-Africa has increased 

markedly. CRC has recorded the 10th most common cancer diagnosed in males and females in 

South Africa in 1989 but was further ranked among the foremost five cancers (5th among males 

and 3rd among females) (Mqoqi et al., 2004).  

The epidemiology of CRC in white South Africans appears to follow the classic Western trend, 

although the molecular pathology has not been comprehensively investigated. CRC among 

black South Africans is far less common, but evidence showed the marked increase in some 

centers (Angelo et al., 2001).  In Africa, this disease was considered to be rare but this is no 

longer the case (Adesanya et al., 2000). The crude incidence of CRC in sub-Saharan Africa has 

been found to be 4.04/100,000 population (4.38 for men and 3.69 for women) (Graham et al., 
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2012). The cancer stage correlates well with survival/cure rates as outlined by Fredericks et al. 

(2015). Unfortunately, the majority of patients diagnosed with CRC will develop metastatic 

disease. Although most CRC-related deaths are preventable through screening colonoscopy, it 

is estimated that less than 50% of eligible patients are screened for CRC (Baron et al., 2013). 

The major challenges in effective and appropriate CRC treatment are the late presentation of 

the patients, significant involvement of younger patients, aggressive tumor type, lack of 

tailored/targeted therapy, intra-hospital obstacles, and the patients’ aversion to unfavorable 

surgical treatment (Irabor et al., 2014). Mutations in tumor suppressor genes (APC, TP53), 

oncogenes (KRAS, BRAF, Bcl2, PI3K) and other genes, such as DNA mismatch repair (MMR) 

genes, accompany the stepwise transition from single crypt lesions to benign adenomatous 

polyps and finally development of malignant carcinomas (Migliore et al., 2011), known as the 

adenoma-carcinoma sequence (Fearon et al., 1990; Muto et al., 1975; Vogelstein et al., 1988). 

The majority (70%) of CRCs arises sporadically, while the remaining 30% represent patients 

with a familial or inherited form of the disease (Grady, 2003). Accepted screening methods 

include the guaiac-based fecal occult blood test (FOBT), flexible sigmoidoscopy, stool DNA 

test, computed tomography (CT) colonography, double-contrast barium enema, and 

colonoscopy. Of these screening options, prognostic survival markers of patients are still under 

development. Preventive measures for CRC include maintaining a healthy body weight, being 

physically active, minimizing consumption of red and processed meat and alcohol, and 

avoidance of smoking (Botteri et al., 2008). Screening can detect colorectal polyps that can be 

removed before they become cancerous, as well as to detect cancer at an early stage when 

treatment is usually less extensive and more successful. Early diagnosis and the search for the 

non-invasive biomarker is currently one of the most rapidly growing areas in cancer research, 

and an effective way to prolong the life of patients with CRC. Interestingly, novel non-invasive 

markers with potential clinical value are discovered to detect early CRC and then improve the 

prognosis for CRC patients. It has become increasingly clearer over the past decade that a large 

class of small non-coding RNAs, known as microRNAs (microRNAs), function as important 

regulators at the post-transcriptional level of a wide range of cellular processes by modulating 

gene expression levels (Catalanotto et al., 2016). Current estimates suggest that nearly a third 

of all cellular transcripts may be regulated by the few hundred existing human microRNAs (D. 

P. Bartel, 2004). microRNAs are short endogenous mediators of about 18–22 base pairs 

nucleotide, non-coding RNAs which play key roles in biological processes involved in an 

organism’s development, cell specialization and homeostasis (Diederichs et al., 2016; Tomaru 

et al., 2006). The abnormal expression level of microRNAs is realized as an important issue in 
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cancer development. Therefore, microRNA therapy is becoming a bright target (Osaki et al., 

2015). Many microRNAs exhibit tissue-specific patterns of expression and are deregulated in 

various cancers, where they can either be oncogenic (oncomirs) or tumor-suppressive. These 

small molecules regulate gene expression through binding to the target mRNA, which 

influences mRNA stability or suppress translation (Fabian et al., 2010). Basically, microRNAs 

are predicted to regulate or influence 30%-80% of human genes (Lu et al., 2012). Despite a 

better understanding of the molecular mechanisms involved in colorectal carcinogenesis, little 

or no progress has been made in the early detection, management and prevention of CRC at 

each stage using microRNA in South-Africa and Africa as a whole. 

 

1.2 Overview of microRNAs  

MicroRNAs are a class of approximately 22 oligonucleotides, evolutionarily conserved non-

coding RNA molecules naturally occurring in the genomes of plants and animals. They regulate 

post-transcriptional protein expression, typically by binding to the 3’ untranslated region (3’-

UTR) of the complementary mRNA sequence, resulting in translational repression and gene 

silencing (Cannell et al., 2008). Studies have shown that thousands of human protein-coding 

genes are regulated by microRNAs, indicating that microRNAs are “chief regulators” of many 

important biological processes. Their roles have been demonstrated in both normal and 

pathological cellular processes. Also, due to their ability to target multiple genes, they can 

regulate the expression of several proteins. Studies demonstrated that these noncoding RNAs 

can act on several key cellular processes, including cell differentiation, cell cycle progression, 

and apoptosis. In tumors, some microRNAs function as oncogenes, others as tumor 

suppressors; upregulation of oncogenic miRNAs (oncomiRs) was demonstrated in cancer cells 

(Tanase et al., 2011).  

MicroRNA was initially discovered in Caenorhabditis elegans by Victor Ambros' laboratory 

in 1993 while studying the gene lin-14. At the same time, Gary Ravkun identified the first 

microRNA target gene. These two discoveries identified a novel mechanism of 

posttranscriptional gene regulation (Lee et al., 1993). 

However, they were not recognized as a distinct class of biological regulators until the early 

2000s (Reinhart et al., 2000). After then, an increasing number of microRNAs have been 

recognized in mammals. In humans, over 700 microRNAs have been identified and fully 

sequenced, and the estimated number of microRNA genes in a human genome is over one 
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thousand. Based on in silico models, microRNAs in humans have a direct effect on at least 

30% of the genes in the whole genome. Research revealed their different expression pattern in 

different tissues (Pace et al., 2000; Wienholds et al., 2005) and multiple roles for microRNAs 

in plant and animal development and in many other biological processes (J.-R. M. B. D. Bartel, 

1953; Harfe et al., 2005; Poy et al., 2004; Wilfred et al., 2007; Wu et al., 1998). Aberrant 

expressions of microRNAs are implicated in disease states. MicroRNA-based therapies are 

currently under investigation (Fasanaro et al., 2010; Lally et al., 2013; Thakur et al., 2014; 

Trang et al., 2008). Identification of more microRNAs and proper understanding of their 

mechanism of tissue expression regulation represent a key issue in cancer research. 

The biogenesis of microRNAs is a multi-steps and requires specific cellular machinery 

(Hastings et al., 2001). microRNAs are encoded as short inverted repeats composed of a 

double-stranded RNA stem-loop of about 70 bp long and are found in both introns and 

intergenic clusters in the genome (Ardekani et al., 2010). RNA polymerase II is responsible 

for the synthesis of the introns and exons of both protein-coding and non-coding transcripts 

from where miRNAs are derived(Morey et al., 2004). In the nucleus, microRNAs are 

transcribed as primary pri-miRNA transcripts and then are processed to form the precursor pre-

miRNA stem-loop structure before transportation into the cytoplasm where they are cleaved 

by the Dicer RNAase III endonuclease and produce mature miRNA (21–23 nucleotides) (Bilen 

et al., 2006). 

Based on function, microRNAs have been demonstrated to play a crucial role in a wide range 

of developmental processes such as metabolism, cell proliferation, apoptosis, developmental 

timing, and neuronal cell fate (Berezikov et al., 2005; Croce et al., 2005; Mattick et al., 2005). 

Other regulatory roles include neuronal gene expression (Klein et al., 2005), brain 

morphogenesis (Giraldez et al., 2005), muscle differentiation (Naguibneva et al., 2006), and 

stem cell division (Hatfield et al., 2005). The role of microRNAs as an important source in 

carcinogenesis is still very much unappreciated. But altered patterns of microRNAs in cells 

have been shown to be responsible for changes that cause mutation. 

 

1.3 Research Aims 

The main aim of this research was to investigate the potential of candidate microRNA for early 

detection and staging of CRC as well as their mechanism in gene expression. This involved an 

in silico and molecular docking to identify microRNAs and target genes, including their general 
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functions, triplex binding formation and mode of gene expression in CRC. In summary, the 

primary aims of this research project were: 

1. Identify candidate microRNAs, which can be used as diagnostic and prognostic 

biomarkers for  CRC, using an in silico approach. 

2. Identify the target genes for these candidate microRNAs and implicate them in the onset 

and progression of CRC using an in silico approach. 

3.  Prioritize the target genes implicated in CRC, through the pathway and co-expression 

analysis and relate these genes back to their regulating microRNAs thus creating a 

shortlist of microRNAs and their target genes for further analysis. 

4. Perform prognostic and predictive analysis of the prioritized microRNAs and their 

target genes using various databases as well as in silico expression analysis of these 

microRNAs and their target genes. 

5. To investigate the underlying mechanism(s) by which the candidate microRNAs 

interact with the prioritized microRNA target genes promoter regions for gene 

transcriptional modification and to distinctly infer function(s). 

6. To determine the possible mode of gene regulation in CRC using argonaute protein.  

 

1.4 Statement of Problem 

Early CRC detection strategies are faced with the major challenge of developing a standardized 

biochemical diagnostic and prognostic approach that is non-invasive, more sensitive and 

specific for CRC stages. To date, the most effective treatment option for CRC remains surgery, 

which is costly and has associated side effects, such as damage to nearby organs, adhesion, 

among others. Chemotherapeutic agents that often follow surgery lack tissue selectivity. Even 

the blood test, carcinoembryonic antigen exhibits low sensitivity and specificity, especially in 

the context of early disease. CRC has been such a serious health problem because it is largely 

asymptomatic until the latter stages often times when cancer has already metastasized 

(Kawamura et al., 2014 ). If CRC is detected early, it is a largely treatable disease that can 

benefit from curative surgery. In most African countries including South Africa, the major 

challenge for CRC treatment is early detection. Current treatment options are often too late, 

typically after metastasis has occurred. The most reliable detection method is colonoscopy, but 

it is a specialized and expensive procedure, which is not readily available, and presents a small 

significant risk for perforations. MicroRNAs (microRNAs) are small regulatory RNAs that are 
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involved in the maintenance of cell homeostasis but are often altered in tumor cells. Therefore, 

the identification of these microRNAs that are expressed and predict each stage of CRC would 

be a focal point in this research. 

 

1.5 Rationale of the Research 

The involvement of non-coding RNAs in carcinogenesis and tumor progression has been 

confirmed by numerous researchers in the past decades (Seton-Rogers, 2013). In general, non-

coding RNAs especially microRNAs are attracting considerable interest and there is increasing 

evidence that the expression of these microRNAs plays an important role in cancer 

development and progression. Recently, microRNAs have gained substantial attention as 

therapeutic targets. Nevertheless, the complexity of gene networks that a single microRNA 

may control and the potential adverse effects of the microRNA and/or anti-microRNA in vivo 

deliveries remained underexplored. In summary, given the ever-expanding number of 

microRNAs, understanding their functional aspects remains a promising mission for 

exploration. Large sample data analysis, the discovery of microRNAs predominant at different 

stages of CRC will allow for more comprehensive assessments and understanding of its effects 

will provide exciting opportunities for new pathogenetic and treatment insights into CRC 

management.  

 

1.6 Significance of the Study  

Considering CRC as one of the public health problems with increase mortality rate coupled 

with low overall survival due to late detection, the findings of this study will rebound to benefit 

the society and cancer research community as stated below. 

1. To understand the roles of microRNAs in carcinogenesis. Given the shortcomings of 

chemotherapeutics, this study further proposes certain dietary components with cancer-

preventive capabilities, including therapeutic and chemopreventive properties. 

2. CRC remains the third leading cause of cancer-related mortality in the world with the 

major challenge of early detection. Current treatment options also present various side 

effects. This study would set the tone and used as a baseline for the use of microRNAs 

as diagnostic tools in the early detection and diagnosis of CRC. 
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3. This study would identify five candidate microRNAs and their target genes that can 

potentially be used in the detection and diagnosis of CRC. If CRC is detected earlier, it 

is a largely treatable disease. 

4. The identification and functional inference of microRNAs would aid their specific 

usage in CRC. This study will further attach functions to these candidate microRNAs 

through their targets as well as their expression pattern with clinical prognosis.  

5. The mechanism by which these microRNAs regulates their targets would also be 

discovered through the RNA induced silencing complex (RISC). 

 

Contributions to knowledge 

Several treatment options are being used in the detection of CRC such as colposcopy, and 

biomarkers (CEA). Disease detection is often too late, typically after metastasis and these 

methods are expensive and require a specialized procedure, which is not readily available, 

invasive, and presents a small significant risk for perforations. MicroRNAs have the ability to 

override these disadvantages presented by other methods/procedures of detection. These non-

coding RNAs can be found in all parts of the human body including the blood, saliva, as well 

as tissue samples. The discovery of novel non-invasive markers with significant clinical value 

may potentially be used to detect early CRC and improve the overall management of patients 

with CRC. Therefore, the study potentially identified five candidate microRNAs that are 

differentially expressed (using the tumor node metastasis (TNM)) and are specific in the early 

detection and diagnosis of CRC. Also, the biological roles together with the mechanism of 

actions may also be a lead for therapeutic target and CRC management. 

 

1.7 Research Methodology 

The implementation of a suitable methodology that adequately encompasses the specific 

research aim and objectives set out for this project was obligatory. The process of achieving 

the research objectives is based on both in silico approach and molecular docking/interaction. 

 

For objective 1: Identify candidate microRNAs, which can be used as diagnostic and 

prognostic biomarkers for CRC, using an in silico approach. 

Total microRNAs for CRC were retrieved from available microRNA databases (Griffiths‐

Jones, 2004; Jones, 2004) (Cui et al., 2014; Xie et al., 2013). Thereafter, curation was 
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performed to verify that all the retrieved microRNAs are experimentally validated (dataset 1). 

The total human microRNAs available to date were also downloaded from the microRNA 

database (mirBase) (http://www.mirbase.org/, released 20) as the reference sequence (Dataset 

2). Local similarity tools for microRNA identification was further performed on both datasets 

using in house” created scripts (Section 1.8: Data mining technique). Finally, a list of 

prioritized microRNA was generated by duplication removal and text mining. 

 

For objective 2:  Identify the target genes for these candidate microRNAs and implicate them 

in the onset and progression of CRC using an in silico approach. 
To infer functions to microRNAs, their gene target functions were elucidated. Target prediction 

analysis was performed for each of the microRNAs prioritized. The predicted genes were then 

checked for specificity in CRC. The gene list was finally prioritized using an “in house” set 

criteria. In other to understand the functions of the microRNAs, their gene functions were 

further examined.  

 

For objective 3: Prioritize the target genes implicated in CRC, through the pathway and co-

expression analysis and relate these genes back to their regulating microRNAs thus creating a 

shortlist of microRNAs and their target genes for further analysis. 

In order to establish any possible roles of the target genes in the CRC pathway, first, a co-

expression analysis was performed on the microRNA target gene list using the STRING, 

KEGG, DAVID and cBioPortal (prioritization). 

 

For objective 4:  Perform prognostic and predictive analysis of the prioritized microRNAs and 

their target genes using various databases as well as in silico expression analysis of these 

microRNAs and their target genes. 

Prognosis analysis of biomarkers is used to detect or confirm the presence of a disease or 

condition of interest or to identify individuals with a subtype of the disease while predictive 

analysis is used to identify the likelihood of a clinical event, disease recurrence or progression 

in patients who have the disease or medical condition of interest. In light of this, available in 

silico tools were employed to perform the predictive as well as the prognostic analysis of both 

the prioritized microRNAs and their target genes. Kaplan-Meier plotter, SurvExpress, and 

ProgGene were used for the gene list while SurvmicroRNA, ProgmiRVs and miRPower were 
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used for the corresponding regulating microRNA/s for the prognostic and predictive analysis. 

Firebrowser was used to carry out in silico expression analysis of the prioritized microRNAs 

and their target genes. 

 

For objective 5: To investigate the underlying mechanism(s) by which the candidate 

microRNAs interact with the prioritized microRNA target genes promoter regions for gene 

transcriptional modification and to distinctly infer function(s). 

The secondary structure and the thermodynamic energies of the microRNAs were revealed by 

the Mfold algorithm. The triplex binding ability of the oligonucleotide with the target 

promoters were analyzed by Trident. Finally, evolutionary stage-specific somatic events and 

co-expression analysis of the target genes in CRC were analyzed by SEECancer and 

GeneMANIA plugin in Cytoscape. 

 

For objective 6: To determine the possible mode of gene regulation in CRC using argonaute 

protein. 

Protein selection (Argonaute protein) and preparation were carried out using PDB, 

PROCHECK, and Schrödinger suits. The molecular docking analysis was performed using 

PATCHDOCK webserver and visualized by discovery studio visualizer.  

 

1.8 Data Mining Techniques  

 

BLAST for similarity searches 

The BLAST program for nucleotide-nucleotide blast was used to return the most similar 

microRNA sequences from the microRNA database specified. The series of step followed on 

this program were (1) finding the appropriate blast program used (Blastn), (2) entry of query 

sequences, (3) selection of database to search, (4) running of the BLAST search, and (5) 

interpreting the E-values. This option was used to first build a dataset for all the Homo sapiens 

mature microRNAs extracted from miRBase after removal of duplication to use as the 

reference set in this study using the command line below to make BLAST database: 

Where -in is the input file, -Parse_seqids is sequence id parsing that is; to resolve into its 

component parts and describe their syntactic roles. –dbtype nucl is specifying the input, with 

the molecule type (nucleotide). 

c: programfile NCBI blast-2.7.1 bin> makeblastdb.exe –in c: blast 

allmicroRNAs.text.txt –parse_seqids –dbtype nucl –out c: blast result.out 
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Validated microRNAs for CRC were then scanned after creating the dataset containing all the 

mature microRNAs to identify the number of mismatches between the query dataset and the 

reference sequences. The number of mismatches allowed was three sequences with less than 

three mismatches having more than 90% similarity. The command line used to run the program 

was: 

The e-value is a parameter that describes the numbers of hits one can expect to see by chance 

when searching a database of a known size specified as 1e-3, -db which is the database 

generated by previous command line, -word_size is the similarity region, -query is the query 

file, and -out is the result file name. 

Although CD-HIT-EST-2D is limited to certain clustering thresholds, it compares two 

nucleotide datasets (db1 and db2) for similarity check. Db1 contained the non-redundant 

mature microRNA sequences, which are associated with CRC, which were used as the query 

dataset and db2 contained all mature microRNAs, which were used as the reference dataset. 

The input was in FASTA format datasets (db1, db2) and the output was two files (a FASTA 

file of sequences in db2 that is not similar to db1 and a text file that lists similar sequences 

between db1 and db2. The text file showed the similarity in clusters generated and percentage 

of similarity between sequences. This was done with the command line below:  

Where - i is db1 which includes the validated CRC microRNAs, - i2 is db2 which include all 

microRNAs, -O is the output, -c sequence identity threshold and -n 5 is the word-length. 

MiRDB for target prediction 

This database was accessed at http://www.mirdb.org/index.html for the identification of 

microRNA target genes for each of the validated and candidate microRNAs. With the default 

settings, each of the candidate microRNAs and the validated microRNAs was submitted 

differently for gene prediction. The two gene lists were subjected to intersection analysis after 

duplicate removal and the result was saved in an excel file for further target prediction analysis. 

TargetScanHuman for prediction of microRNA targets 

This tool was accessed at http://www.targetscan.org/vert_72/ (version 7.2) for the prediction 

of both the candidate and the validated microRNAs. This generated two lists of genes for the 

candidate and validated microRNAs. After the removal of duplicates, the two lists were 

c: programfile NCBI blast-2.7.1 bin> blastn.exe –db c: blast\result.out –evalue 1e-3 –

word_size 7 –query CRCmicroRNA.text.txt –out c:\blast\result.out 

 

cd-hit-est-2d -i CRCmicroRNA.text –i2 allmicroRNAs.text –o result –c 0.90 –n 5 
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subjected to duplicate removal and the unique gene list created after intersection analysis was 

saved in an excel file for further analysis. 

MirDIP microRNAs data integration portal 

This prediction tool was accessed at http://ophid.utoronto.ca/mirDIP/index.jsp for the 

identification of target microRNAs in this study. This prediction tool can be used to Find 

overlapping interactions among selected microRNAs and genes in Homo sapiens in its 

bidirectional search or to find microRNAs that target a gene, or genes targeted by a microRNA 

in Homo sapiens (Unidirectional search). This unidirectional search of this tool was used for 

both the candidate and the validated microRNAs in other to follow a uniform process as 

followed by previous prediction tools. The two gene lists generated at high score class was 

subjected to duplicate removal and gene intersection analysis. The unique gene list was then 

saved in an excel file for further analysis. 

Extraction of CRC expressed genes  

Gene browser for colorectal cancer (gbCRC) and CRC for the gene database (CoReCG) were 

used for the extraction of the expressed genes associated with CRC. The gbCRC was accessed 

at http://gbcrc.bioinfo-minzhao.org/download.cgi. The human CRC genes with high 

confidence (2+ data sources and 5+ PubMed abstracts) were downloaded in a flat file and 

saved. The genes available at CoReCG was accessed at 

http://lms.snu.edu.in/corecg/gene_browse.php from the browse icon and gene information. 

Two gene lists were generated and saved. 

Gene intersection analysis  

The Venn diagram software was used to determine the intersection genes between the list of 

genes obtained from the candidate microRNAs and the validated microRNAs. This tool 

generated a pictorial Venn diagram of the intersect between the list input and a textual output 

indicating which genes were in each intersection or were unique to a certain list. This tool was 

also used to generate intersections between the predicted targets and the list of genes generated 

by CRC databases used in this study.  

DAVID database 

Database for annotation, visualization and integrated discovery (DAVID) was used to examine 

the gene functions by annotation of the microRNA target genes. This database was accessed at 
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https://david.ncifcrf.gov/summary.jsp. From the DAVID homepage in the list section, four 

steps were followed. The steps include: (1) Enter gene list, (2) select identifier, (3) list type, 

and (4) submit a list. Each of the five gene lists was submitted individually, the official gene 

symbol was selected as the identifier followed by selecting the gene list and submitted for result 

output. Homo sapiens was selected as the background for the search. The database displays the 

annotation summary results with several options. For the link gene-disease associations, the 

GAD_DISEASE was selected. The chart output places the genes in various cancer processes 

with special emphasis on CRC for this study. The analysis generated lists of genes involved in 

CRC and was saved in an Excel file. 

Gene visualization using KEGG Pathway analysis  

Under the several options available for the annotation summary results in DAVID, the 

KEGG_pathway was selected from the pathway section after the submitted gene list associated 

with genetic disease was submitted to DAVID. KEGG pathway analyses were carried out in 

DAVID, Bioinformatics Resources at http://david.abcc.ncifcrf.gov. Results were given as 

pathway graphs for the genes that are involved in known CRC processes. 

Analysis of Gene/protein interaction network 

Gene IDs for a list of genes identified by DAVID implicated in CRC were used as input for the 

generation of gene networks using the STRING database Version 10.5. First, the genes were 

used as input to generate an expression network among each other. The basic steps employed 

in this study for STRING interaction are as follows: List of differentially expressed genes from 

DAVID (82) → Paste in STRING (Multiple proteins) → Specific organism (Homo sapiens) 

→ Go → Continue→ actual result page. To produce this expression network, parameters were 

chosen as follows; (i) a confidence level of 0.9 and (ii) a network depth of 5. Secondly, an 

extended network was produced to determine which of the genes showed links to known genes 

involved in cancer and specifically in CRC. The results were given as a ‘stick/line and ball’ 

graphics with the ‘balls’ (proteins/genes) connected by different color lines with each color 

indicating the type of evidence for the connection between each protein/gene. 

Cytoscape for visualization 

STRING network was downloaded as a simple tabular text output and was edited and uploaded 

into Cytoscape as a setup installation file (SIF file). The SIF included four columns with the 

interaction name in between the protein symbol columns and the intersection weight in the last 
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column. The following steps were used to input the file into Cytoscape: From file→ import→ 

network→ file (choose the appropriate file) → open→ ok). The visual display was then 

adjusted (nodes, edges, and network) using appropriate layout and plugins to achieve a less 

dense or clustered image. A complication with Cytoscape software is that it does not perform 

a complete workflow starting from the protein or gene list up to protein interaction mapping, 

network analysis, and visualization. It does not perform the first step, the interaction mapping. 

Therefore, a protein list was uploaded into STRING website first to map out the interaction 

between the protein/gene list. This interaction list was then uploaded into Cytoscape as a SIF 

file. 

 

1.9 Linkage of scientific papers 

Cancer is the second leading cause of death worldwide and is responsible for estimated deaths 

of 9.6 million in 2018. Globally, about 1 in 6 deaths is due to cancer. As a subtype of this 

disease, colorectal cancer (CRC) is the third most common cancer after lung and breast cancer. 

The process of colorectal carcinogenesis, which involves the stepwise accumulation of 

mutations and/or epigenetic alterations, leading to the transformation of normal colonic 

epithelia may develop and progress over a period of time. This disease subtype is the third most 

commonly diagnosed cancer in males and the second in females, and the fourth greatest cause 

of cancer-related deaths worldwide. The lifetime incidence of CRC in an average-risk 

population is 5% and progressively increases after age 50.  

CRC stage correlates well with survival/cure rates with the majority of patients diagnosed with 

CRC presenting with advanced disease and a low survival/cure rate. Although most CRC-

related deaths are preventable through colonoscopy screening, it is estimated that less than 50% 

of eligible patients are screened for CRC using the aforementioned procedure. The majority 

(70%) of CRCs arises sporadically, while the remaining 30% represent patients with a familial 

or inherited form of the disease. Mutations within tumor suppressor genes (APC, TP53), 

oncogenes (KRAS, BRAF, Bcl2, PI3K) and other genes, such as DNA mismatch repair (MMR) 

genes, accompany the stepwise transition from single crypt lesions to benign adenomatous 

polyps and finally development of malignant carcinomas, known as the adenoma-carcinoma 

sequence. Screening can detect colorectal polyps that may be removed before they become 

cancerous, as well as to detect cancer at an early stage when treatment is usually less extensive 

and more successful.  
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Accepted screening methods include the guaiac-based Fecal Occult Blood Test (gFOBT), 

flexible sigmoidoscopy, stool DNA test, computed tomography (CT) colonography, double-

contrast barium enema, colonoscopy and the use of biomarkers. Of these screening options, 

more sensitive and specific diagnostic, prognostic/survival markers are still under 

development. Preventive measures for CRC include maintaining healthy body weight, being 

physically active, minimizing consumption of red and processed meat and alcohol, and 

avoidance of smoking.  

Early diagnosis and the search for non-invasive biomarker is currently one of the most rapidly 

growing areas in cancer research, and an effective way to prolong the life of patients with CRC. 

The discovery of novel non-invasive markers with significant clinical value may potentially be 

used to detect early CRC and improve the overall management of CRC patients.  

It has become increasingly clear over the past decade that a large class of small non-coding 

RNAs, known as microRNAs, function as important regulators at the post-transcriptional level 

of a wide range of cellular processes by modulating gene expression levels. Present estimates 

suggest that nearly one-third of all cellular transcripts may be regulated by the few hundred 

human microRNAs currently known to exist. Many microRNAs exhibit tissue-specific patterns 

of expression and are deregulated in various cancers, where they can be either oncogenic 

(oncomirs) or tumor-suppressive. Therefore, microRNAs therapy is becoming an increasingly 

valuable tool in the management of several cancers.  

Despite a better understanding of the molecular mechanisms involved in colorectal 

carcinogenesis, little or no progress has been made in the early detection, management and 

prevention of CRC at each stage using microRNA. Given the ever-expanding number of 

microRNAs, understanding their functional aspects represents a promising research area. Large 

sample data analysis, the discovery of microRNAs predominant at different stages of CRC will 

allow a more comprehensive assessment and understanding of microRNA effects and provide 

exciting opportunities for new pathogenesis, diagnosis and treatment insights into CRC 

management. 

Early CRC detection strategies are faced with the major challenge of developing a standardized 

biochemical diagnostic approach that is non-invasive, more sensitive and specific for CRC 

stages. The most effective treatment option for CRC up to date remains surgery, which is costly 

and has associated side effects, such as damage to nearby organs, adhesion, amongst others. In 

addition, chemotherapeutic agents that often follow surgery, lack tissue selectivity. 
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Furthermore, blood test which employs carcinoembryonic antigen (CEA) exhibits low 

sensitivity and specificity, especially in the context of early disease. CRC has been such a 

serious health problem since it is largely asymptomatic up until the latter stages of the disease 

often times when the cancer has already metastasized and untreatable. If CRC is detected early, 

it is a treatable disease that can benefit from curative surgery. Current treatment options are 

often too late, typically after metastasis has occurred at which point prognosis is poor. The 

most reliable detection method is colonoscopy, which is a specialized and expensive procedure 

and not readily available, presenting a marginal risk for perforations of the colon, an associated 

side effect of this procedure. The lack of early diagnostic biomarkers and the use of invasive 

approaches for the diagnosis of CRC lessen the chances of a good prognostic outcome for those 

affected that prompted the need for a more sensitive, accurate and non-invasive biomarker. 

MicroRNAs are small regulatory RNAs that are involved in the maintenance of cell 

homeostasis but are often altered in tumor cells. Therefore, the identification of microRNAs, 

that are involved in the onset and progression of CRC can be useful in staging of the disease, 

prognosis as well as treatment outcomes, will be the focal points of this research study. 

Identification of such a biomarker will negate the need for invasive diagnostic methods as well 

as being used routinely to screen for the presence of CRC. 

This thesis, therefore, sorts to identify microRNAs that are specific for CRC and can detect this 

disease at each stage of tumor, node and metastasis (TNM). 

Paper 1 

The probability that a person will develop CRC is about 4%–5% worldwide. Furthermore, 

many personal habits are regarded to be risk factors of this disease as they increase the chances 

of development. Risk factors related to lifestyle, can be reduced by implementing modest 

lifestyle changes in terms of dietary and physical activities such as exercises. For instance, it is 

thought that a sedentary lifestyle can increase the risk of developing CRC, although this 

relationship between CRC and inactivity is not completely defined. 

Early CRC detection tools are faced with several challenges, thereby limiting the development 

of a standardized biochemical diagnostic approaches which are non-invasive, more sensitive 

and specific for CRC stages. Also research on the discovery of drugs for the treatment of CRC 

is still ongoing, with several shortcomings due to the complex genetic and epigenetic events 

involved in its pathogenesis. However, strong evidence continues to show that certain dietary 

components possess cancer-protective capabilities, including therapeutic and chemopreventive 
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properties. These dietary factors may play a role in several stages of carcinogenesis, such as 

cell-cycle modulation, inflammation, apoptosis, DNA repair, and angiogenesis. MicroRNAs 

are intrinsically involved in similar stages of carcinogenesis, which widens the understanding 

between microRNAs and certain dietary components. Several factors have been linked to the 

disease risk factors but adopting a healthy lifestyle could be a preventable means. As a result 

of these, diet has been implicated in a crucial role in preventing CRC. Therefore, Paper 1 (Effect 

of dietary components on miRNA and colorectal carcinogenesis) extensively discussed the 

diet-microRNA interplay and identification specific microRNAs that are expressed in CRC.  

Paper 2  

The formation of CRC involves multistep genomic changes, including the activation of 

oncogenes and inactivation of tumor suppressor genes. Numerous microRNAs have been 

reported to play a role in cancer development, such as carcinogenesis, progression, and 

metastasis. Only a couple of studies have explored circulating microRNAs in patients with 

CRC. Furthermore, there is extremely limited research on the identification of commonly and 

differentially expressed microRNA for CRC staging. Efforts to depict clinical, pathological, 

and molecular features in patients have reached disputable ends with respect to tumor grade 

and disease stage at diagnosis. It is also generally acknowledged that diagnosis in patients is 

always difficult because of the vulnerability of both patient and the specialist to the presenting 

symptoms, leading to a frequent unfavorable outcome of the disease. If specific microRNAs 

are expressed in a certain stage of CRC, then early detection of this disease will be largely 

treatable. Paper 2 (Biomarkers for Stratification in Colorectal Cancer: MicroRNAs) further 

discussed the concept of this research using microRNA as a biomarker for CRC stratification 

for better management from paper 1. The aim of this paper was to discuss the staging of CRC 

with respect to specific microRNAs for early detection, treatment, efficacy, and effective 

management of the disease.  

Paper 3 

The involvement of microRNA in cancers plays a significant role in their pathogenesis. 

Specific expressions of these noncoding RNAs also serve as biomarkers for early CRC 

diagnosis, but their laboratory/molecular identification is challenging and expensive. Paper 3 

(In silico identification of microRNAs as candidate colorectal cancer biomarkers) therefore 

identifies candidate microRNAs and their target genes that are specific for CRC for prognosis 

and diagnosis. Molecular approaches to identify these microRNAs for diagnostic and 
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predictive biomarkers for CRC have suffered major restraints, such as the appropriate 

procedure to follow, time consumption, laborious, and expensive. Since the development of a 

diagnostic microRNA biomarker to distinctly monitor colorectal carcinogenesis is important 

to enhance the diagnosis rate at latter stages, the paper aimed to use in silico approaches to the 

identify microRNAs for diagnosis in CRC. After understanding the synthesis and molecular 

mechanism of colorectal carcinogenesis and their diet interplay in paper 1, paper 2 succinctly 

identifies previous microRNAs that are specific to CRC stages using TNM and Duke’s staging. 

Paper 3 through sequence similarity search, identified some microRNAs that are specific to 

CRC and further identifies their target genes. Gene ontology, pathway enrichment, prognosis 

and expression analysis where also carried out.  

Using in silico approaches, paper 3 identified five candidate microRNAs with seven target 

genes. The patterns of expression on these genes could be inferred that patients with alterations 

in the microRNA prioritized target genes have significantly better overall survival than patients 

without these alterations. These microRNAs could potentially serve as a resource for explicitly 

selecting targets for diagnosis, drug development, and management of CRC. The paper also 

identified two hub genes namely CTNNB1 and EGFR). There is a need to associate function(s) 

these microRNAs through their targets. 

Paper 4 

In silico approaches have been developed to connect sequences of microRNAs and their targets 

to infer function in Cancer studies. Biologists are mainly particular about the structural and 

functional properties of any newly derived sequence (protein or nucleotide). In silico 

predictions are therefore important for this discovery based on successful knowledge-based 

principles. These principles rely on the fact that the best way to predict the structure and/ or 

function is to find similar sequences in existing databases using the information about them to 

infer conclusions about properties of the new sequence. Algorithms have been developed and 

implemented as computer programs (local or web-based tools) to perform this function.  

Paper 4 (Functional Prediction of Candidate MicroRNAs for CRC Management Using in Silico 

Approach) determined the functional roles of the identified microRNAs in the previous paper 

(paper 3) using an in silico pipeline. Understanding microRNA’s secondary structures, 

thermodynamic parameters, and targets may deliver greater promise towards their diagnostic 

potentials and mechanisms in the management of CRC. The paper predicted the secondary 

structure as well as the promoter regions involved in the triplex formation with targets. Also, 
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co-expression and both evolutionary stage-specific and variant events of the microRNA target 

genes were identified. This paper suggests a conformational role to modulate target interactions 

and therefore can be used to explain the different degree of genetic regulation in CRC.  

Paper 5 

Molecular simulation has emerged as an efficient and cost-effective tool in binding analysis 

from lead identification to optimization and beyond. The process of molecular interaction 

through a non-covalent bond with high affinity and specificity to form a specific complex is 

crucial to all processes in living organisms. Protein functions are majorly determined based on 

their binding interaction with other molecules or ligands. 

The main focus of paper 5 (MicroRNA Assisted Gene Regulation in Colorectal Cancer) was to 

predict the molecular mechanism of gene regulation based microRNA-mRNA duplex as a lead 

in the silencing mechanism. This paper further discusses the mechanism by which the 

microRNAs obtained in paper 3 could assist in gene regulation in CRC after which the 

functions have been identified in paper 4. Molecular docking approaches of microRNAs and 

targets obtained previously were used for protein-ligand binding interaction with argonaute 

protein in other to determine the mechanism of gene silencing as assisted by these microRNAs. 

The result could be used for intermolecular recognition mechanism. 

  



19 

 

CHAPTER 2.0 

EFFECT OF DIETARY COMPONENTS ON MICRORNA AND COLORECTAL 

CARCINOGENESIS 

ADEWALE OLUWASEUN FADAKA,1,3* BABAJIDE A. OJO2, OLUSOLA BOLAJI 

ADEWALE3, TEMITOPE ESHO4, AND ASHLEY PRETORIUS5 

 

1Department of Biotechnology, Faculty of Natural Sciences, University of the Western Cape, Cape 

Town, South Africa. 2Department of Nutritional Science, Oklahoma State University, 301, Human 

Sciences, Stillwater, OK 74075 USA. 3Department of Biochemistry, Afe Babalola University, P.M.B. 

5454, Ado-Ekiti, Ekiti State Nigeria. 4Institute of Biochemistry II, Medical Faculty, University of 

Cologne, Joseph-Stelzmann Str. 52, 50931 Cologne, Germany. 5Biotechnology Innovation Division, 

Aminotek PTY LTD, Suite 2C, Oude Westhof Village Square Bellville, 7530 South Africa. 

 

Accepted/ Published: Cancer Cell International, (2018) 18(1): 130.  

DOI.org/10.1186/s12935-018-0631-y (Impact factor: 3.439) 

 

Statement of contributions of joint authorship 

 

Adewale Fadaka (PhD candidate) 

Conceived the concept of the manuscript as well as the write up and compilation.  

Babajide Ojo (Collaborator) 

Constitution of the Dietary analysis part of the review as well as co-author of the manuscript. 

Olusola Adewale and Esho Temitope (Collaborators) 

General review and editing as well as co-author of the manuscript. 

Ashley Pretorius (Co-Supervisor) 

Supervised and assisted with manuscript compilation, editing and overall proofreading and co-

author of the manuscript. 

This Chapter is an exact copy of the journal paper below



Fadaka et al. Cancer Cell Int  (2018) 18:130  
https://doi.org/10.1186/s12935-018-0631-y

REVIEW

Effect of dietary components on miRNA 
and colorectal carcinogenesis
Adewale Oluwaseun Fadaka1,3*  , Babajide A. Ojo2, Olusola Bolaji Adewale3, Temitope Esho4 
and Ashley Pretorius5

Abstract 

Background:  Colorectal cancer (CRC) is one of the most common cancers diagnosed and among the commonest 
causes of cancer-related mortality globally. Despite the various available treatment options, millions of people still 
suffer from this illness and most of these treatment options have several limitations. Therefore, a less expensive, non-
invasive or a treatment that requires the use of dietary products remains a focal point in this review.

Main body:  Aberrant microRNA expression has been revealed to have a functional role in the initiation and pro-
gression of CRC. These has shown significant promise in the diagnosis and prognosis of CRC, owing to their unique 
expression profile associated with cancer types and malignancies. Moreover, microRNA therapeutics show a great 
promise in preclinical studies, and these encourage further development of their clinical use in CRC patients. Addi-
tionally, emerging studies show the chemo-preventive potential of dietary components in microRNA modulation 
using several CRC models. This review examines the dietary interplay between microRNAs and CRC incidence. 
Improving the understanding of the interactions between microRNAs and dietary components in the carcinogenesis 
of CRC will assist the study of CRC progression and finally, in developing personalized approaches for cancer preven-
tion and therapy.

Conclusion:  Although miRNA research is still at its infancy, it could serve as a promising predictive biomarkers and 
therapeutic targets for CRC. Given the ever-expanding number of miRNAs, understanding their functional aspects 
represents a promising option for further research.

Keywords:  Colorectal cancer, microRNA, Biomarkers, Diet, Chemoprevention
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Background
Colorectal cancer is the third most commonly diagnosed 
cancer and the fourth leading cause of cancer-related 
deaths in the world [1]. It is the fourth most common 
cancer in South Africa in both male and female and the 
6th most lethal of all known cancers [2]. Bray et al. [3] has 
predicted that there will be an increase in all CRC inci-
dence cases from over 12 million in 2008 to about 22.2 
million by 2030 [4]. About 24 million new cases of CRC 
was expected to be diagnosed by 2050, out of which 70% 
of these cases would be found in the developing countries 
[5]. Occurrence of this disease is greater in America and 

Europe when compared to low and middle-income coun-
tries. However, there is still high burden of this disease 
due to lack of early diagnosis of CRC as a result of limited 
resources in these low and medium-income countries, 
such as most African countries. Although, this is avoida-
ble because CRC is one of the cancers that is almost 100% 
preventable [6], but most of the world’s population still 
lack information of this disease as well as its relationship 
with diet.

Treatment options for CRC is largely dependent on 
the stage of the tumor, that is, how far it has metasta-
sized. A common non-invasive screening test currently 
employed is the Fecal Occult Blood Test (FOBT), but the 
test presents poor sensitivity and specificity [7]. Other 
screening tests such as the Fecal Immunochemical Test 
(FIT), the fecal DNA test and the plasma SEPT-9 gene 
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methylation test [8], as well as colonoscopy [9] are in use. 
Some clinicians use the FOBT and colonoscopy together 
or at different times [10]. Serum biomarker test such as 
carcinoembryonic antigen (CEA), carbohydrate anti-
gens (CA) 19-9, and CA 125 used for CRC diagnosis are 
also non-specific [11]. To date, colonoscopy is the most 
commonly used test in the detection of CRC, which has 
been found to reduce the risk of CRC by 30–75%, but the 
limitation to this technique is its high cost and invasive-
ness [12], which makes it ineffective in resource-limited 
settings. Chemotherapeutic agents that often used in 
post-surgery lack tissue selectivity. At early stage, CRC 
may not show obvious signs or symptoms such as colon 
and/or rectal bleeding, belly pain, change in bowel habit 
(diarrhea), constipation, stool narrowing, and sudden 
weight loss. This disease can be asymptomatic until latter 
stages when the cancer has metastasized [13]. Globally, 
the major challenge to CRC treatment is early detection, 
which makes the current treatment options to be admin-
istered so late, typically after the cancer has metastasized. 
If the cancer is detected early, and polyps are removed by 
surgery, this will reduce both the incidence and mortality 
cases of CRC. To achieve this, more non-invasive, selec-
tive and specific diagnostic tools which can detect the 
tumour at an early need to be reviewed.

Non-coding RNAs, most especially miRNAs, are 
attracting considerable interest, with increasing evi-
dences on the role of miRNAs’ expression in CRC devel-
opment and progression [14]. This has led to the use of 
miRNAs as therapeutic targets. Nevertheless, the mecha-
nism through which a single miRNA controls gene net-
works by and the possible in  vivo adverse effects of the 
miRNA and/or anti-miRNA are yet to be fully explored. 
As earlier mentioned, early CRC detection tools are faced 
with several challenges, thereby limiting the development 
of a standardized biochemical diagnostic approaches 
which are non-invasive, more sensitive and specific for 
CRC stages. Several factors have been linked to the dis-
ease risk factors but adopting a healthy lifestyle could 
be a preventable means. As a result of these, diet has 
been implicated in a crucial role in preventing CRC [15]. 
Therefore, diet-miRNA interplay and identification of 
the miRNAs that are expressed in CRC would be a focal 
point in this review.

Colorectal cancer
Colorectal cancer is the occurrence of abnormal growth 
in the colon or rectum. It is the fourth most common 
cause of cancer-related deaths and one of the most 
ranked type of cancer worldwide [16]. It is the second 
and third most common cancer in women and men, 
respectively, and also accounted for about 10% of the 
total cancer cases worldwide [16]. The cancer begins 

with an abnormal growth of the cells lining the colon 
and rectum. These cells divide uncontrollably and rap-
idly thereby leading to the formation of a non-cancerous 
growth or benign tumour known as a polyp. The polyp 
grows gradually and over a period of 10–20 years (Fig. 1) 
[17]. An adenomatous polyp or adenoma is the most 
common type, and about one-third to one-half of all indi-
viduals will eventually develop one or more adenomas 
[18]. Although not all polyps give rise to CRC, but CRC 
is almost always developed from a polyp and all adeno-
mas have the possibility to be cancerous [18]. The pos-
sibility that an adenoma will become cancerous increases 
as it becomes bigger [19]. Cancer arising from the inner 
lining of the colorectum is called adenocarcinoma, and 
accounts for approximately 96% of all CRCs [20]. Series 
of DNA changes in a polyp’s cell result in its the develop-
ment into malignant tumor over a period of time (Fig. 1). 
Initially, these cancer cells are confined to the surface of 
a polyp, but can grow into the wall of the colon or rec-
tum, which eventually spreads to lymph nodes and other 
organs, such as the liver or lungs [21].

CRC pathogenesis and miRNA involvement
The molecular mechanism of colorectal carcinogenesis 
is a multistep process involving genetic, epigenetic and 
aberrant immunologic pathway as a major contributor 
of colorectal carcinogenesis [22–24]. miRNAs are often 
dysregulated in tumors either by genetic or epigenetic 
factors, and are currently being investigated for their 
potential as biomarkers in cancer diagnostics (Fig.  2) 
[25]. This non-coding RNA has been implicated in the 
mechanism by which gene expression of various cancer-
associated genes are controlled and their expression may 
be altered in the process. A series of studies have high-
lighted the role of miRNAs in the development of this 
disease. CRC-related miRNAs have been demonstrated 
to regulate the genes by various mechanisms, includ-
ing epigenetic modifications, long non-coding RNA–
miRNA, and long non-coding RNA–protein interactions, 
and by their actions as miRNA precursors. Since miR-
NAs can be detected in human body fluid and have good 
specificity and accessibility, they have been suggested to 
be used as novel potential biomarkers for CRC diagnosis 
and prognosis as well as in the prediction of the response 
to therapy [26]. miRNAs have been implicated in a num-
ber of events, such as epigenetic, transcriptional, and 
post-transcriptional regulation [27]. These non-coding 
RNAs exhibit unique profiles in various human cancers 
such as colorectal cancer, reflecting disease progression 
[28]. Studies have previously reported the involvement of 
miRNAs in cancer initiation and progression but recently, 
their roles as drivers of tumor suppressor and oncogenic 
function have been evaluated in several cancer types [29]. 
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Several studies have also shown the association of non-
coding RNAs in colorectal carcinogenesis through the 
stimulation or inhibition of apoptosis, cell proliferation, 
differentiation, invasion and metastasis [30–35].

Genetic regulation of colorectal carcinogenesis
Genetic instability has been considered fundamental to 
the multistep process of tumor growth and metastatic 
progression for decades [36]. A wide range of genetic 
mutations is found in most cancer subtypes (Fig. 2). The 
most common gene mutation in CRC is the APC gene 
from the normal epithelium followed by the K-ras, DCC 
and p53 genes leading to sporadic carcinoma [37]. DNA 
hypermethylation of tumor suppressor gene promoter 
regions has been intensively studied to demonstrate its 
critical role in gene silencing (Fig. 2). Histone modifica-
tion includes histone methylation and deacetylation, both 
of which have been shown to be associated with DNA 
methylation [22].

Epigenetic modifications and miRNA in CRC​
Epigenetic alterations have the ability to deregulate the 
expression of any type of transcript. However, the exact 
mechanisms of epigenetic regulation of non-coding 

RNAs are still unclear although, these RNAs are sub-
ject to the same epigenetic regulatory mechanisms as 
protein-coding genes. Several studies have reported the 
regulatory mechanism of miRNA to clarify the network 
that underlie the aberrant expression in tumor metas-
tasis. Furthermore, aberrant epigenetic regulation 
affects abnormal miRNA expression in cancers. miR-
21, miR-106, and miR-144 were reportedly upregulated 
in patients samples with CRC compared with normal 
individuals [38]. miR 143 and miR-145 were signifi-
cantly downregulated in colorectal adenoma compared 
to normal colon sample [39]. These miRNAs were fur-
ther confirmed to be significantly reduced in colorec-
tal neoplasia and act as tumor suppressor miRNAs in 
the colorectum [40–44]. Zhang et al. [45] also revealed 
the induction of apoptosis through BCL-2 inhibition by 
miR-148a upregulation in CRC while the downregula-
tion was linked to increased tumor size [46]. Attenu-
ated miR-34a and miR-200c expression are associated 
with metastasis in CRC [47, 48]. Lujambio et  al. [49] 
identified cancer-specific CpG island hypermethyla-
tion of the promoter lesion with the transcription of 
miR-148a, miR-34b/c, and miR-9. miR-34a also have 
effect on colorectal cancer invasion and metastasis 
in conjunction with IL-6R, ZNF281, MET, snail fam-
ily zinc finger 1 and 2 (SNAI1, SNAI2) and β-catenin 
(CTNNB1) [47, 50–52].
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Overview of miRNA
Micro RNAs are short single stranded non-coding RNAs, 
consisting of about 19–25 nucleotides. They are respon-
sible for the regulation of translation of genes by binding 
to the 3′-untranslated region of target mRNAs through 
sequence-specific manner. These miRNAs reportedly 
play vital roles in inflammation and carcinogenesis, 
which can be linked to their oncogenic or tumor suppres-
sive properties [53]. Alterations in miRNA expression 
are implicated in different human cancers, which include 
breast cancer, CRC, liver cancer and lung cancer [54]. 
For gene silencing, cells can use miRNA, which binds 
and represses messenger RNA (mRNA), thereby turn-
ing off genes that are not required in translating genetic 
information into proteins. This miRNA participates in 
the regulatory mechanisms of cell’s development through 
death, and the dysregulation can be implicated in several 
diseases such as cancer and heart diseases [55].

miRNAs have been recognized as potential biomarkers 
for early detection, as well as prognostic and therapeutic 
approach for CRC because of their high level of specific-
ity and selectivity.

Synthesis of miRNA
As earlier mentioned, miRNA is an important class of 
post-transcriptional regulators of about 22 nucleotides in 
length [56], and it carries out its biological functions by 
binding to the 3′ untranslated regions (UTRs) of its tar-
get messenger RNA/s (mRNA/s), thereby repressing its 
expression [57]. A single miRNA may regulate multiple 
targets and thus act as a chief controller of gene expres-
sion. Human genes (about 30%) can be regulated by 
miRNAs as suggested by bioinformatic analysis, despite 
the constitution of 1–3% miRNA of the human genome 
[58]. Several miRNA-coding genes operate as independ-
ent transcription units, which contain their own promot-
ers and regulatory elements. However, about a quarter 
of miRNA genes are intronic and transcribed alongside 
their host genes [59].

Like proteins, genes coding for miRNAs are contained 
in the nucleus. miRNA can be synthesized from the 
introns of a functional gene coding for a specific mRNA 
or from its own gene (Fig.  3). The same enzyme that 
produces mRNA (RNA polymerase II) transcribes each 
gene of coded miRNA resulting in a primary miRNA 

Fig. 2  Genetic and epigenetic mechanisms of colorectal carcinogenesis. Mutation of genes involved in the Wnt signaling pathway plays a superior 
role in colorectal carcinogenesis. Genes that are related to cell cycle progression. DNA repair, and cytokine signaling have also been shown to be 
pivotal in colorectal carcinogen. DNA hypermethylation of tumor suppressor gene promoter regions has been intensively studied to demonstrate 
its critical role in gene silencing. Histone modification includes histone methylation and deacetylation, both of which have been shown to be 
associated with DNA methylation
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(pri-miRNA), which consists of a 5′ G-cap, at least an 
approximately 60–70-nucleotide hairpin structure and 
a 3′ poly (A) tail [60]. Polycistronic pri-mRNA may con-
tain up to seven hairpin structures that produce different 
mature miRNAs. This pri-mRNA is the final microRNA 
with regulatory function after several steps. After tran-
scription, the double-stranded stem is recognized by the 
cofactor DiGeorge syndrome Critical Region 8 protein 
(DGCR8). An enzyme (Drosha) associates with DGCR8 
to form a microprocessing complex capable of cutting 
the pri-miRNA into a smaller precursor miRNA (pre-
miRNA) by the removal of 5′ cap, the 3′ poly (A) tail 

and sequences flanking the hairpin structure. Precursor-
miRNA is then moved from the nucleus through the 
nuclear pore to the cytoplasm with the aid of Exportin 
5, moves where it inactivates mRNA of one or multiple 
genes [61]. In the cytoplasm, the stem-loop of the pre-
miRNA is further cleaved by a large microRNA protein 
called dicer (an endoribonuclease) to form a short dou-
ble-stranded microRNA molecule (about 20–25 nucleo-
tides long) consisting of mature miRNA strand and its 
complementary strand [62].

Consequently, argonaute protein (AGO-2) inter-
acts with dicer to bind the mature miRNA due to the 
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asymmetric thermostability. The miRNA is unwound, and 
one strand is released (the passenger strand). The guide 
strand interacts with AGO-2 (responsible for the endo-
nuclease activity that induces mRNA cleavage) and some 
additional proteins to form the RNA Induced Silencing 
Complex (RISC). This is guided to the mRNA target to 
activate one or multiple genes [63]. The mRNA of a tar-
get gene is complementary to the sequence of the miRNA 
that enables base pairing. Complete and partial comple-
mentarity between the seed region (nucleotide positions 
2–8) of miRNA and its target mRNAs results in mRNA 
degradation and translational inhibition or repression, 
respectively [64]. In the case of translational inhibition 
or repression, the RISC complex prevents the ribosome 
subunit from binding. The mechanism by which RISC 
induces translational repression is more complex and 
may include cap-dependent inhibition of translation ini-
tiation, eukaryotic translation initiation factor-6 recruit-
ment to RISC, nascent protein degradation, ribosomal 
drop-off and prevention of the interaction between poly 
(A)-binding proteins and eukaryotic translation initiation 
factor-4G subsequent to mRNA deadenylation [64, 65]. 
In both cases (mRNA degradation and translational inhi-
bition or repression), the mRNA will not be translated 
into a protein and the gene is silenced. Since their discov-
ery in the 1900s, major parts of the miRNA’s pathways 
still remain unclear. However, with their essential role in 
many biological processes (metabolism, stem cell divi-
sion, development, apoptosis, cell proliferation, cell cycle 
control and cell stem differentiation), mRNA offers great 
potential in medicine and might lead to key treatment of 
various diseases in the future.

General functions of miRNA
Several biological functions of miRNA have been 
reported to be related to various disease mechanisms, 
regulation of cellular activities and cancer progression 
[66–69].

Seed region of about 2–8 nucleotides base pair allows 
miRNAs to bind at different degrees of complementarity. 
These therefore enables the recognition and binding of a 
variety of mRNAs which potentially regulate translation 
and expression of its protein products. Any change in 
the levels of a specific miRNA expression affects several 
biological pathways. Partial base pairing inhibits transla-
tion without interfering with the integrity of mRNA [70]. 
The observed discrepancies between mRNA and protein 
expression levels may be explained by the miRNA action, 
and the information on miRNA expression and function 
suggests the regulation of protein expression.

miRNAs are involved in various biological activities 
including cell differentiation, proliferation, apoptosis, and 

migration, which are key regulators in various pathogen-
esis and progression of different diseases, especially can-
cers [71–73]. miR-15 and miR-16, the first two miRNAs 
associated with cancer, play a significant role in the regu-
lation of apoptosis by targeting the anti-apoptotic bcl-2 
mRNA [74]. Also, the expression of human Ras, regu-
lated by let-7 in cell culture, was also reported as the first 
miRNA-target interaction with relevance to cancer [75]. 
Subsequently, numerous publications have reported the 
role of miRNAs in tumors [76–80].

miRNA tumor‑specific metabolic reprogramming
Cancer cells are shown to experience characteristic 
changes in their metabolic programs suggesting that 
metabolic shifts supports tumor cells growth and sur-
vival [81]. Report have it that the miRNA expression 
patterns in human cancers are not the same and that dif-
ferent cancer types have distinct expression patter [82]. 
This is so because the processing of primary miRNA 
transcripts to mature RNA is transcribed by RNA poly-
merase II (Fig. 3). This RNA polymerase II is also respon-
sible for the transcription of mRNAs. Several alterations 
in miRNA levels have been revealed between colorec-
tal cancer and normal colonic mucosa [83–85]. Gao 
et  al. [86] reported that the c-Myc oncogenic transcrip-
tion factor, which is known to regulate microRNAs and 
stimulate cell proliferation, transcriptionally represses 
miR-23a and miR-23b, resulting in greater expression of 
their target protein. Interestingly, c-Myc directly binds to 
the transcription subunit of microRNA (miR)-23a/b and 
subsequently contributes to the up-regulation of mito-
chondrial glutaminase 1 via the induction of ASCT2/
SLC1A5 transporter. Moreover, the association of c-Myc 
with miR-17-92 cluster has been shown to inhibit the 
activity of phosphatase and tensin homologue deleted on 
chromosome 10 (PTEN) and activates PI3K-Akt-mTOR 
axis leading to cell survival in early stage adenoma in 
CRC [87]. The complex crosstalk between miRNA and 
Myc is considered to be partially responsible for meta-
bolic reprogramming. In addition, metformin induces 
miR-27b-mediated suppression of ENPP1, which reduces 
chemoresistance and tumor seeding potential [88].

Expression of specific miRNAs in cancer
Understanding the deregulation of miRNA expression 
observed in cancer cells is crucial. Studies have con-
firmed that when a miRNA is down-regulated in cancer 
and targets an oncogene, it may act as a tumor suppres-
sor, or may act as an oncogene when up-regulated and 
targets a tumor suppressor or a gene important for dif-
ferentiation [89–91].

Carden et  al. [92] reported that increased miR-663 
expression in breast tumors consistently correlates with 
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increased patient survival, which demonstrates its epige-
netic regulation and role in breast tumorigenesis. Also, 
miR-663a down-regulation was observed in human non-
small cell lung cancer progression by targeting AP-1 
component JunD in the cancer cells [93]. miR-34a, a 
chief regulator of tumor suppression, maintains its own 
expression levels through upstream signaling and activate 
tumor suppressor pathways, which are regulated by p53 
[94]. Wiggins et al. [95] reported that this miRNA inhib-
its cancer cells lacking endogenous p53.

miRNA has also been implicated in the repression of 
over 700 transcripts associated with cellular prolifera-
tion, survival, and plasticity [96]. High expression of miR-
21 predicts poor survival in CRC patient [97–101]. In a 
contradicting report of Lee et  al. [102], the expression 
of miR-21 in the periphery of primary tumors demon-
strated the significance of miRNA as a better prognosis 
in patients with advanced stage CRC. Molecular valida-
tion result of miR-22 expression revealed a significant 
increase in gastric cancer tissues when compared to adja-
cent non-cancerous tissues, and that low expression of 
miR-22 is associated with aggressive gastric cancer phe-
notype and its poor survival [103]. As suggested in pre-
vious studies, miR-22 is associated with several cellular 
processes, and their deregulation is a hallmark of several 
human cancers such as ovarian, prostate, colon and liver 
cancers [104–106]. James et  al. [107] also reported the 
clinical utility of miR-21 and let-7g in prostate cancer. 
Li et al. [108] investigated the level and role of miR-106a 
expression in pancreatic cancer and reported that pan-
creatic cancer cell invasion was dependent on miR-106a 
regulation [109, 110].

Diet interaction with microRNAs in colorectal 
cancer
Research on the discovery of drugs for the treatment of 
cancer is still ongoing, with several shortcomings due to 
the complex genetic and epigenetic events involved in 
its pathogenesis. However, strong evidence continues to 
show that certain dietary components possess cancer-
protective capabilities, including therapeutic and chem-
opreventive properties. These dietary factors may play a 
role in several stages of carcinogenesis, such as cell-cycle 
modulation, inflammation, apoptosis, DNA repair and 
angiogenesis [111]. miRNAs are intrinsically involved in 
similar stages of carcinogenesis, which widens the under-
standing between miRNAs and certain dietary compo-
nents (Fig. 4). Certain dietary components of plant origin 
may be less bio-available and thus, escape digestion into 
the large intestine. Therefore, these bioactive compo-
nents may then play a role in modulating CRC.

Resveratrol
Resveratrol, polyphenols found largely in the skin of 
grapes, raspberries, mulberries, and blueberries, are 
generally considered to have several health benefits due 
to its antioxidative properties. Few studies have shown 
the potential role of resveratrol against colon cancer. 
Treatment of SW480 colon cancer cells with 50  µM of 
resveratrol for 14  h prevented the expression of several 
oncogenic miRNAs, such as miR-21 which is induced in 
chronic inflammation [112]. Furthermore, the expres-
sion of a tumor-suppressor miRNA, miR-663, was sig-
nificantly higher in cancer cells when its expression was 
compared to untreated cells. The use of resveratrol in the 
treatment of colon cancer cells has led to a reduction in 
TGFβ1 and its downstream effector SMAD3, this could 
be explained by the target of miR-663 on TGFβ1 tran-
scripts [112]. This finding on miR-663 is of significance 
since activation of the TGFβ1 pathway increases angio-
genesis and metastasis in later stages of cancer [112, 113]. 
In addition, resveratrol was also shown to inhibit the 
up-regulation of miR-122, an oncogenic and inflamma-
tion-induced miRNA, which is dependent manner on 
miR-663 [114]. Another study showed that resveratrol 
inhibited the growth of human colon cancer cells by up-
regulating miR-34a, which in turn down-regulated the 
E2F3 and Sirt1 genes [115]. Therefore, resveratrol pos-
sesses anti-inflammation and anti-cancer capabilities, 
which might be linked to its antioxidative properties.

Fatty acids
Short-chain fatty acids (SCFAs) and omega-3 fatty acids 
have been shown to have cancer-protective properties. 
Short-chain fatty acids are important end products of 
the gut microbial fermentation of non-digestible carbo-
hydrates in the diet. Butyrate most importantly is vital 
for the proliferation and sustenance of colonic epithelial 
cells. As such, several studies have reported the involve-
ment of microbial-derived butyrate from dietary fiber 
fermentation as a histone deacetylase (HDAC) inhibitor 
and thus plays a protective role against colorectal tumo-
rigenesis [116–118]. However, the chemoprotective effect 
of butyrate on specific miRNAs remains to be fully eluci-
dated. In human colon carcinoma cells, microarray anal-
ysis revealed that treatment with 2 mM butyrate changed 
the levels of various aberrantly expressed miRNAs [119]. 
Notably, butyrate treatment decreased the expression 
of miR-106a and miR-106b, which was accompanied 
by a reduction in cell proliferation [119]. Furthermore, 
in other human colon cancer models, treatment with 
1–25 mM butyrate attenuated the expression of an onco-
genic miR-17-92 cluster of miRNAs, while inhibiting cell 
differentiation and promoting apoptosis [120, 121].
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Omega-3 fatty acids may have protective effect against 
inflammatory diseases, including cancer [122, 123]. 
Specifically, it was reported that fish oil prevented the 
down-regulation of several miRNAs in the colon of rats 
34-weeks post-injection with azoxymethane. Such miR-
NAs include miR-15b, miR-107, let-7d, miR-191, and 
miR-324-5p. This effect corresponds to a significant 
reduction in colon tumorigenesis [124]. Similarly, the 
expression of miR-21 was significantly diminished in 
breast cancer cell lines treated with fish oil, thus repress-
ing CSF-1 levels which have a significant role in breast 
tumorigenesis and metastasis [125]. Put together, these 
findings strongly suggest the chemo-preventive potential 
of SCFAs and omega-3 fatty acids (that could be obtained 
through the diet).

Curcumin
Curcumin, a phytochemical found in turmeric, has been 
widely studied for its several health benefits, includ-
ing antioxidant, anti-inflammatory and anti-cancer 

properties. Studies have also reported miRNA modula-
tion in various cancer models. Recently, curcumin was 
reported to reduce the expression of miR-21, which is 
over-expressed in many tumors leading to cancer pro-
gression and metastasis [126]. Treatment of human colon 
carcinoma cells (HCT-116) with curcumin reduced miR-
21 activity in a dose-dependent manner, thereby leading 
to cell cycle arrest at the G2/M phase, thus reducing cell 
proliferation and tumor growth [126]. A similar effect of 
curcumin on miR-21 was also reported in a pancreatic 
cancer cell model [127]. Other studies have also reported 
the beneficial effect of curcumin in miRNA modulation 
in various cancer models, including pancreatic cancer 
[127–129] and lung cancer [130].

Vitamin D
Vitamins A, D, and E have been reported to play an 
anti-cancer role involving the modulation of miRNAs 
[131, 132], amongst which vitamin D have an active 
chemo-preventive role in CRC development. Early 

Fig. 4  Dietary modulation of microRNAs in colorectal cancer. Several dietary components show chemo-preventive and therapeutic potential in 
CRC pathogenesis through the modulation of miRNAs in difference signaling pathways. Line arrows indicate up-regulation; blunted lines with 
flat heads indicate inhibition, while dotted lines indicate multiple steps. CSF-1 Colony stimulating factor 1, E2F3 E2F transcription factor 3, HNRPH1 
heterogeneous nuclear ribonucleoprotein H1, JMJDIA Jumonji domain-containing protein 1A, NFAT5 nuclear factor of activated T-cells 5, SIRT1 
Sirtuin (silent mating type information regulation 2 homolog) 1, SMAD3 mother against decapentaplegic homolog 3, TGFβ1 transforming growth 
factor beta 1
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epidemiological evidence suggested an inverse relation-
ship between vitamin D levels and CRC [133]. Further 
studies in human colon cancer cells revealed that treat-
ment with 10 µM calcitriol (an active form of vitamin D) 
induced miR-22 expression which further inhibits cell 
proliferation and migration. These effects were time- and 
dose-dependent, and also dependent on the activation 
of vitamin D receptor [134]. Moreover, up-regulation of 
miR-22 by vitamin D in the colon cancer cells is neces-
sary for the repression of several vitamin D target genes, 
such as HNRPH1 and NFAT5, which mediate apopto-
sis inhibition and cancer invasion, respectively [134]. In 
addition, the expression of miR-627 was up-regulated fol-
lowing incubation of human CRC cells (HT-29) with cal-
citriol, which down-regulates JMJD1A (a gene involved 
in histone methylation), and prevent cell proliferation 
and differentiation [135]. Thus, current knowledge posits 
that vitamin D has cancer-suppressive potentials, which 
may be mediated via microRNA activation.

Selenium
Selenium is an essential trace mineral with an antioxidant 
activity, which was shown to be beneficial in promoting 
cardiac health and preventing cancer development [136]. 
Although its role in cancer prevention has been widely 
reported [136], little is known about its effect on miRNA 
activity in cancer models. Of note, incubation of human 
prostate cancer cells (LNCaP) with sodium selenite 
(2.5  µM) up-regulated members of the miR-34 family, 
resulting in a selenium-induced expression and activa-
tion of the tumor-suppressor p53, and its downstream 
targets [137]. Other metabolites of selenium, including 
methylselenocysteine and selenomethionine, have been 
found to possess HDAC-inhibiting activity in human 
colon cancer cells [138], but the knowledge of possible 
miRNAs involved is still vague.

Soy isoflavones
Diadzein, genistein, and glycitein are soy isoflavones 
that were reported to have anti-tumor properties via the 
modulation of the estrogen receptor [131]. Their chemo-
preventive and anti-metastasis potential via the modula-
tion of miRNAs was reported in pancreatic cancer [139], 
prostate cancer [140], and ovarian cancer [141] models. 
It is interesting to investigate the potential role of the soy 
isoflavones in colon cancer, since these isoflavones act 
via the modulation of estrogen receptor. It was suggested 
that an up-regulation of the estrogen receptor beta (ERβ) 
signaling in SW480 colon cancer cells showed antiprolif-
erative effects by silencing the effect of oncogenic miR-
NAs [142].

Ellagitannin
Ellagitannins are hydrolyzable polymeric polyphenols 
found in many fruits and nuts. Initial characterization 
of ellagitannins showed their potent antioxidant, anti-
inflammatory, anti-proliferation and pro-apoptotic capa-
bilities [143]. More recently, ellagitannin was shown to 
possess anti-neoplastic properties in a human liver can-
cer cell line HepG2, while modulating the expression of 
25 miRNAs [144]. However, the specific mechanisms 
of the ellagitannin-miRNA interplay in cancer is still 
unknown.

Caloric restriction
Caloric restriction (CR) generally refers to a ≤ 60% 
dietary energy deficit without malnutrition [145]. The 
beneficial effects of CR have been reported in various 
conditions, including aging and cancer. CR has long been 
known to play a vital role in colon cancer prevention, but 
specific mechanisms and miRNAs involved still requires 
further evaluation [146, 147]. The anti-cancer effects of 
CR may be due to its influence on cellular senescence 
[148]. The Hayflick limit, which described cellular senes-
cence as a stable cell cycle arrest regardless of growth 
conditions, was thought to protect against the heightened 
proliferation of cancer cells [149, 150]. In paradox, senes-
cent cells may also contribute to tumorigenesis in various 
tissues, through the production of an array of cytokines, 
chemokines, proteases and growth factors, collectively 
referred to as the senescence-associated secretory phe-
notype (SASP) [151, 152]. Unsurprisingly, NFκβ is known 
to play a role in regulating various inflammatory path-
ways involved in producing the senescence secretome, 
that drives the chronic low-grade inflammation capable 
of driving tumor initiation and progression [153, 154].

Some of the consequences of overnutrition-induced 
obesity are hyperinsulinemia and hyperleptinemia, 
resulting in insulin and leptin resistance respectively. 
These may serve as growth factors leading to the acti-
vation of NFκβ, thus leading to chronic inflammation 
characteristic of many tumors [154–156]. On the other 
hand, CR may impact the obesity-cancer pathway, by 
reducing serum insulin, leptin, and associated inflam-
mation by limiting NFκβ—related gene expression [157, 
158]. Specifically, injection of mice on a 30% CR diet with 
MC38 colon tumor cells, led to a reduction in tumor size, 
serum growth factors and a downregulation of inflam-
matory genes induced by NFκβ [157]. Similarly, 5-week 
feeding of a 30% CR diet in mice showed inhibitory 
effects on pancreatic tumor growth, IGF-1 and NFκβ-
related inflammatory gene expression [158]. Still, pos-
sible miRNAs involved in the anti-tumor effects of CR 
in relation to the NFκβ-SASP pathway are still largely 
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unclear. Few breast cancer models have shown that CR 
may impact miRNAs, by showing inhibitory effects on 
miR17/20a and miR200a, leading to a reduction in extra-
cellular matrix proteins, tumor progression and metasta-
sis [159, 160]. Put together, it may be hypothesized that 
CR possesses anti-cancer effects by decreasing chronic 
inflammation through the limitation of NFκβ activity in 
senescent cells. However, this concept, potential mecha-
nisms, and miRNAs involved are interesting subjects for 
future studies. Understanding this effect of CR may be 
important in preventing colorectal cancer and other can-
cers in our obese and older adult populations where low-
grade inflammation and cellular senescence are more 
observed, respectively.

Conclusion
It is now a known fact that CRC is a major depravity that 
affects the world based on lifestyle changes and some-
times based on age or hereditary factors. Regular screen-
ing for CRC is essential and should be done to detect 
tumor early before it metastasizes. Several screening and 
treatment methods have been employed for CRC, which 
have been of help to date but present several limita-
tions. Recently, the involvement of 18–22 nucleotide to 
the foreknown miRNA, and its relation to dietary factors 
and tumorigenesis. This microRNA can be differentially 
and commonly expressed depending on its stage and 
location of the tumor. The ability of microRNA to dif-
ferentiate between CRC patients and healthy patients in 
a non-invasive approach for CRC detection makes it a 
good diagnostic biomarker. Currently, little is known on 
the impact of diet on miRNAs in CRC, as most studies 
were only centered on in  vitro models. Studies provid-
ing information on the use of miRNA-specific knockout 
should be considered in various in  vivo models. Apart 
from the few described in this review, other dietary com-
ponents such as folate and methyl-deficient diets, indoles 
and isothiocyanates (from cruciferous vegetables) and tea 
catechins have been widely shown to possess chemo-pre-
ventive properties but their effect via the modulation of 
microRNAs in the colon and rectal cancer is still unclear. 
Collectively, bioactive components from the diet modu-
late several miRNAs which are involved in cancer devel-
opment and growth via several mechanisms. Due to their 
potent chemo-preventive properties, it is therefore per-
tinent for public health specialists and health organiza-
tions to consider incorporating these dietary components 
into the nutrition sensitization program to prevent or 
reduce the menace of CRC and other malignancies.
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Review

Biomarkers for Stratification in Colorectal
Cancer: MicroRNAs

Adewale Oluwaseun Fadaka, PhD1 , Ashley Pretorius, PhD, MBBS1,
and Ashwil Klein, PhD1

Abstract
Colorectal cancer (CRC) is one of the most widely recognized and deadly malignancies worldwide. In spite of the fact that the
death rates have declined over the previous decade, particularly because of enhanced screening or potential treatment
alternatives, CRC still remains the third leading cause of cancer-related mortality in the world, with an estimated incidence of
over 1 million new cases and approximately 600 000 deaths estimated yearly. Unlike prostate and lung cancer, CRC is not easily
detectable in its early stage, which may also account for its high mortality rate. MicroRNAs (miRNAs) are a class of noncoding
RNAs. The roles of these noncoding RNAs have been implicated in cancer pathogenesis, most especially CRC, due to their
ability to posttranscriptionally regulate the expression of oncogenes and tumor suppressor genes. Dysregulated expression of
many miRNAs regulates the expression of hundreds of growth regulatory genes and pathways that are important in the
multistep model of colorectal carcinogenesis. If CRC is detected early, it is a largely treatable disease. Early diagnosis, including
the identification of premalignant adenomas, is regarded a major concept for improving patient survival in CRC treatment.
Several lines of research suggest that miRNAs are closely implicated in the metastatic process in CRC and some of these
miRNAs could be useful as promising clinical tools for identifying specific stages of CRC due to their differential expression.
This review discusses the correlation between CRC staging relative to the specific expression of miRNA for early detection,
treatment, and disease management.
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Introduction

Colorectal cancer (CRC) is the most common malignancy in

the gastrointestinal tract/bowel or large intestine, the third most

commonly diagnosed cancer, and also the third cause of

cancer-related demise worldwide.1 More often than not, CRC

is thought of as a typical disease affecting old individuals, with

most cases analyzed amid the fifth and sixth decades and a

higher predominance among men.2 It is a multifactorial disease

process, with etiology encompassing genetic factors, environ-

mental exposures (including diet), and inflammatory condi-

tions of the digestive tract. Colorectal cancer develops

through a gradual accumulation of genetic and epigenetic

changes, resulting in the transformation of normal colonic

mucosa into invasive cancer.3 Over 90% of colorectal

carcinomas are adenocarcinomas (adenoma–carcinoma

sequence) arising from epithelial cells of the colorectal

mucosa,4 and the neoplastic transformation time is considered

to be 10 to 15 years, which represents the available time to

detect and remove these adenomas before their progression.3

Based on the differentiation of colorectal adenocarcinoma

specified by a group of gland forming cells, colorectal
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carcinomas can be divided into well, moderately, and poorly

differentiated adenomas with varying gland formation. Over

95%, 50% to 95%, and <70%, respectively, of these adenocar-

cinomas are gland forming and are the basis for CRC diagnosis

through histological grading. Also, approximately 70% of the

diagnosed CRC are moderately differentiated, while others

such as poor and well-differentiated CRCs are reportedly

20% and 10%, respectively. Some of the CRCs may also be

undifferentiated.5 The epidemiology of CRC can be categor-

ized into modifiable risk factors, which include age; family

history of familial adenomatous polyposis (FAP), Lynch syn-

drome, and inflammatory bowel diseases; and nonmodifiable

risk factors (red and processed meat consumption, obesity,

alcohol, and smoking). The larger part of CRCs is sporadic

(70%-80%), with age being the most critical risk factor. Other

inherited forms of this disease are FAP (less than 1%), non-

polyposis hereditary CRC or Lynch syndrome (2%-5%), or

MYH gene–associated polyposis (<1%), which constitute a

small proportion of reported cases.6 Moreover, cases associated

with hereditary components have been estimated to be 20% to

25% and are termed familial CRC.7 The ideal technique to

precisely identify CRC and recurrence at the most punctual

conceivable time is an exceedingly debatable concept in

research. It is well known that most recurrences occur within

5 years.8 Although researchers have provided improved CRC

diagnosis, good treatment option, and a suitable way to pre-

dict recurrence and/or prognosis in CRC in recent time, the

proper staging of CRC noninvasively for effective diagnosis

can also be a good lead to its management, thereby increasing

the overall survival of patients suffering from this cancer

subtype.9,10 The involvement of short oligonucleotide non-

coding ribonucleic acid as biomarkers with specific attributes

that are distinct for human processes are proven indicators for

improved diagnosis and treatment intervention for CRC.11-14

MicroRNAs (miRNAs) are small, 18 to 25 noncoding

nucleotide sequences of RNA. These sequences control the

expression of several target genes at the same time either by

translational repression or degradation of the messenger RNA

(mRNA) transcript after targeting the 30-Untranslaterd region

(30UTR).15 Many major cellular functions such as develop-

ment, differentiation, growth, and metabolism are regulated

by these miRNAs.16 Therefore, they play a central role in

research and clinical settings as potential valuable biomarkers

and novel therapeutics for cancer.17-19 A single miRNA has

been reported to regulate up to several hundred mRNAs simul-

taneously and affects a number of target transcripts. As of

2010, approximately 2200 miRNA genes were suggested to

exist in the mammalian genome16 and one-third of the human

genome is estimated to be regulated by miRNAs.20 Knowing

the expression, distribution, and longevity of these noncoding

class of RNA in tissues is essential for the understanding of

both physiological and pathological mechanisms. In addition,

determination of the tissues that express specific miRNAs and

their stages will help to develop a miRNA in biological samples

into a biomarker for a specific disease. Recently, miRNA

expression in multiple human tissues has been provided in an

atlas (https://ccb-web.cs.uni-saarland.de/tissueatlas) for the

elucidation of the role of miRNAs in tissue development and

tissue-specific diseases such as CRC and has reported that these

miRNAs have the half-life of about 1 to 14 days at 4�C.21

MicroRNAs have been found in an assortment of body liquids,

where they are astoundingly stable.22-24 Extracellular miRNAs

could serve as diagnostic biomarkers relevant to both preven-

tion and treatment of human cancer. Notwithstanding, broad

research is fundamental for distinguishing the attributes of

extracellular miRNAs to portray their roles in tumorigenesis

and prevention.22 Accordingly, there may be a poor correlation

between cellular and extracellular miRNAs and between miR-

NAs detectable in various biological fluids.25,26 The tumori-

genesis of CRC involves multistep genomic changes, including

the activation of oncogenes and inactivation of tumor suppres-

sor genes. Numerous miRNAs have been reported to play a role

in cancer development, such as carcinogenesis, progression,

and metastasis.27,28 Only a couple of studies have explored

circulating miRNAs in patients with CRC.15,29 Also, there is

extremely limited research on the identification of commonly

and differentially expressed miRNA for CRC staging if there is

any. Efforts to depict clinical, pathological, and molecular fea-

tures in patients have reached disputable ends with respect to

tumor grade and disease stage at diagnosis.30 Also, it is gener-

ally acknowledged that diagnosis in patients is always difficult

because of the vulnerability of both patient and the specialist to

the presenting symptoms, leading to a frequent unfavorable

outcome of the disease. If specific miRNAs are expressed in

a certain stage of CRC, then early detection of this disease will

be largely treatable. The review aims to discuss the staging of

CRC with respect to specific miRNAs for early detection, treat-

ment, efficacy, and effective management of the disease.

Molecular Pathogenesis of CRC

Suppressor pathway or pathway of chromosomal instability

(CIN) was first proposed as the mechanism of colorectal carci-

nogenesis.31 The accumulation of mutations leads to oncogene

activation such as Kirsten rat sarcoma (KRAS) and inactivation

of tumor suppressor genes such as Deleted in Colorectal Cancer

(DCC), Total Protein-53 (TP-53), SMAD family member 4,

Mothers against decapentaplegic homolog 4 (SMAD4), and Ade-

nomatous polyposis coli (APC).32 Regardless of the order of this

molecular alteration, their accumulation is responsible for neo-

plastic transformation.33 Mutations in the genes MSH2, MSH3,

MSH6, Exo1, PMS1, PSM2, MLH1, and MLH3 responsible for

DNA repair during replication are associated with the second

mechanism of colorectal carcinogenesis. These mismatch repair

(MMR) genes play a crucial role in the identification and repair

of errors after replication in order to prepare them for cell divi-

sion. Accumulation of errors in repetitive DNA fragments causes

mutations in target genes.34 Approximately 20% of sporadic

CRC and Lynch syndrome are reportedly caused by mutations

in mismatch DNA repair genes, that is, defective DNA MMR

system (microsatellite instability).32,35 The last pathway of aber-

rant hypermethylation was identified as a mechanism of gene
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function silencing in the field of epigenetics.36 The CpG island

methylator, also known as CIMP, is referred to as dinucleotide

methylation, which occurs in the transcription start site upstream

of many genes. They are attributed to 15% to 20% of sporadic

CRC.37 The hypermethylation of the promoter region of any

gene is mainly carried on by the CpG island methylator pheno-

type. The positive tumor of this methylator methylates certain

marker genes. Examples of these genes are the calcium

voltage-gated channel subunit a1 G, the protein-coding gene,

suppressor of cytokine signaling-1, Runt-related transcription

factor-3, the induction of neuronal differentiation by the over-

expression of NEUROG-1, and finally the insulin-like growth

factor 2.38 More than 2 of these genes are targeted and methy-

lated by CIMP. Histologically, the differentiation of these

tumors is poorly defined. They also exhibit microsatellite

instability and are known to be B-RAF mutation carriers.39

The precursor lesions of the methylator tumors are the sessile

serrated adenomas.40 A superior comprehension of carcino-

genesis pathways has allowed the improvement of diagnostic

and prognostic biomarkers and furthermore the examination

of new remedial targets and predictors of CRC treatment

response.

MicroRNA

In our previous review, the overview of miRNA together with

the synthesis, general functions, metabolic reprogramming, and

their specific expression were discussed extensively.41 Further-

more, the mechanism of action underlying the initiation,

progression, and metastasis of CRC with respect to miRNAs

was also examined (Figure 1). Emerging evidence suggests the

promising potential of these miRNAs as potential noninvasive

biomarkers for CRC screening.42-48

Biomarkers

Recently, interest has focused on the search for biomarkers in

CRC. Tremendous research on CRC has revealed the 3 major

pathways for carcinogenesis: chromosomal abnormalities,

microsatellite instability pathway, and methylation pathway

described by the epigenetic methylation of a large number of

genes. Of the molecules associated with prognosis implicated

in CIN pathway, only the epidermal growth factor receptor

(EGFR) pathway as a biomarker is used for diagnosis due to

its clinical relevance. This is because of the complexity and

redundancy of several pathways occurring in cellular pro-

cesses, as well as the lack of therapies that can effectively

target various biomarkers.49 Epidermal growth factor receptor

pathway has also been reported as the main target for the treat-

ment of a specific type of CRC.50 Also, mutations observed in

the pathways of the RAS family and the abnormal activation of

the EGFR occur in a number of CRC cases.

The microsatellite instability status was also confirmed as

the primary biomarker for stratification of stage II CRC. The

CIMP pathway as reported is associated with a group of clinical

and histological features involved with approximately 15% to

20% of CRC with MMR gene MLH.51 The precursor lesions in

CIMP cancers are serrated polyps, not adenomatous lesions,

Figure 1. Involvement of microRNA (miRNA) in colorectal cancer.41 Red arrows—upregulation; blue arrows—downregulation. Experi-
mentally validated miRNAs are shown alongside with their target genes in altered expression in CRC. CRC indicates colorectal cancer.
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with the underlying genetic changes frequently occurring in the

BRAF oncogene.52 Mutation in the Raf family B-Raf (B-Raf

proto-oncogene, serine/threonine kinase) has been observed in

the transformation of normal tissue layer or membrane into

abnormal cell multiplication, such as crypt foci or sessile ser-

rated polyps. The frequency of mutation in BRAF varies

among human cancer, ranging from about 80% in skin cancer

to around 0% to 18% among other cancers.53 About 1% to 3%
and 5% were reported for lung and CRC, respectively. In nearly

almost all the cases of BRAF mutation reported, thymine (T) is

substituted with adenine (A) at the position 1799 nucleotide,

thereby changing the amino acid valine (Val) to glutamic acid

(Glu) at codon 600. This segment of activation has also been

reported in various cancer types, including CRC.54-62 The

methylation of BRAF gene promoter region causes loss of

p16, leading to the cell progression to advanced polyps.63

Increase in activity also prompts the methylation of MutL

homolog 1 gene, silencing transcription. Loss of function of

this gene results in MMR deficiency and subsequently the high

microsatellite instability in CRC phenotype.64,65

Moreover, aggregating evidence confirmed that cancer cells

release some miRNAs into systemic circulation.66-68 This unique

feature of miRNAs is one of the focal reasons behind the ongoing

exploration and explosion of miRNA biomarker studies in cancer

research. There are various types of biomarkers depending on

their functions. Examples include diagnostic biomarkers (to iden-

tify/monitor or detect the type of tumor and/or reoccurrence, eg,

carcinoembryonic antigen [CEA]), predictive biomarkers (to pre-

dict the efficacy or response to different treatments or therapeutic

intervention), and prognostic biomarker (to indicate the progress

of disease and to estimate the risk of disease recurrence, ie, esti-

mation of survival outcome and treatment strategy).69

MicroRNAs have emanated as tumor-related biomarkers

that reflect not only the existence of early-stage tumors but

also the dynamics and status of advanced stage tumors, tumor

recurrence, and drug sensitivities.66 Cancer-associated miR-

NAs are present in blood in a very stable and detectable form

that is protected from endogenous ribonuclease activities and

other conditions. Previous studies have demonstrated the ease

of quantification of these circulating miRNAs using various

methods.70-73 Several miRNA expressions have been impli-

cated in various categories of a biomarker for the detection of

tumor. High expression levels of miR-92a, miR-141, let-7a,

miR-1229, miR-1246, miR-150, miR-21, miR-223, miR-23a,

and miR-378 have been analyzed to be associated with diag-

nostic biomarkers, while high expression levels of miR-141,

miR-320, miR-596, and miR-203 are majorly for prognosis,

malignant potential, and tumor recurrence. High expression

levels of miR-106a, miR-484, and miR-130b are associated

with predictive biomarkers, and low expression levels of

miR-106a, miR-484, and miR-130b are prognostic in nature.74

MiRNAs as CRC Diagnostic Tools

In CRC, abnormally expressed miRNAs disrupt cellular signal

transduction and cell survival pathways, for example, Wnt

signaling pathway, EGFR, and p53, connecting miRNA to

known events in the pathway of cancer transformation.75 Accu-

mulating evidence suggests that miRNAs may also have

intense clinical applications. MicroRNA expression profiles

have the ability to discriminate tumors from different cancer

subtypes.76 Also, the expression of individual miRNAs may be

used to predict patient survival, tumor stage, the presence of

lymph node metastases, and the response to therapy in

CRC.75,77,78 Studies investigated the differential expression

of a panel of 95 miRNAs and also demonstrated that miR-92

was significantly elevated in the plasma of patients with CRC

and that it has potential as a noninvasive molecular biomarker

for CRC screening with high sensitivity and specificity.79

These researchers also showed that the discovery of miR-92a

may differentiate CRC from other gastrointestinal cancers and

inflammatory bowel diseases. Cheng et al80 proposed that

plasma miR-141 may represent a novel biomarker that comple-

ments CEA in detecting CRC with distant metastasis and that

high levels of miR-141 in plasma were associated with poor

prognosis. Furthermore, 7 miRNAs (let-7a, miR-1229, miR-

1246, miR-150, miR-21, miR-223, and miR-23a) were vali-

dated using quantitative real-time polymerase chain reaction

(RT-PCR). These miRNAs were confirmed to be suitable bio-

markers to detect CRC. They also possess high sensitivity and

specificity.81 Another study also discovered miR-378 in biolo-

gical fluid as a screening biomarker that can discriminate

patients with CRC from a healthy individual.82

Colorectal Cancer Prognosis

Early detection of distant metastasis and selective criteria

regarding which individuals would benefit most from invasive

treatments is essential for improving long-term survival. The

most important predictor of outcome is the stage of disease at

diagnosis (Table 1). Therapeutic prognosis is an evaluative seg-

ment of medicine and research that includes the science of esti-

mating the intricacy and recurrence of CRC and an anticipated

survival of patients.83 A substantial number of variables, includ-

ing tumor grade, tumor size and staging, and lymph node status

Table 1. Correlation of CRC TNM Stages With Prognosis (Modified
From Cancer Therapy Advisor).a

Stages TNM 5-Year Survival (%)

0, I Tis, T1, N0, M0 >90
I T2, N0, M0 80-85
II T3-4, N0, M0 70-75
III T2, N1-3, M0 70-75
III T3, N1-3, M0 50-65
III T4, N1-2, M0 25-45
IV M1 <3

Abbreviations: CRC, colorectal cancer; TNM, tumor–node–metastasis.
aTIS indicates carcinoma in situ intraepithelia or invasion of lamina propria;
T1, tumor invasion of submucosa; T2, tumor invasion of muscularis propria;
T3, tumor invasion through the muscularis propria into pericolorectal tissues;
T4, penetration of tumor through the surface of the visceral peritoneum and
further directly invading other organs.
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including different viewpoints, may impact, influence, or corre-

late with prognosis for patients with CRC. Therefore, prognos-

tication of CRC is an imperative element for providing

compelling/effective treatment for patients with the colorectal

tumor. However, survival studies have shown inconsistent

results. Fu et al84 found out that younger patients tend to have

a poorer prognosis compared to their older counterparts. Others

studies did not agree with these findings and suggested that older

patients have a poorer prognosis.30,85-88 Manjelievskaia et al89

reported that there is no survival difference between both

patients. The use of biological markers to help prognostication

is important. A good tumor biomarker should be less invasive,

have a long half-life, and be estimated accurately and precisely

by a simple and inexpensive blood test. It is also crucial to put

into consideration how specific and sensitive they are to change

so that it can be followed over time by serial measurements.90 A

couple of biomarkers meet these criteria. MicroRNA is a flaw-

less precedent. The only potentially curative modality employed

in patients with stages I-III and selected stage IV patient with the

oligometastatic disease is surgical resection.

Patients with prior phases of the disease, including stage I

(5-year survival >90%) and stage II (5-year survival 70%-

85%), do not require adjuvant treatment aside from those with

high-risk stage II disease. Individuals with resectable CRC are

at a higher risk of locoregional relapse and require chemora-

diotherapy in addition to adjuvant chemotherapy for risk reduc-

tion. The majority of patients with metastatic CRC (stage IV)

are treated with a palliative intent to prolong life while preser-

ving the quality of life. With modern chemotherapy regimens,

the median overall survival of patients with metastatic CRC is less

than 3 years (5-year survival approximately 10%; Table 1).91

These numbers indicate clear improvements in outcomes for

patients with CRC, and many promising novel therapies remain

under development.92 Prognostic biomarkers have been

described in CRC.80 BRAF mutations occur in 7% to 10% of

patients and are associated with poor outcomes, especially in the

metastatic setting. A study suggests that patients with primary

tumors originating from the ascending colon have significantly

worse overall survival compared to those with descending colon,

including rectum, irrespective of the type of therapy used.93 MSI-

H, found in 22% of stage II and 11% of stage III patients, is

associated with better outcomes in the adjuvant setting.94

Staging and Grading of CRC

There were concerns regarding the stratification of patients

with bowel cancer in order to establish an appropriate surgical

treatment.95 Stage refers to the extent of cancer, that is, how

large the tumor is, and the degree of metastasis. Knowing the

stage of cancer helps to understand the degree and the chances

of survival, plan the best treatment, and identify clinical trials

that may be treatment options. The first clinical staging system

is followed by Dukes’ monumental work, which creates in his

first articles a purely pathological classification based on the

extent of the primary tumor96 and highlights the implications of

the histologic grading as a prognostic factor.97 Numerous

staging systems have been proposed and have been used for

the classifications of various cancer subtypes, while others may

be specific to a particular type of cancer (Table 1). Most staging

systems include information about tumor location, cell

type, tumor type, the degree of metastasis, and tumor grade

(Figure 2). The most common types of staging system aside

the tumor–node–metastasis (TNM) is the Dukes’ staging sys-

tem. As time progresses and new information unfolded, the

Dukes’ staging was constantly modified by Kirklin, Astler-

Coller, the Australian, and clinicopathological (mucinous ade-

nocarcinoma) classification.

The original description of cancer staging by Dukes is till

date in use for the evaluation of prognosis and to a limited

extent is used to determine the treatment for patients with

CRC.98 This classification was formally limited to 3 classes

A, B, and C, and finally, letter D as a class for stratification was

added to infer the presence of metastasis. Table 2 represents the

TNM classification as a universal system for CRC stratifica-

tion. This system corresponds to Dukes’ mode of classification

and is divided into 4 different categories.99 The TNM classifi-

cation of staging used to classify the magnitude of cancer is

established on the tumor’s anatomical information that is

the size and degree (T), the node(s) involvement (N), and

finally, whether or not the tumor has affected other organs

through the blood stream (metastasis; M), grouping the

cases with similar prognostic. The system is maintained

collaboratively by the International Union for Cancer Con-

trol (IUCC) and the American Joint Committee for Cancer

(AJCC), resulting in periodical and simultaneously publica-

tion of the TNM Classification of Malignant Tumours and

the AJCC Cancer Staging Manual.100 Currently, despite

some critics, it is the most used clinically.

This system of classification was designed in such a way to

prevent confusion and alleviate ambiguity by following phy-

siopathological considerations after several repetitive revision

of the Dukes’ procedure. Obrocea et al100 reported that research

studies gave an improved understanding of cancer pathogenesis

Figure 2. Cross section of the colon.
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and focused on the significant role of more nonanatomical bio-

markers in order to create the prognosis and response to treatment

for patients with CRC in such extent that a staging of disease made

only on anatomical ground no longer responds to the recent

advances in clinical evaluation and therapeutic decisions.

The TNM mode of cancer classification presents a great

advantage over the Dukes’ staging system (based on histo-

pathology; Table 2). It allows the assessment of TNM cate-

gories by physical examination, imaging, endoscopy, and/or

surgical exploration. Previously, data accumulated from patho-

logic staging were utilized essentially to determine prognosis.

Current, the CRC staging has assumed additional roles, in par-

ticular, the determination of optimal therapy and assessment of

response to treatment. The staging system is regularly used by

cancer registries compared physicians. The staging system

describes CRC as in situ (presence of abnormal cell without

spread), localized (cancer is restricted to a particular location

with no sign of spread), regional (spread of cancer to nearby

lymph nodes, tissues, or organs), distant (spread of cancer to

distance body parts), and unknown (limited information to dis-

cover the stage).

On a whole, for the first stage also known as Dukes A, the

tumor growth captures the wall of the muscle, that is, the sub-

mucosa or muscular wall (T1 and/or T2). The second stage

involved the lesions invasion stating from the propria (muscu-

laris) through the subserosa and pericolic tissues (Dukes B, T3).

The lesions could also penetrate and target other organs through

the visceral peritoneum (T4). In the third stage, the tumors have

metastasized, indicating their involvement in lymph nodes (N1,

1-3 nodes involved and N2 �4 nodes). Lastly, stage IV (Dukes’

D) lesions metastasize to other organs such as the liver, after

perforation of a tumor into the peritoneal (Figure 2).

Grading

The most significant prognostic factor in CRC is the TNM

staging established in accordance with the IUCC and AJCC,

and therefore, it has crucial role in therapeutic decision-making

in this cancer subtype101,102; regardless of its strong prognostic

estimation of this staging system, it only indicates the anatomic

degree of a tumor in some cases, without any correlation with

patient survival.103 Poor histological differentiation is currently

considered to be a major adverse prognostic factor in CRC.

Therefore, histological grading is incorporated in the histo-

pathological report of CRC in routine practice.104 Studies show

that a 2-grade system can represent prognostic markers inde-

pendent from TNM and with a better reproducibility.100,105

According to this system, low-grade CRC includes well-

differentiated and moderately well-differentiated adenocarcinoma

and high-grade CRC weakly differentiated adenocarcinoma,

mucinous adenocarcinoma, signet-ring carcinoma, and medul-

lary and undifferentiated carcinoma, accordingly.100,106-108

Tumor regression grade of the 4-grade system recommended are

grade 0 (complete response)—no living cells; grade 1 (moderate

response)—reduced number of cancer cells; grade 2 (minimal

response)—insignificant cancer outgrown by fibrosis; and grade

3 (poor response)—minimal or no tumor kill, extensive residual

cancer (Table 3).

Specific miRNA Expression in CRC Initiation
and Progression

The most imperative predictor of outcome is the stage of dis-

ease at diagnosis. In general, surgical resection is the main

potential curative modality and is utilized in individuals with

stages I-III and select stage IV patients with oligometastatic

disease. Most CRCs emerge from adenomatous polyps over a

time of years to decades by aggregation of serial physical

changes (serial somatic mutations) because of basic acquired

or gained CIN.110 As indicated by the adenoma-carcinoma

sequence model, the initiating mutation is in the APC gene.111

Consequent changes incorporate KRAS and BRAF, with impli-

cations for treatment and prognosis, respectively. Different

occasions incorporate p53 alterations and loss of chromosome

Table 2. TNM Classification of Colorectal Cancer.

T: Primary tumor N: Regional lymph
node

M: Distant metastasis

Tx: Tumor cannot be
assessed

Nx: Nodes cannot
be assessed

Mx: Distant metastasis
cannot be assessed

T0: No evidence of
primary tumor

N0: No node
metastasis

M0: No distant
metastasis

Tis: Carcinoma in situ N1: Metastasis in
1-3 nodes

M1: Distant metastasis

T2: Tumor invades
muscularis propria

N2: Metastasis in 4
or more nodes

T3: Tumor invades
through into
subserosa

T4: Tumor directly
invades other organs

Abbreviation: TNM, tumor–node–metastasis.

Table 3. Summary of CRC Classification System Based on TNM From
AJCC, Modified Dukes’ Staging, and Dukes’ Staging System.a,109

Stage T N M Dukes MAC

0 TIS N0 M0 - -
I T1 N0 M0 A A

T2 N0 M0 A B1

IIA T3 N0 M0 B B2

IIB T4 N0 M0 B B3

IIIA T1-2 N1 M0 C C1

IIIB T3-4 N1 M0 C C2/C3

IIIC Any T N2 M0 C CI/C2/C3

IV Any T Any N M1 - D

Abbreviations: AJCC, American Joint Committee for Cancer; CRC, colorectal
cancer; TNM, tumor–node–metastasis.
aTIS indicates carcinoma in situ intraepithelia or invasion of lamina propria;
T1, tumor invasion of submucosa; T2, tumor invasion of muscularis propria;
T3, tumor invasion through the muscularis propria into pericolorectal tissues;
T4, penetration of tumor through the surface of the visceral peritoneum and
further directly invading other organs.
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18q.112 Familial adenomatous polyposis is portrayed by germ

line transformations in APC, leading to Wnt pathway activa-

tion.113 Hereditary nonpolyposis colorectal cancer (HNPCC)

and around 15% of sporadic cases are portrayed by germ line

or somatic DNA repair deformities or methylation changes in

the MMR genes, which may prompt genomic instability

because of the disabled capacity to correct DNA replication

errors.114 This prompts mutations in malignancy-related

genes subsequently driving carcinogenesis. Also, the con-

traction and expansion of microsatellites compared to the

normal tissue are also implicated in carcinogenesis.115 The

hypermethylation phenotype (CIMPþ) is characterized by

DNA methylation of CpG islands of numerous genes such

as those involved in MMR, resulting in silencing of gene

expression typically causing serrated adenomas.116

MicroRNAs Implicated in Each Stage of CRC
Using the TNM Staging Classification

This section attempts to discuss both the differential miRNA

expressions across various cancers, across all the stages of

CRC, and also those that are commonly expressed to bring

about good treatment outcome and better survival for patients

with CRC since their expression levels in cancers may assist

therapeutic decisions and have advantage as a therapeutic tar-

get through miRNA inhibition or replacement strategies. Sev-

eral studies have examined the expression patterns of miRNA

through various techniques (deep sequencing, quantitative RT-

PCR, and microarray) and affirmed their reliability and repro-

ducibly altered in CRC.76,78,117-119 All these studies revealed

that miRNA is differentially expressed in CRC compared to

normal tissues. This is in line with the hypothesis that aberrant

miRNA expression is pivotal in colorectal carcinogenesis and

development.120 Studies have affirmed that specific miRNAs

have imperative oncogenic capacities while others have critical

tumor suppressive capacities and that these capacities should

be assessed for each miRNA independently with regard to the

particular tissue or cancer type.

Cheng et al80 experimentally determined that miR-141 is

differentially expressed in the late stage of CRC. This can,

therefore, be used within colorectal tissue as a differential diag-

nostic biomarker for M1. Furthermore, miR-143 and miR-145

were suggested to play a tumor suppressive function in

CRC.121 Wang et al122 built a diagnostic model for CRC by

experimentally validating miR-21, miR-31, miR-203, miR-

92a, miR-181b, miR-145, miR-143, miR-30c, miR-17, and

let-7g and then identified a profile that combined 6 miRNAs,

which can serve as a novel noninvasive biomarker for CRC

diagnosis. MicroR-193a-3p was also predicted as a tumor-

suppressive miRNA involved in the development of CRC

(early stage of colorectal carcinogenesis) and also have an

effect on the sensitivity of anti-EGFR therapy.123 Expression

of miR-181c has been assessed to suggest the recurrence of

stage II CRC.124 Both miR-17-3p and miR-221 were found

to be commonly expressed in all the stages (stages I, II, III,

and IV) of CRC, with a sensitivity of 64% and 86% and a

specificity of approximately 70% and 41%, respectively, in

plasma.79,125 In feces, miR-17 and 21 are as well been shown

to be commonly expressed in all the stages of CRC.126,127 Also,

miR-91a, miR-106a, miR-135a, and miR-135b were impli-

cated, but their stages are not reported.128 Huang et al44 sur-

veyed the expressions of 12 miRNAs in plasma samples from

patients with advanced CRC and healthy controls utilizing RT-

PCR and discovered that miR-29a and miR-92a possess signif-

icant diagnostic value for advanced neoplasia and proposed

that these miRNAs have solid potential as novel noninvasive

biomarkers for early CRC detection. From our ongoing

research, 5 novel miRNAs have been discovered using in silico

approaches and have been found to be linked/implicated in

CRC but await molecular validation for the stratification of

this disease at each stage of TNM.

Conclusions

The enthusiasm for biomarkers relating to CRC is obviously

expanding. They shape another part of clinical and laboratory

research, which helps interpret these ideas to more significant

applications in disease management. MicroRNA biomarkers

are an emerging field that can potentially assist in guiding the

diagnosis, prognosis, treatment, and management of CRC. The

potential miRNA advantage for clinical translation in CRC is a

focal point for better understanding of staging and specific

treatment efficacy in surgery for CRC. Staging supplies infor-

mation regarding the prognosis and may suggest the require-

ment for other therapy. Accurate assessment of CRC with

specific miRNA TNM classes is vital for deciding the best

stage-specific management to improve the predictive and prog-

nosis of the disease.

Future Perspective

Research has confirmed the increasing rate of incidence and

mortality of CRC subtype worldwide, and as such, it has

become a public health issue globally. The future perspective

of this review is aimed at the provision of the current findings

in the diagnosis and management of this disease as well as

latest discoveries and future viewpoint in the field of oncology

as a means to assist in the insight of the cancer subtype.

Since the major causes of CRC are both environmental fac-

tors and genetic factors, their exploitation can bring about new

diagnosis and treatment strategies.

For CRC treatment, a therapeutic model that distinguishes

individuals into various categories with clinical decisions,

practices, mediations, and additionally items being custom-

made to the individual patient depending on their anticipated

reaction or risk of disease such as personalized medicine is fast

becoming a significant tool. Therefore, it is noteworthy to carry

out comprehensive research of the tumor features of individual

patients to tailor the best therapy.

Finally, the greater part of current research in this field is

largely dependent on the development of a new treatment that

is noninvasive, less expensive, sensitive, specific, and more

Fadaka et al 7



effective compared to the conventional therapies. MicroRNAs

have proven to be widely distributed all over the body in terms

of their abundance and their expression profiles have also been

exploited to be different among cancer subtypes and are tissue-

specific. The development of miRNAs as biomarkers will

improve diagnosis as well as detection in the early stage of this

disease since this disease is largely treatable when detected

earlier. Discoveries in this area and their clinical significance

will improve the overall survival and disease management of

patients with CRC subtype in the nearest future.
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Abstract
The involvement of microRNA in cancers plays a significant role in their pathogenesis. Specific expressions of these non-
coding RNAs also serve as biomarkers for early colorectal cancer diagnosis, but their laboratory/molecular identification
is challenging and expensive. The aim of this study was to identify potential microRNAs for colorectal cancer diagnosis
using in silico approach. Sequence similarity search was employed to obtain the candidate microRNA from the datasets,
and three target prediction software were employed to determine their target genes. To determine the involvement of
these microRNAs in colorectal cancer, the microRNA gene list obtained was used alongside with colorectal cancer
expressed genes from gbCRC and CoReCG databases for gene intersection analysis. The involvement of these genes in
the cancer subtype was further strengthened with the DAVID database. KEGG and Gene Ontology were used for the
pathway and functional analysis, while STRING was employed for the interactions of protein network and further visua-
lized by Cytoscape. The cBioPortal database was used to prioritize the target genes; prognostic and expression analysis
were finally performed on the candidate microRNAs and the prioritized targets. This study, therefore, identified five can-
didate microRNAs, two hub genes (CTNNB1 and epidermal growth factor receptor), and seven significant target genes
associated with colorectal cancer. The molecular validation studies are ongoing to ascertain the biological fitness of these
findings.

Keywords
Colorectal cancer, diagnostics, early detection, in silico analysis, microRNA, biomarkers, BLAST, CD-HIT-EST-2D
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Introduction

Colorectal cancer (CRC) is one of the commonly diag-
nosed cancers and the second cause of cancer mortality
in the world. Jemal et al.1 reported the rate of preva-
lence and mortality of CRC to be over 1 million and
600,000 cases per year, respectively, despite the diagno-
sis and treatment of this disease. The increasing rate of
incidence and mortality of this disease is, therefore, a
public health issue.2 Immensely, patients’ survival cor-
responds to tumor stage at the period of diagnosis and
approximately 50% has been attributed to death due to
metastasis.3,4 Alterations, such as genetic and epige-
netic, can alter tumor suppressor genes (DCC, APC,
SMAD4, and TP53) and oncogenes (KRAS) in CRC.5,6

One of the basic procedures driving the initiation and

progression of CRC is the accumulation of a variety of
genetic and epigenetic changes in epithelial cells of col-
orectum.7 The significant challenge to the management
of CRC is early detection worldwide, which makes the
present treatment options to be administered so late
after tumor metastasis. If tumors are detected early
enough, and polyps are surgically resected, they could
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reduce both the incidence and death rate of CRC.
Tools involved in the early detection are faced with
numerous challenges thereby limiting the development
of standardized biochemical diagnostic approaches
which are non-invasive, more sensitive, and specific for
CRC stages. To accomplish this, more non-invasive,
selective, and specific diagnostic biomarker which can
detect a tumor at an early stage is important.

MicroRNAs are attracting considerable interest,
with expanding proof on the role of microRNAs’
expression in CRC development and progression.8

MicroRNAs are involved in numerous biological
and pathological processes, and dysregulation of these
microRNAs has been strongly associated with CRC
pathogenesis.9 Since the expression pattern of
microRNAs has been confirmed to be different
between tissues and body fluids when compared to
normal, they can be referred to as oncomiR and
tumor suppressor microRNA and thus, they can be
utilized as diagnostic, prognostic, and predictive bio-
markers of CRC.10 The identification of prognostic
and predictive biomarkers is, therefore, crucial to cer-
tify the standard of purity in cancer genomics. The
discovery of these microRNAs, which predominate at
different stages of CRC, can permit a more compre-
hensive evaluation and understanding of their effects.
This can additionally provide exciting opportunities
for CRC pathogenesis, diagnosis, and treatment
insights into CRC management.

Molecular approaches to identify these microRNAs
for diagnostic and predictive biomarkers for CRC have

suffered major restraints, such as the appropriate pro-
cedure to follow, time consumption, laborious, and
expensive.11 Since the development of a diagnostic
microRNA biomarker to distinctly monitor colorectal
carcinogenesis is important to enhance the diagnosis
rate at latter stages, the in silico approach toward the
identification of microRNAs and for diagnostics for
CRC is largely required. The overall experimental
approach is represented in Figure 1(a) and (b).

Materials and methods

Data selection

Total microRNA sequences were retrieved from
miRBase12 at http://www.mirbase.org/ as reference
dataset, while microRNAs associated with CRC were
obtained from dbDEMC 2.0 at http://www.picb.ac.cn/
dbDEMC/,13 miR2Disease at http://www.mir2disease.
org/,14 HMDD at http://www.cuilab.cn/hmdd, and
miRCancer at http://mircancer.ecu.edu/15 and pulled
together for the query dataset. Furthermore, duplicates
were removed using the script in Clustering Database
at High Identity with Tolerance (CD-HIT) suit from
each dataset to obtain unique sequences.

Sequence similarity search

For the identification of candidate microRNAs,
sequence analysis was employed using standard avail-
able search tools, such as Basic Local Alignment
Search Tool (BLAST) at https://blast.ncbi.nlm.nih.

Figure 1. Experimental design of the study. (a) The data selection process for candidate microRNA. (b) Target prediction and
further analysis.
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gov/16 and homology detection and CD-HIT.17

BLASTN and CD-HIT-EST-2D were locally run
between the two datasets (reference and query) using
command lines with the following parameters: sequence
identity threshold of 0.90, e-value of 1 3 10–3, and
word size of 7. The results of the search were further
text mined to obtain the final list of candidate
microRNAs together with the validated clusters.

MicroRNA target prediction

The targets of these microRNAs were identified using
three different databases, namely miRDB at http://
www.mirdb.org/index.html, TargetScan at http://www.
targetscan.org/vert_72, and mirDIP at http://ophid.
utoronto.ca/mirDIP/index.jsp, according to microRNA
sequences and the following criteria: miRNA 3#
Site,18,19 Conservation Status,18,20 and the Seed
Region.18,21 Using these three algorithms, the two lists
generated from the sequence similarity search (candi-
date and validated microRNAs) were queried separately
and further analyzed by the intersection analysis with
R-package (https://cran.r-project.org/) to obtain a
unique gene list after the removal of redundancies.

Gene correlation

To discover the correlation of the gene list generated, it
was further queried with CRC databases, namely gene
browser for CRC (gbCRC) at http://gbcrc.bioinfo-min
zhao.org/ and CRC for the gene database (CoReCG)
at http://lms.snu.edu.in/corecg/gene. Intersection anal-
ysis between the genes obtained and the previous gene
list provided a unique gene list and a lead of their asso-
ciation with CRC.

Identification of genes associated with CRC

DAVID database (Database for Annotation,
Visualization, and Integrated Discovery) accessed at
http://david.abcc.ncifcrf.gov/ gives a high-throughput
and attractive data collection condition and merges
functional genomic annotations with intuitive graphical
representations encouraging the transition between
genomic information and the biological meaning.22

According to Liu et al.,23 using this database,
GENETIC_ASSOIATION_DB_DISEASE analysis
was carried out to identify genes associated with CRC
from differentially expressed genes. The genes associ-
ated with CRC were defined as differentially expressed
genes that were significantly related to CRC (final gene
list; p\ 0.05).24

Analysis of protein–protein interaction network and
identification of hub genes for CRC

STRING database (Search Tool for the Retrieval of
Interacting Genes) accessed at http://string-db.org/ is a
unique tool, equipped for providing a comprehensive
view of all the known and predicted interactions and
associations among proteins.25 To clarify the interac-
tions in the final gene list, STRING online software
was used to construct a protein–protein interaction
(PPI) network using the CRC genes, and the network
was visualized using Cytoscape open-source software at
http://www.cytoscape.org/.26 In the interaction net-
work, the genes in the network served as ‘‘nodes’’ and
the link connecting two nodes represents a pairwise
protein interaction. The degree of a node corresponds
to the number of interactions that the protein is in pos-
session of. The nodes with the highest degree of connec-
tion were considered the ‘‘hub’’ genes in the interaction
network23 at a confidence level of 0.9.

Gene prioritization

cBioPortal database accessed at http://www.cbioporta-
l.org/index.do was used for Cancer Genomics explora-
tion in this study. The genomic datasets were queried
using cBioPortal with the option to query single cancer
study and also to query the microRNA target genes
across cancer studies with the aim of viewing the rele-
vant genomic alterations in the microRNA target genes
in CRC samples. All the 225 cancer samples in this
database were selected first followed by all the six sam-
ples specific for CRC and finally, targeted sequencing
of 1134 samples from metastatic CRC samples.
Mutations and Putative copy-number alterations were
also selected as the genomic profiles. The microRNA
target gene list was queried across all the 225 samples
present followed by the six CRC samples, while the
final query was done against targeted sequencing of
1134 samples from metastatic CRC samples (MSK,
Cancer Cell, 2018).27

Gene Ontology and KEGG pathway enrichment
analysis

Gene ontology (GO) accessed at http://www.geneonto-
logy.org/ is a database that provides vocabularies and
classifications in relation to the molecular and cellular
structures and functions for biological annotations of
genes.28 GO terms consist of three categories: biological
process (BP), cellular component (CC), and molecular
function (MF). The KEGG database at https://
www.genome.jp/kegg/pathway.html contains sufficient
information regarding the known metabolic pathways
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and regulatory pathways and accelerates the mapping
of genes to KEGG pathways for systemic analysis of
gene functions.29 To provide an insight into the precise
biological function and signaling pathways involved
with the CRC genes identified in this study, GO and
KEGG pathway enrichment analysis was performed
for the differentially expressed gene list previously
obtained. The p-value represents the probability that
the number of genes selected for any of the three
domains occurred by chance. In general, the lower the
p-value, the greater the likelihood that the terms are
significant. For this reason, the GO term selected was
at false discovery rate (FDR) of \0.01 (p-value
\ 0.01) using Benjamini–Hochberg procedure,30 and
KEGG pathways with p\ 0.05 were eliminated.

Prognosis and expression analysis

In cancer research, the relationship between a gene and
clinical result proposes the underlying etiology of the
disease and therefore can motivate further studies.
PROGmiR accessed at http://xvm145.jefferson.edu/
progmir/ is a database for identifying prognostic
microRNA biomarkers in multiple cancers using pub-
licly available data.31 SurvMicro accessed at http://
bioinformatica.mty.itesm.mx:8080/Biomatec/Survmicro.
jsp is a database used for the assessment of microRNA-
based prognostic signatures for cancer clinical outcomes
by multivariate survival analysis,32 SurvExpress accessed
at http://bioinformatica.mty.itesm.mx:8080/Biomatec/
SurvivaX.jsp is an online biomarker validation tool and
database for cancer gene expression data using survival
analysis,33 and PrognoScan accessed at http://dna00.
bio.kyutech.ac.jp/PrognoScan/ provides a powerful plat-
form for evaluating potential tumor markers and thera-
peutic targets in other to correlate cancer research. The
database also serves as a tool for meta-analysis of the
prognostic value of genes,34 and dbDEMC accessed at
http://www.picb.ac.cn/dbDEMC/ is a database used to
assess the differential expression of microRNAs in
human cancer. In this study, the prognostic and expres-
sion analysis were performed on all the candidate
microRNAs and their target genes (generated from
cBioPortal). PROGmiR and SurvMicro were used for
microRNA prognostic analysis, while SurvExpress and
dbDEMC were employed for their expression analysis.
For the target genes, PrognoScan and FIREBROWSE
were used for both the prognostic and the expression
analysis.

Results

The following databases provide information regarding
experimentally validated microRNAs as well as their
involvement in CRC: miRCancer, miR2Disease,
HMDD, and dbDEMC2. The databases were used to

download all microRNAs associated with CRC. A
total of 2024 microRNAs were retrieved from the data-
bases and subjected to CD-HIT-EST for duplicate and
redundancy removal. At the end of this analysis, a total
of 125 unique microRNAs with involvement in CRC
were obtained. These 125 microRNAs were used as the
query dataset. A total of 2694 microRNA sequences
were downloaded from miRBase (total microRNAs);
after the removal of duplicates and redundancies, 2226
microRNAs were found to be unique and this list was
used as the reference dataset. The two datasets were
then saved as FASTA sequences for similarity search.

Sequence similarity search for candidate microRNAs

The significance of BLASTN is to discover regions of
sequence similarity, which will yield functional and evo-
lutionary clues about the structure and function of a
novel sequence. Also, the polycistronic structure of
microRNA cluster genes sets them apart from most
protein-coding genes in animals. This confers upon
them a unique ability and specificity for widespread
gene regulation in the complex molecular networks for
development and disease.35 Clustering of microRNAs
has been reported to relate functions by regulating pro-
cesses in a biological environment.36 In silico experi-
ment relating functions through clustering has also
been proven to be a useful tool in Biotechnology.37,38 In
this study, the result of BLASTN and CD-HIT-EST-
2D produced 26 and 43 microRNAs, respectively, from
125 validated query sequences and 2226 total
microRNA sequences as the reference microRNAs. The
26 microRNA list obtained from BLASTN was based
on the parameters of the expected value of 1 3 1023,
word size of 7, and similarity between 90% and 99%.
The result of the CD-HIT-EST-2D obtained was based
on a threshold of 0.90 and a word size of 7. After inter-
section analysis (Figure 2), a total of 16 microRNAs
were found to be unique to both CD-HIT-EST-2D and
BLASTN. This list was further prioritized by text min-
ing and the novelty was confirmed in the PubMed data-
base. The final result of five microRNAs was confirmed
to be candidate microRNAs used for CRC (Table 1).

Target genes prediction

Five candidate microRNAs were submitted using their
IDs alongside with their clusters (validated
microRNAs) to three target prediction tools, namely
human TargetScan, miRDB, and mirDIP, to generate
lists of individually predicted genes. The common genes
from both the candidate and the validated microRNAs
obtained from intersection analysis were saved in an
excel file after duplicate removal. From the result, a
total of 6664 target genes were identified for the five
microRNAs sharing 5829 unique genes (Figure 3).
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CRC gene association

The gene browser for CRC (gbCRC) and CRC data-
base (CoReCG) were used to ascertain that there is a
link/relationship between the predicted genes and the
genes specific for CRC. A total of 2084 unique genes

from these databases were used alongside the predicted
microRNA target gene for intersection analysis. Figure
4 represents the analysis result. Intersected genes (96,
256, 60, 46, and 338 genes) were unique to the gene lists
associated with microRNAs obtained above.

Enrichment analysis

Each of the lists of genes obtained (Figure 4) was sub-
mitted individually to DAVID to determine the enrich-
ment in CRC. In total, 19 genes from the first
microRNA were annotated to CRC, 28 genes were
found in the second microRNA, while 8, 6, and 49
genes were enriched in CRC for third, fourth, and fifth
candidate microRNAs. In summary, 110 genes were
annotated to CRC and 82 of these genes were unique.

Gene prioritization

The microRNA target gene list was queried against all
the 225 clinical data available in cBioPortal and the

Figure 2. Number of microRNAs obtained using sequence
similarity search with 90%–99% sequence similarities.

Table 1. Candidate microRNAs and their clusters.

Candidate microRNA Validated microRNA FASTA sequences

miR-1 hsa-miR-193a-5p .hsa-miR-193a-5p MIMAT0004614
UGGGUCUUUGCGGGCGAGAUGA

miR-2 hsa-miR-450b-3p .hsa-miR-450b-3p MIMAT0004910
UUGGGAUCAUUUUGCAUCCAUA

miR-3 hsa-miR-501-3p .hsa-miR-501-3p MIMAT0004774
AAUGCACCCGGGCAAGGAUUCU

miR-4 hsa-miR-501-3p .hsa-miR-501-3p MIMAT0004774
AAUGCACCCGGGCAAGGAUUCU

miR-5 hsa-miR-513a-3p .hsa-miR-513a-3p MIMAT0004777
UAAAUUUCACCUUUCUGAGAAGG

Figure 3. Number of genes targeted by the five microRNAs and relevant databases.
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result was presented in a chart showing the frequency
of alteration in descending order (Figure 7). It was fur-
ther queried in the six CRC samples, while the final
query was done against targeted sequencing of 1134
samples from metastatic CRC samples (MSK, Cancer
Cell, 2018).27 A list of 17 genes was obtained as the
final gene list for the expression and prognostic analy-
sis. These genes were selected based on the alteration
frequency of ø 2%.

Prognostic and expression analysis of the candidate
microRNAs

The five candidate microRNAs submitted to
PROGmiRV2 and dbDEMC databases returned no
result for prognostic and expression analysis, respec-
tively, in CRC. Considering that these microRNAs are
not associated with CRC as observed within the data-
bases and text mining, the results in PROGmiRV2
strengthen the notion that these microRNAs are poten-
tial candidates for CRC. Has-mir-145 was further used
as a control.

Expression analysis for microRNA target genes
(SurvExpress)

The figure shows the result from the microRNA priori-
tized target gene list for CRC in SurvExpress database.
Box plots across risk groups showed the expression lev-
els and p-values resulting from a t-test of the different

expression between high-risk (red) and low-risk (green)
groups in CRC patients.

Prognostic analysis of the target gene list using
PrognoScan

The data analysis utilizes the p-min approach to assess
the cut-off point or the quantitative prognostic factor
in continuous gene expression data measurement for
patients grouping.39 Patients are ordered by expression
value of a given gene followed by the division of the
expression group at all potential cut-off points into
high and low, and the log-rank test estimates the risk
difference of the two groups. The optimal cut-off point
that gives the most pronounced p-min was chosen.
Although this approach causes inflation of a type 1
error due to multiple correlated testing,40–42 the p-value
correction is conducted to reduce the error type rate.43

For the microRNA target genes, the cut-off point
determination and prognostic value assessment were
applied to all possible combinations of dataset, probe,
and endpoint.

Discussion

CRC still remains a major public health issue and a
life-threatening disease.44 The study was carried out to
determine candidate microRNAs and their associated
target genes that can serve as potential diagnostic bio-
markers involved in CRC. A total of five candidate

Figure 4. (a–e) Number of intersecting genes between the candidate microRNA target genes and CRC verified genes.
Genes 1–5: target genes generated by the combination of the three target prediction tools. CRC_genes: unique genes expressed in CRC generated

by CoReCG and gbCRC.
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microRNAs were screened out using sequence similar-
ity search between four experimentally validated CRC
microRNA databases and total microRNAs from
miRBase (Figure 1 and Table 1). Using three
microRNA target prediction tools, 5829 differentially
expressed genes were discovered and further screened
through two CRC databases and their enrichment was
analyzed in DAVID to obtain a unique list of 82 genes
(Figure 3). In a nutshell, the five candidate microRNAs
obtained can regulate 82 differentially expressed genes
in cancer subtype (Figure 4).

KEGG pathway analysis at FDR of 1.2 3 1029

showed that the microRNA target genes were enriched
in various pathways, including FoxO signaling path-
way, p53 signaling pathways, apoptosis, microRNAs in
cancer, CRC, pathways in cancer, proteoglycans in can-
cer, GnRH signaling pathway, Rap1 signaling pathway,
p13k-Akt signaling pathway, and prostate cancer at p
\ 0.01. This suggests that abnormal pathways would
be a significant cause of CRC45–48 (Figure 5). In the
PPI network, CTNNB1 (beta-catenin) and epidermal

growth factor receptor (EGFR) were discovered as hub
genes, which contain the highest number of interactions
with other CRC genes (Figure 6).

CTNNB1 is a key downstream component of the
canonical Wnt signaling pathway.49 It binds with
AXIN1, AXIN2, APC, CSNK1A1, and GSK3B to
promote phosphorylation and ubiquitination of
CTNNB1 through BTRC and its degradation by the
proteasome in the absence of Wnt.50 However, it is not
ubiquitinated in the presence of Wnt and accumulates
in the nucleus and acts as a coactivator for transcrip-
tion factors of the T-cell factor/lymphoid enhancer-
binding factor (TCF/LEF) family which activates Wnt
response genes.51 Dysregulation of the Wnt signaling
pathway promotes cell survival, inhibits cell death and
differentiation, and activates the development of gas-
trointestinal polyps and carcinoma.52APC gene is a
negative regulator of CTNNB1, and up to 80% of
CRCs have mutations in the APC gene resulting in a
truncated protein.53 The mutation of this gene occurs
in various cancer types.54 These mutations alter the

Figure 5. KEGG pathways enriched with CRC genes.
Genes indicated as red dots are candidate microRNA target genes involved in CRC.
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spatial characteristics of the protein, leading to nuclear
transcriptional network reprogramming. The result of
the change includes increased cell proliferation,
enhanced immunosuppression, and disruption of meta-
bolic regulation.54 Reports suggested that mutations in
APC can also correlate with high expression levels of
CTNNB1, whereas wild-type APC expression can
reduce CTNNB1 levels in CRC cells.55,56 Irrespective
of the expression level of this gene, it is regarded as an
important indicator of malignancy.57,58

The EGFR has been suggested to play a vital role in
promoting cell growth.59 The protein tyrosine kinase is
the most frequently mutated domain with L861Q as the
most common alteration. The major type of mutation
found in this gene is missense. The EGFR L861Q muta-
tion is known to be oncogenic and the biological effect
is loss of function.60 Existing literature reported that
overexpression of EGFR is estimated to be 60%–80%
of the tumor and is associated with poor prognosis in
CRC.61 The EGFR is a transmembrane glycoprotein
and receptor tyrosine kinase that is encoded by the c-
erbB-1 proto-oncogene.62 This gene is overexpressed in
many types of cancers, specifically CRC.61 EGFR is
estimated to be overexpressed in 60%–80% of tumors
and is associated with a poor prognosis.63 The expres-
sion and prognostic analysis of this gene showed that it

was downregulated in CRC and the prognostic value is
significant. Spano et al.64 revealed that EGFR remains
a controversial prognostic factor; the expression may
play an important role in a decision to initiate treat-
ment. Another study also confirmed that the expression
of this gene is implicated in CRC pathogenesis.65 The
‘‘hub’’ genes of these candidate microRNAs, therefore,
may be a potential target for CRC treatment.

Using the cBioPortal, the genomic exploration of
microRNA target genes in CRC clinical data was quer-
ied against all the total cancer samples available and
total CRC data. The 82 enriched genes were prioritized
on the bases of genetic alteration/frequency of altera-
tion in CRC to 17 genes (above 2%; Figure 7).

GO enrichment analysis of the prioritized target
genes revealed the associations of the microRNA target
genes in the three components of GO (CC, MF, and
BP). Plasma membrane region is the most significant
GO term for the microRNA target genes. The plasma
membrane participates in the regulation of DNA
methylation.66 Most of the genes linked to the cell sur-
face. The microRNAs targeting these genes may then
be further proven to act as a good potential diagnostic
biomarker. Also, five out of the seven genes (APC,
GNAS, IGF1R, CASP8, and EGRF) are also located in
the plasma membrane protein complex (integral

Figure 6. ‘‘Hub’’ genes of prioritized microRNA targets involved in CRC.
Yellow nodes represent the gene hubs. PPI represents protein–protein interaction. A gray line indicates the interaction between two genes.
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protein). The microRNAs regulating these genes may
also serve as therapeutic biomarkers for CRC. Other
genes are found either in the receptor complex or the
membrane raft. In the MF GO term, the genes were
predominately associated with protein binding and
receptor signaling binding. The microRNA target genes
were also predominantly involved in a number of

biological functions pertaining to regulations of MFs,
signal transduction, cellular process, metabolic process,
apoptotic process, cell differentiation, homeostatic pro-
cess, cellular response, mitogen-activated protein
(MAP) kinase activity, BP, peptidyl-tyrosine autopho-
sphorylation, and catalytic activities. Wnt/CTNNB1
activation and malignant transformation of bowel

Figure 7. Cross-cancer alteration summary for prioritized microRNA target genes.

Figure 8. The result of the GO of microRNA target genes.
Cellular component: GO enrichment analysis results of microRNA target genes with p\0.01. The x-axis represents the number of genes in the

marked category; the y-axis indicates the descriptions (GO terms). Only functional categories with FDR \0.01 are shown. GO: Gene Ontology;

FDR: false discovery rate.
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diseases are the two major causes of CRC. Both Wnt/
CTNNB167,68 and inflammatory signaling pathway
activation69 can lead to intestinal epithelial disruption

of homeostasis, for instance, if proliferation is
increased, differentiation and apoptosis are decreased,
in the intestinal tract70 (Figures 8–10).

Figure 9. The result of the GO of microRNA target genes.
Molecular function: GO enrichment analysis results of microRNA target genes with p\0.01. The x-axis represents the number of genes in the marked

category; the y-axis indicates the descriptions (GO terms). Only functional categories with FDR \0.01 are shown. GO: Gene Ontology; FDR: false

discovery rate.

Figure 10. The result of the GO of microRNA target genes.
Biological process: GO enrichment analysis results of microRNA target genes with p\0.01. The x-axis represents the number of genes in the marked

category; the y-axis indicates the descriptions (GO terms). Only functional categories with FDR \0.01 are shown. GO: Gene Ontology; FDR: false

discovery rate.
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Prognostic and expression analysis of the candidate
microRNA and their targets

Has-mir-145 is one of the microRNAs extensively stud-
ied in CRC as well as in other cancer types.71–74 For
this reason, it was used as a positive control for both
colon and rectum adenocarcinoma in PROGmiRV2 to
confirm the standard of the tool for prognostic analy-
sis. The graphical output in the Kaplan–Meier plot for
its expression in both colon and rectum was given in
Figure 11. These results confirmed that the candidate
microRNAs do not have any link with CRC and as
such, they are potential novel microRNAs.

Validation of genes as biomarkers to predict the
clinical outcome is a major issue for prognosis in can-
cer study. The availability of large cancer datasets
publicly as an important information source for in
silico validation is a step further for solving the afore-
mentioned issue. Although evaluating genes prognos-
tic performance with available datasets for biologists
and physicians is a difficult task and tedious for sta-
tistics and bioinformatics experts, it is important to
determine the correlations and validations of survival
biomarkers for clinical outcomes. For this reason, the
SurvExpress biomarker database was employed to
predict the clinical result and prognostic value of
CRC metastasis genes.

The gene expression by risk group (Figure 12)
showed a box plot of gene expression level against the
microRNA prioritized genes. It was assessed whether
gene expression levels of the prioritized genes differ
between the high-risk (red) and low-risk (green) groups
as well as the level of significance of expression at p
\ 0.05 utilizing the t-test. The results indicated that
genes ERBB4, CASP8, BRCA1, GNAS, EGFR, INSR,
NRAS, KRAS, CTNNB1, TCF7L2, INHBA, TGFBR2,

IGF1R, and IRS2 showed a distinct difference between
the low-risk and the high-risk groups. The difference in
expression between risks groups for these genes can be
useful for prognostic and predictive values for CRC.
Therefore, this gene panel can be used to determine a
patient’s survival if the survival is affected by the
expression of these genes.

This section of the study assessed whether the expres-
sion of the prioritized list of the microRNA target gene
predicted clinical outcome. Using the publicly available
SurvExpress biomarker tool33 that stratifies CRC
patients into low-risk or high-risk groups based on dif-
ferential gene expression, Kaplan–Meier survival curves
were generated (Figure 13). Expression of the priori-
tized microRNA target genes significantly reduced
recurrence-free survival in patients with CRC (Figure
12). This shows that the expression of the panel of genes
is a prognostic indicator for survival in CRC patients.

Figure 11. Kaplan–Meier plot for positive control microRNA generated by the PROGmiRV2 database for colon and rectum
adenocarcinoma.

Figure 12. Result outputs of the SurvExpress database.
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PrognoScan depicted the statistical significance of
the expression of 7 out of 17 genes which were posi-
tively associated with CRC showing their contributions
as well as prognosis to CRC (Table 2 and Figure 12).
On a whole, prognostic and expression analysis of the
candidate microRNAs confirmed that there is no link
to CRC and could serve as potential candidate
microRNAs while the prognostic and expression analy-
sis of their target genes concluded that seven
microRNAs, namely APC, KRAS, TCF7L2, EGFR,
IGF1R, CASP8, and GNAS, at p\ 0.05 are statisti-
cally significant and showed good prognostic values
with clear implications in CRC. The expression of these
genes either collectively or individually discriminates
between high-risk and low-risk CRC groups making
the microRNAs potential biomarker in CRC diagnosis.

Conclusion

Using in silico approach, this study identified five candi-
date microRNAs alongside seven significant target genes.
The patterns of expression obtained in their target genes
relative to their microRNAs and their prognostic values
could be inferred that patients with alterations in the
microRNA prioritized target genes have significantly
better overall survival than patients without these altera-
tions. These could be further exploited and could poten-
tially serve as a resource for explicitly selecting targets
for diagnosis, drug development, and management of
CRC. Although validation studies are ongoing to con-
clude the biological fitness of these findings, the study
also indicated that the identified microRNAs and hub
genes (CTNNB1 and EGFR) stimulate a better under-
standing of the molecular mechanisms underlying the
development of CRC and might be used as molecular
targets and potential diagnostic biomarkers for the treat-
ment of the cancer subtype.
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Table 2. Prognostic analysis using PrognoScan (list of genes whose expression is associated with overall survival of patients with
CRC).

Genes MP-value CP-value Cox p-value Probe ID (VMC) Cut-off point

APC 0.001117 0.027970 0.032977 215310_at 0.11
KRAS 0.000063 0.002316 0.008760 204010_s_at 0.89
TCF7 L2 0.000009 0.000421 0.002389 236094_at 0.15
EGFR 0.000061 0.002265 0.045184 211607_x_at 0.47
IGF1R 0.005914 0.107944 0.032731 243358_at 0.11
CASP8 0.012184 0.187135 0.030928 207686_s_at 0.58
GNAS 0.023589 1.57 0.029136 214548_x_at 0.89

CRC: colorectal cancer; MP-value: minimum p-value; CP-value: correlated p-value; VMC: Vanderbilt Medical Center.

Dataset: GSE17537; HRs (log2 ratio) with corrected p-value\0.05 are shown. From the list of genes analyzed by this database, only the statistically

significant genes at p\0.05 were presented.

Figure 13. The expression of prioritized microRNA target
genes predicts recurrence-free survival in patients with CRC.
The Kaplan–Meier (KM) survival curves generated using the SurvExpress

database showed the ability of the expression of the genes to predict

recurrence-free survival outcome in patients with CRC. The insets in

top right represent a number of individuals, number censored, and

concordance index (CI) of each risk groups and ‘‘+ ’’ represents

censoring samples. High-risk and low-risk groups were presented in red

and green accordingly.
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investigated, resolved, and the resolution documented in the
literature.
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Abstract: Approximately 30–50% of malignant growths can be prevented by avoiding risk factors
and implementing evidence-based strategies. Colorectal cancer (CRC) accounted for the second most
common cancer and the third most common cause of cancer death worldwide. This cancer subtype
can be reduced by early detection and patients’ management. In this study, the functional roles of
the identified microRNAs were determined using an in silico pipeline. Five microRNAs identified
using an in silico approach alongside their seven target genes from our previous study were used as
datasets in this study. Furthermore, the secondary structure and the thermodynamic energies of the
microRNAs were revealed by Mfold algorithm. The triplex binding ability of the oligonucleotide
with the target promoters were analyzed by Trident. Finally, evolutionary stage-specific somatic
events and co-expression analysis of the target genes in CRC were analyzed by SEECancer and
GeneMANIA plugin in Cytoscape. Four of the five microRNAs have the potential to form more than
one secondary structure. The ranges of the observed/expected ratio of CpG dinucleotides of these
genes range from 0.60 to 1.22. Three of the candidate microRNA were capable of forming multiple
triplexes along with three of the target mRNAs. Four of the total targets were involved in either early
or metastatic stage-specific events while three other genes were either a product of antecedent or
subsequent events of the four genes implicated in CRC. The secondary structure of the candidate
microRNAs can be used to explain the different degrees of genetic regulation in CRC due to their
conformational role to modulate target interaction. Furthermore, due to the regulation of important
genes in the CRC pathway and the enrichment of the microRNA with triplex binding sites, they may
be a useful diagnostic biomarker for the disease subtype.

Keywords: microRNA; CRC; functional predictions; in silico analysis; triplex binding site

1. Introduction

With increasing incidence and mortality of cancers, colorectal cancer (CRC) remains one of the
leading malignant cancers [1]. Currently, tumor resection followed by chemotherapy is one of the most
effective treatments for CRC but recurrences are inevitable [2]. Approximately 45% of recurrences are
in the first year after initial tumour removal, and over 90% of recurrences occur within four years [3].
In CRC, staging and pathological characteristics are one of the major predictors of diagnosis to enhance
treatment options [4]. Thus far, there are limited biomarkers to predict CRC. The search for more
biomarkers that are specific for staging is required.

Recent research suggests that microRNAs regulate many gene functions in human cancers [5],
and these oligonucleotide sequences have been proposed as novel biomarkers for cancers [6]. Previous
studies have shown that their expressions are altered in numerous types of cancers including CRC [7,8].
They also act as regulators of gene expression [9] through gene repression and/or mRNA degradation
in many biological processes such as apoptosis, cell development, cell differentiation, cell proliferation,
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and metabolism [10–12]. These biological processes are crucial in carcinogenesis [13]. Although several
studies have reported an association between microRNAs and CRC development [14–17], the role of
microRNAs forming triplexes with their targets to infer function in CRC has been barely explored.
Several microRNAs have been reported to date but their laboratory functional determination in relation
to CRC is challenging and time-consuming.

In silico approaches have been developed to connect sequences of microRNAs and their targets to
infer function in Cancer studies. Biologists are mainly particular about the structural and functional
properties of any newly derived sequence (protein or nucleotide). In silico predictions are therefore
important for this discovery based on successful knowledge-based principles. These principles rely on
the fact that the best way to predict the structure and/ or function is to find similar sequences in existing
databases using the information about them to infer conclusions about properties of the new sequence.
Algorithms have been developed and implemented as computer programs (local or web-based tools)
to perform this function.

The genomic sequence of many higher eukaryotes is now complete, and the patterns of expression
of thousands of genes under diverse conditions are known. This offers researchers the opportunity to
identify and analyze the parts of a genome believed to be responsible for most transcription control,
known as the promoters [18]. Short nucleotide sequences, most especially non-coding RNAs, have
been reportedly used in the induction of DNA cleavage at specific sites with the aid of triplex formation
between the RNA and the DNA [19,20]. The various triplex formation between these nucleotides has
suggested a role in gene expression regulation [21,22]. The binding of DNA leading to the triplex bond
formation through a hydrogen bond to the third strand has been experimentally discovered but the
biological functions are still unknown [23]. The interaction of microRNAs with DNA have not been
studied extensively [24,25]. Reports also suggested that the interactions between microRNAs and gene
promoter regions may play a more direct role in regulating the efficiency of transcription of the gene
involved [26–28].

One of the roles includes the methylation of CpG islands [29]. However, other mechanisms yet
unidentified or not fully studied could be possible for the direct interaction of microRNAs with genes
for transcription regulation. Since dsDNA is capable of forming triplex structures through interactions
with DNA or RNA in the major groove of the DNA duplex, researchers postulated that microRNA
may form triplex structures with duplex DNA through either Hoogsteen or reverse Hoogsteen
hydrogen bonds, and thereby directly interacting with target DNA sequences in regulatory regions
including gene promoters in the human genome, with the potential to alter gene function [30–32].
Bioinformatics approaches revealed that the mammalian genome is composed of several triplex
formation binding sites [24,30,33,34]. This suggests that tethering RNA to specific genomic sites
might guide RNA-associated regulatory proteins to establish an epigenetic landscape that facilitates
or inhibits gene expression. In this study, the function of the candidate microRNAs was predicted
for CRC management using an in silico approach. Given the ever-expanding number of microRNAs,
understanding their functional aspects through sequences represents a promising research area.

2. Results

Secondary Structure of the Candidate MicroRNAs

The function of a given microRNA molecule may be determined by sequence or structure that it is
most likely to fold into. It may also be governed by whether small sequence have the ability to fold
into a particular substructure even if the substructure does not appear in any optimal fold.

3. Discussion

Genes implicated as targets for the candidate microRNAs have been experimentally validated
and their associations with CRC confirmed by previous studies [35–43]. Also, research has confirmed
that the regulators of these targets have been experimentally determined and validated in other cancer
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subtypes but not in CRC [44–54]. Therefore, the interaction of both the microRNAs and targets could
suggest their involvement in CRC. The prognostic, diagnostic, and expression analysis performed on
these genes together with the gene ontology analysis from our previous study suggest that they could
be used as good diagnostic and therapeutic biomarkers in the detection and management of CRC.

3.1. Secondary Structure and the Thermodynamic Energies of the Candidate MicroRNAs

MicroRNAs have intrinsic potential to form secondary and tertiary structures by folding through
base pairing. This folding is given primarily by the fact that certain nucleotides have an affinity for
binding another nucleotide, for example (G-C and A-U/). Each nucleotide can only bind with one
partner at a time and long stretches of rich nucleotide as a binding partner elsewhere on the sequence
are favoured over short stretches or individual non-sequential pairing. These pairings compete with
each other since any G in the sequence could pair with any C and similarly, any A with any U. The
arrangement in Figure 1 may be optimal in terms of maximizing the length of the concurrent run and
pair of nucleotides. These arrangements are only probabilistic and outside forces such as temperature
and pH may induce a different pairing arrangement. The molecule may even transition randomly
between numerous newly optimal structures based on the fluctuation in available energy. The mature
sequences of the five candidate microRNAs were subjected to secondary structure prediction by Mfold
and inspected manually against filtering criteria, as indicated by default to check for any discrepancies.
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Figure 1. The predicted secondary structure of the five candidate microRNAs with their dot plot
directly below showing the optimal energy. (A). microRNA miR-1 with its optimal energy of −2.30; (B).
MicroRNA miR-2 with its optimal energy of −0.70; (C). microRNA miR-3 with its optimal energy of
−2.30; (D). microRNA miR-4 with its optimal energy of −1.10; (E). microRNA miR-5 with its optimal
energy of −3.30. For the dot plots, red, black, and green dots represent all the optimal foldings
(superposition of all possible sub-optimal foldings) Therefore, each colour represents a potential
folding configuration.

The prediction of microRNA secondary structure is a long-established problem of computational
biology which has received a lot of attention in recent years due to mounting evidence that underscores
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the significant of microRNA structure in a wide variety of biological processes [55–57]. The results
showed that four of the five have the potential to form more than one secondary structure (folding
configuration). Studies have reported numerous microRNAs as biomarkers of disease and potential
therapeutic targets due to the fact that their secondary structures may give insight into orchestrated
microRNA-dependent gene regulation and be a step forward to understand their functions and
involvement in carcinogenesis, and improve therapeutic designs. The results obtained from the
secondary structure prediction of the candidate microRNAs are consistent with previous in silico
structural determination studies and have indicated that over 70% of human microRNAs may fold into a
hairpin structure and almost 70% could potentially form self-aggregated homoduplexes [58–60]. All the
predicted microRNAs showed hairpin structure which could be enhanced by the cellular environment.

Valid prediction of microRNA–mRNA binding energies is crucial for the understanding of
interactions. The thermodynamics of microRNA interactions can be understood as the sum of the energy
necessary to ‘open’ the binding site and the energy gained from hybridization [57]. The thermodynamic
parameters of the secondary structure of the candidate microRNAs are represented in Table 1 above.
Ronchieri et al. [61] reported that microRNA secondary structures contribute to target recognition
because there is an energetic cost to freeing base-pairing interactions within mRNA in order to make
the target accessible for microRNA binding [62–64]. The ∆G values of the candidate microRNAs were
calculated using Mfold (Figure 1 and Table 1). The optimal sequences were predicted to have optimal
folding in miR-1 and 5, while the sub-optimal sequences were predicted to have sub-optimal folding in
miR-2 and 4. Understanding the optimal folding of base pairs is the least likely secondary structure
formation during the reaction [65]. The lower the free energy the more stability of the microRNA.
From Table 1, miR-5 is the most stable microRNA, followed by miR-3 and miR-1, respectively.

Table 1. Parameters and secondary structures of the microRNA sequences.

S/N MicroRNAs Length δG (kcal/mol) Initial ∆G
(kcal/mol) StruC

1 miR-1 22 0.0 −2.30 1

2 miR-2 22 0.7
−0.70
−0.40
0.00

3

3 miR-3 22 0.7 −2.80
−2.10 2

4 miR-4 20 0.8
−1.10
−0.80
−0.30

3

5 miR-5 22 0.6 −3.30
−2.70 2

δG: Free energy in plot profile; ∆G: Optimal energy of secondary structures (kcal/mol) at 37 ◦C with optimal and
sub-optimal structures, respectively. StruC: Number of secondary structure calculated by Mfold.

3.2. CpG Island of the Promoter Sequences

The phenomenon of tumor alteration through epigenetic silencing associated with dense
hypermethylation of CpG islands, and their complex interplay with modifications in histone structure,
provides an alternate mechanism to genetic inactivation of tumor suppressor genes via loss or
mutation [66]. Binding sites in the genome have a great regulatory impact on the gene activities in their
neighborhood. Predictive tools are therefore essential for deciphering the overall regulatory potential
of gene control regions such as promoters and enhancers. The CpG island analysis of the promoters of
the prioritized microRNA target genes (7 genes) is shown in Table 2 with Min. GC% of 51% observed
in APC while Max. GC% of 83% was observed in KRAS. The ranges of the observed/expected ratio of
CpG dinucleotides of these genes are from 0.60 to 1.22. CpG islands have been reported to be found
in approximately 50% of human promoters [67,68]. Promoters with CpG islands are associated with
housekeeping genes [69,70] and are identified by three primary characteristics: (1) they are over 200
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base pairs in length, (2) they have over 50% GC composition, and (3) they retain an observed/expected
ratio of CpG dinucleotides greater than 0.6 [71]. In normal tissues, CpG islands associated with tumor
suppressor genes are unmethylated but during tumor formation, they are often methylated. Evidence
suggests that de novo methylation of CpG islands induces the silencing of associated tumor suppressor
genes and may, in fact, be an important step in tumor formation [72,73]. The particular genes that are
hypermethylated in tumor cells are strongly specific to the tissue of origin of the tumor [74]. This
analysis, therefore, strengthens the proof that the sequences extracted from the genomes of these genes
may be a true promoter sequence.

Table 2. Result of the CpG island assessed by sequence manipulator suite.

S/N Gene_ID Min. GC% Max. GC% Min. obs/exp Max. obs/exp

1 APC 51.00 57.50 0.61 0.67
2 KRAS 59.50 83.00 0.78 1.14
3 TCF7L2 53.00 72.50 0.60 1.00
4 EGFR 56.00 57.00 0.62 0.90
5 IGF1R 53.00 81.50 0.61 1.22
6 CASP8 67.50 70.50 0.60 0.74
7 GNAS 67.50 70.50 0.61 0.78

Note: Min. GC%- Minimum GC content detected in each region of 1-200 base pairs; Max. GC%- Maximum GC
content detected in each region of 1-200 base pairs. Min. obs/exp-Minimum observed/expected ratio of CpG
dinucleotides. Max. obs/exp- Maximum observed/expected ratio of CpG dinucleotides.

3.3. Triplex Binding Interaction of the MicroRNAs and Target Genes

The specific binding properties of microRNA to proteins or (mRNA) involved in chromatin
remodeling and several transcriptional regulations as broadly achieved in the literature demonstrate
their multi-functionality [75]. The ability of RNA to participate in triplex formation according to
hoogsteen base pairing rules is a less studied property of microRNA [76]. In this study, the binding
of the candidate microRNAs to the TSS (600 bp upstream) of the promoter region of the target genes
were determined by an in silico analysis using the Trident software. Pasquier et al. [76] reported that
formative genes are profoundly represented in the TTS, which certifies the speculation of unexpected
large-scale genome regulation mediated by the triplex DNA-RNA structure. The binding of microRNAs
to mRNA directly for gene expression regulation has been experimentally validated. However, research
has suggested the mechanism by which microRNA forms triplex with double-stranded DNA but their
exact mechanism of interaction is less well understood [26,27,77]. Also, Blanco and Montoya [78]
elucidated the transient DNA/RNA protein interactions but proposed a further study of triplex
formation. From the triplex-forming oligonucleotide formation result represented in Table 3, it was
observed that only three of the candidate microRNAs (miR-1, miR-2, and miR-5) are capable of forming
multiple triplexes along with three of the target mRNAs (KRAS, TCF7L2, and EGFR). For miR-1, four
binding sites were observed in KRAS, and EGFR, while nine binding sites were determined in TCF7L2.
This microRNA (miR-1) reports no hit score for the genes APC and GNAS. MicroRNAs 2 and 4 reported
no triplex interaction between the target genes showing negative correlation. In microRNA-3, only one
reverse (indirect) hoogsteen pairing was observed with KRAS with hit energy of -168.93 (Figure 2).
MicroRNA-5 showed two different triplex binding sites in TCF7L2 and one in both APC (indirect) and
CASP8 (direct) (Figure 2). All the binding interactions in this study are of grade 5 (99 percentiles of
triplex-forming interactions). Both the hit score and hit energy observed are greater than 140 and −140
respectively (Figure 2).
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Table 3. Output of the results of trident showing different binding sites.

MicroRNA/Gene KRAS TCF7L2 APC EGFR CASP8 IGF1R GNAS

miR-1 −4 −9 0 −3/+1 +1 +1 0
miR-2 0 0 0 0 0 0 0
miR-3 −1 0 0 0 0 0 0
miR-4 0 0 0 0 0 0 0
miR-5 0 −2 −1 0 +1 0 0

Legend: (0); No hit, (+); Direct Hoogsteen, (−); Reverse Hoogsteen, (Values); Number of hits; Grade: 5. Hit score:
> 140; Hit energy: < −140. The heuristic score (hit score) represents Hoogsteen or Reverse Hoogsteen base pair
complementarity and Thermodynamic Energy (hit energy) represents the binding energy of the triplex. The binding
sites were categorized based on the number of hits relative to score and energy.

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 2 of 16 

 

δG: Free energy in plot profile; ΔG: Optimal energy of secondary structures (kcal/mol) at 37 °C with 

optimal and sub-optimal structures, respectively. StruC: Number of secondary structure calculated by 

Mfold. 

Table 2. Result of the CpG island assessed by sequence manipulator suite. 

S/N Gene_ID Min. GC% Max. GC% Min. obs/exp Max. obs/exp 

1 APC 51.00 57.50 0.61 0.67 

2 KRAS 59.50 83.00 0.78 1.14 

3 TCF7L2 53.00 72.50 0.60 1.00 

4 EGFR 56.00 57.00 0.62 0.90 

5 IGF1R 53.00 81.50 0.61 1.22 

6 CASP8 67.50 70.50 0.60 0.74 

7 GNAS 67.50 70.50 0.61 0.78 

Note: Min. GC%- Minimum GC content detected in each region of 1-200 base pairs; Max. GC%- 

Maximum GC content detected in each region of 1-200 base pairs. Min. obs/exp-Minimum 

observed/expected ratio of CpG dinucleotides. Max. obs/exp- Maximum observed/expected ratio of 

CpG dinucleotides. 

Table 3. Output of the results of trident showing different binding sites. 

MicroRNA/Gene KRAS TCF7L2 APC EGFR CASP8 IGF1R GNAS 

miR-1 −4 −9 0 −3/+1 +1 +1 0 

miR-2 0 0 0 0 0 0 0 

miR-3 −1 0 0 0 0 0 0 

miR-4 0 0 0 0 0 0 0 

miR-5 0 −2 −1 0 +1 0 0 

Legend: (0); No hit, (+); Direct Hoogsteen, (−); Reverse Hoogsteen, (Values); Number of hits; Grade: 

5. Hit score: > 140; Hit energy: < −140. The heuristic score (hit score) represents Hoogsteen or Reverse 

Hoogsteen base pair complementarity and Thermodynamic Energy (hit energy) represents the 

binding energy of the triplex. The binding sites were categorized based on the number of hits relative 

to score and energy. 

 

Figure 2. Structural determination of microRNA-DNA triplex formation. The first sequence in each
structure (A–J) represent the candidate microRNA sequences involved in triplex binding while the two
sequences without bond are the promoter sequence of the target gene. The blue bond indicates the
indirect or reverse hoogsteen bond while the red bond is the direct or hoogsteen bond between the
DNA and the microRNA. The negative values in the bracket are the hit energy of each binding.

From previous studies, it was recorded that microRNA with a 22-nucleotides sequence forms
triplex structures with duplex DNA as documented by fluorescence resonance energy transfer, FRET,
surface Plasmon resonance, electromobility shift assay, and Nuclear magnetic resonance [79,80]. Similar
to transient protein–protein and DNA/RNA-protein interactions, Blanco and Montoya [78] suggested
that transient formation of microRNA-duplex DNA triplexes may have as much biological importance
as more stable interactions. Surprisingly, there are enzymes of the class helicase that possess the ability
to unwound the intramolecular triplex DNA [30,81], it is feasible that this mode of action of these
enzymes is similitude to which microRNA can mediate transcriptional activation [82]. On a whole,
the formation of triplexes between the candidate microRNA (1, 3, and 5) and DNA double-stranded
suggest that they are well conserved and crucial mechanism of transcription regulation. Comparing
the thermodynamic energies of folding and triplex formation (Table 1 and Figure 2), it was observed
that these microRNAs are better favoured for triplex binding to regulate gene expression in the cancer
subtype than microRNA folding.
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3.4. Somatic Event Evolution of the MicroRNA Target Genes

The evolutionary stage-specific and variant events of the microRNA target genes are presented
in Figure 3a,b. Using the SEECancer database, all the genes involved in CRC initiation, progression,
and metastasis were graphically represented and visualized using Cytoscape. From the network,
four (KRAS, GNAS, APC, and EGRF) of the statistically significant genes targeted by the candidate
microRNAs were indicated with yellow node. The database also reported that the other three genes
(TCF7L2, CASP8, and IGF1R) are either a product of antecedent or subsequent event of the four genes
implicated in CRC. TCF7L2 was seen from the database to be a subsequent event of APC mutation.
Loss of heterozygosity (LOS) in the APC was shown to affect TP53 gene through mutation which in turn
results in the mutation of TCF7L2. APC was found to be specific to early stage of CRC while GNAS was
seen at the metastatic stage. Figure 3b shows that alteration, mutation, methylation aberrance, and loss
of copy number of APC gene may result in CRC initiation, progression, or metastasis. Previous studies
have reported that the loss of function, as well as methylation aberrance and mutation of the APC
gene, is associated with early events in CRC [83–92].
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targets. (B) variant types and specific variants of the microRNA target genes. Yellow nodes indicate the
microRNA target genes.

The antecedent event resulting in the mutation of KRAS was also detected to be from the mutation
of CASP8 which in turn mutates PIK3CA gene. Mutation in the gene KRAS was revealed to be either
at the early, late, or drug resistance stage. Burmer et al. [93] reported the early event of KRAS in
CRC as detected by DNA amplification and oligonucleotide hybridization, as well as by RNase A
mismatch cleavage analysis. Using a bioinformatics approach, Youn and Simon [94] also suggested
that KRAS mutations occur as the first event with high probability for both colorectal and lung tumors.
Genome-editing technology also revealed that mutations in this gene are sufficient to initiate tumour
progression [95]. The report of Fumagalli et al. [96] using a high throughput experiment suggest that
the initiating APC and KRAS mutations drives efficient proliferation and growth, whereas inactivating
mutations in SMAD4 block differentiation during tumor progression. Mutation in EGFR was shown
to be at the drug-induced and resistance stage event (Figure 3a,b). In metastatic CRC using high
throughput experiment, Morelli et al. [97], concluded that acquired mutations of this gene in metastatic
CRC patients were correlated with acquired resistance to anti-EGFR monoclonal antibodies. Mutation
in other genes targeted by the candidate microRNAs may be involved in colorectal carcinogenesis.
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3.5. Co-expression Analysis

GeneMANIA was used to generate a hypothesis about the candidate microRNA target genes’
significance. The co-expression analysis of the candidate microRNAs result was represented in Figure 4.
The output generated genes that are functionally similar, or have shared properties with microRNA
target genes, displayed an interactive functional association network, illustrating the relationships
among the genes and gene of interest.
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Figure 4. Co-expression analysis network of the prioritized microRNA target genes. The target
genes are shown in yellow nodes while other genes in grey represent the associated genes. The red
edges showed that the connected genes are co-expressed while the green edges are associated with
genetic interactions. Other interactions include shared protein domains, physical interaction, pathway,
and predicted interaction.

Genetic interaction of this network accounted for 43.83% of the total interactions, shared protein
domain accounted for 26.28, physical interaction accounted for 14.23, co-expressed genes accounted
for 10.14%. Only 3.89 and 2.62% are accounted for pathway and predicted interaction respectively.
Within the microRNA target genes, only APC and CASP8 are co-expressed, although neighbouring
genes found to be co-expressed are Bcl-2 and MAPK-1. Since this tool assigns a weighting feature to
dataset to determine how genes in a list are well connected to each other or to determine which types
of functional genomic data are most useful to retrieve for finding more genes similar to the query,
KCTD1 and ADCY6 were assigned the highest weight due to size and are genetically connected with
APC and GNAS respectively. Upregulation of ADCY6 activates the CREB pathway by increasing
the tumorigenic potential of cells reported in gastric cancer [98]. Certain genes in the Wnt pathway
influence KCTD1-mediated downregulation of β-catenin and suggested that KCTD1 functions as a
novel inhibitor of Wnt signaling pathway by enhancing β-catenin degradation [99]. Inappropriate
activation of this pathway has been observed in CRC [100,101]. These associated genes may then
provide further a complete microRNA-gene network for CRC diagnosis and disease management.

4. Materials and Methods

The secondary structure, CpG island and triplex binding analysis, Somatic Events in Evolution
of the target genes, and co-expression analysis were performed on both the candidate microRNAs
and their targets using the following tools: Mfold at http://unafold.rna.albany.edu/?q=mfold, SMS at
http://www.bioinformatics.org/sms2/translate.html, NCBI at https://blast.ncbi.nlm.nih.gov/Blast.cgi,
Ensembl at http://www.ensembl.org/index.html, UCSC at https://genome.ucsc.edu/, Trident at http:
//trident.stjude.org/, SEECancer at http://biocc.hrbmu.edu.cn/SEECancer/index.jsp, GeneMANIA at
http://genemania.org/, and Cytoscape at https://cytoscape.org/.

http://unafold.rna.albany.edu/?q=mfold
http://www.bioinformatics.org/sms2/translate.html
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ensembl.org/index.html
https://genome.ucsc.edu/
http://trident.stjude.org/
http://trident.stjude.org/
http://biocc.hrbmu.edu.cn/SEECancer/index.jsp
http://genemania.org/
https://cytoscape.org/
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4.1. Datasets

Five candidate microRNAs decoded as miR-1 to 5 were identified using in silico approach and
their targets genes were prioritized through three different target prediction tools (TargetScan, miRDB,
and miRDIP) to generate seven genes namely: APC, GNAS, EGFR, TCF7L2, KRAS, IGF1R, and CASP8.
The sequences of these microRNAs together with the promoter sequences of their targets were used
for functional determination in this study.

4.2. Structural Determination of Candidate microRNA

The mature sequences of candidate microRNAs were submitted to Mfold program accessed
at http://www.mfold.rna.albany.edu for predicting their secondary structure (s) and the free energy.
MFold accepts a single nucleotide sequence as input mainly in FASTA format. The output file produced
by MFold contains the calculated energy matrices that determine all optimal and suboptimal secondary
structures for the folded nucleic acid molecule. This file is read by the companion program, PlotFold,
which can display any of several different graphic representations of optimal and suboptimal secondary
structures for the folded molecule.

4.3. Promoter Sequence Extraction

The database for Ensembl was accessed at http://www.ensembl.org/index.html. The seven
prioritized microRNA target genes were used as input to generate their promoter sequences. From the
display, the exons are highlighted in the pink background and red text, the sequence before exon 1 is the
promoter sequence. Six-hundred base pairs 5′-flanking sequences were retrieved. To prevent disparity
of the annotation concerning the transcription start site among databases, the obtained sequences were
further analyzed in USCC using the BLAT tool at https://genome-euro.ucsc.edu/. Furthermore, CpG
island feature and GC content were considered.

4.4. CpG Island Analysis

The sequence manipulator suites (SMS) report potential CpG island regions using the method
described by [102]. The calculation was performed using a 200 base pairs window moving across
the sequence at 1 base pairs intervals. CpG islands are defined as sequence ranges where the
observed/expected value is greater than 0.6 and the GC content is greater than 50%. The expected number
of CpG dimers in a window is calculated as the number of ‘C’s in the window multiplied by the number
of ‘G’s in the window, divided by the window length. While the ration of the observed to the expected is
calculated as Obs/Exp CpG = Number of CpG * N/(Number of C * Number of G), where N = length of the
sequence. The CpG island suite was accessed at http://www.bioinformatics.org/sms2/cpg_islands.html
for the identification of the CpG islands in the promoter sequences of the prioritized microRNA
target genes.

4.5. Triplex Binding Analysis

Trident was accessed at http://trident.stjude.org/. This online prediction tool was used to identify
triplex binding sites between the candidate microRNAs obtained in our previous study and the
promoter region of the statistical significant target genes. Sequences of microRNAs and their targets
were used as input. The output of this search was given based on the number of sites that the sequence
of the candidate microRNA was able to bind on the promoter sequence. The grade, hit score, types of
binding (direct or indirect), and hit energy were also considered.

4.6. Staging Analysis

The SEECancer database was accessed at http://biocc.hrbmu.edu.cn/SEECancer to explore the
evolutionary stage-specific somatic events in CRC as well as their temporal order [103]. From the web
interface, evolutionary stage and temporal order were selected individually to query the target genes

http://www.mfold.rna.albany.edu
http://www.ensembl.org/index.html
https://genome-euro.ucsc.edu/
http://www.bioinformatics.org/sms2/cpg_islands.html
http://trident.stjude.org/
http://biocc.hrbmu.edu.cn/SEECancer


Int. J. Mol. Sci. 2019, 20, 5190 10 of 16

as well as the cancer subtype respectively. The result of these search generated a txt file as input in
Cytoscape to generate a network of events based on variant types and evolutionary events in CRC.

4.7. Co-expression Analysis

A co-expression network identifies which genes have a tendency to show a coordinated expression
pattern across a group of samples. This co-expression network can be represented as a gene–gene
similarity matrix, which can be used in downstream analyses [104]. Seven prioritized genes target
by candidate microRNA were used as input to generate the co-expressed genes using GeneMANIA
http://www.genemania.org (http://apps.cytoscape.org/apps/genemania) plugin of Cytoscape. This
database is used to generate hypotheses about gene function, analyzing gene lists and prioritizing
genes for functional assays. The output is a network of genes with several interactions.

4.8. Statistical Analysis

For microRNA selection, the BlastN parameters were set at 1e-2 for expected value, 7.0 for word
size, and 90–99% for similarity index. The CD-HIT-EST-2D parameters were set at 0.90 for threshold
and 7.0 for word size. The genes considered in DAVID v6.8 were regarded statistically significant
at p-value of 1.8 × 103 with the Benjamini score of 1.6 × 10−2. A value of p < 0.05 was considered to
indicate a statistically significant difference.

4.9. Data Availability

The datasets and the clinical data were obtained from the online databases as described above in the
methods and their websites are as follows: http://www.mirbase.org/ for reference dataset, microRNA
associated with CRC at cancer were http://www.picb.ac.cn/dbDEMC/, http://www.mir2disease.org/,
http://www.cuilab.cn/hmdd, and http://mircancer.ecu.edu/. While Mfold, SMS, NCBI, Ensembl, UCSC,
Trident, SEECancer, GeneMANIA and Cytoscape were accessed from the server.

5. Conclusions

Understanding microRNA’s secondary structures, thermodynamic parameters, and targets may
deliver greater promise towards their diagnostic potentials and mechanisms in the management
of CRC. The secondary structure together with the thermodynamic parameters of the candidate
microRNAs may, therefore, provide a valid result regarding their target even when the conservation of
the microRNA is unknown. Also, the secondary structure of the candidate microRNAs suggests a
conformational role to modulate target interactions and therefore can be used to explain the different
degree of genetic regulation in CRC.

MicroRNAs that are capable of triplex formation with duplex DNA are more frequently positively
correlated with gene transcripts. MiR-1, miR-3, and miR-5 are suggested to have significant enrichment
of positive correlation with the target gene involved in the triplex structure. This analysis further
confirmed that the targets of the candidate microRNAs are enriched with microRNA triplex binding
sites. Furthermore, microRNA function may then depend not only on their sequences but also their
structures and triplex binding interaction with their targets. Hypothetically speaking, microRNAs
targeting these genes can be inferred to be an important regulator in the stage-specific events. Since
miR-1, miR-2, and miR-3 are regulators of APC, it can be concluded that these microRNAs may be
used as a diagnostic tool in the early detection of CRC. Also, miR-1 regulating GNAS may be involved
in metastatic stage-specific event in CRC. MicroRNAs regulating KRAS may also be involved in early,
late, or drug-resistant stage-specific events in CRC (MiR-1,3 and 5). However, further molecular
experiments are on-going to confirm the function of these identified microRNAs alongside their targets
in CRC.
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Abstract: Colorectal cancer (CRC) is the second-leading cause of cancer death and a major public
health problem. Nearly 80% CRC cases are diagnosed after the disease have metastasized and are often
too advanced for treatment. Small non-coding RNA guides argonaute protein to their specific target
for regulation as the sole of RNA induced silencing complex for gene silencing. These non-coding
RNA for example microRNA, are thought to play a key role in affecting the efficiency of gene
regulation in cancer, especially CRC. Understanding the mechanism at the molecular level could
lead to improved diagnosis, treatment, and management decisions for CRC. The study aimed to
predict the molecular mechanism of gene regulation based microRNA-mRNA duplex as a lead in
the silencing mechanism. Five candidate microRNAs were identified through the in silico approach.
The MicroRNA target prediction and subsequent correlation, and prioritization were performed
using miRTarBase, gbCRC and CoReCG, and DAVID databases respectively. Protein selection and
preparation were carried out using PDB and Schrödinger suits. The molecular docking analysis was
performed using PATCHDOCK webserver and visualized by discovery studio visualizer. The results
of the study reveal that the candidate microRNAs have strong binding affinity towards their targets
suggesting a crucial factor in the silencing mechanism. Furthermore, the molecular docking of the
receptor to both the microRNA and microRNA-mRNA duplex were analyzed computationally to
understand their interaction at the molecular level. Conclusively, the study provides an explanation
for understanding the microRNAs-based gene regulation (silencing mechanism) in CRC.

Keywords: molecular interaction; microRNA; in silico prediction; target gene; gene expression;
silencing; colorectal cancer

1. Introduction

Colorectal cancer (CRC) is considered as one of the most threatening diseases due to its incidence
and mortality rate worldwide [1], and the most frequent cancers in western world [2]. Over 1.2 million
individuals are diagnosed with this disease yearly, and over 600,000 mortalities are recorded [3].
Although the activation and inactivation of oncogenes and tumor suppressor genes respectively are
known to be involved in CRC development at molecular level [4], the molecular mechanisms that lead
to the development and progression of CRC remain unclear.

Despite the advances in the diagnosis, treatment, and management of patients with CRC, it is still
a major public health problem globally [5]. Therefore, it is imperative to elucidate the mechanism of
gene silencing in the tumorigenesis of CRC for better understanding.

The interactions between protein and nucleic acids play essential roles in various cellular and
biological processes, including DNA replication, RNA transcription, the translation of polypeptides,
RNA splicing, and the degradation of nucleic acids [6,7]. The errors in receptor-nucleic acid interactions
are implicated in a number of diseases, ranging from neurological disorders to cancer [8]. RNA
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binding proteins are mediators of RNA silencing processes, such as pathways in microRNA and RNA
interference. Argonaute, a unique member of this family [9], forms the functional core of the RNA
induced silencing complex (RISC) in humans [10]. The RISC complexed with AGO employs small
molecules, such as microRNA, as a guide for target recognition and silencing through translational
repression and/or degradation [11].

MicroRNAs are small non-coding RNAs with 18–22 nucleotide sequences possessing regulatory
roles in both plants and animals. These non-coding RNAs are involved in different cellular
processes [12–16] including human diseases [17], such as colorectal carcinogenesis [18]. Additionally,
experiments revealed that these RNAs can act as oncomiR [19,20] and/or tumor suppressor
microRNAs [21] and their differential expression between normal and abnormal tissue have been
exploited in the diagnosis, treatment, and management of CRC [22]. The epigenetic regulation of
gene expression at a transcriptional or post-transcriptional level is important as a mechanism of
gene silencing.

Various experimental approaches [23] have been put forward to study the mechanism by which
cancer genes are repressed, inactivated or silenced to prevent carcinogenesis, progression or metastasis
of the involved gene. Recently, the microRNA binding proteins became a focal point in cancer research
due to their involvement in microRNAs deregulation [24,25]. Argonaute utilizes microRNAs and
RNA interference as sequence-specific guides in both transcriptional and posttranscriptional silencing
mechanisms [26]. Several roles of AGO have been observed in translational regulation and RNA
interference but their functions in human disease remain a top priority. Li, Yu, Gao and Li [23] studied
the expression on AGO protein in colon cancer as a potential biomarker, Sun, et al. [27] reported the
prognostic expression status of PIWIL1 in CRC and Völler, et al. [28] also studied their expression in
cancer entitles. The information for the understanding of these processes is likely to improve as new
structures of protein-nucleic acid complexes are solved and the structural details of the interactions
are analyzed. However, experimental determination by high-resolution methods is a tedious and
difficult process.

Molecular simulation has emerged as an efficient and cost-effective tool in binding analysis from
lead identification to optimization and beyond [29]. The process of molecular interaction through
a non-covalent bond with high affinity and specificity to form a specific complex is crucial to all
processes in living organisms [30]. Protein functions are majorly determined based on their binding
interaction with other molecules or ligands [31]. Therefore, understanding protein-ligand interactions
are central to understanding molecular biology. Additionally, information regarding the mechanisms
of target interaction of protein-ligand binding is also likely to promote the discovery of drugs, a
better understanding of gene silencing, the treatment and management efficacy in various diseases,
most especially in cancer and the CRC subtype. This study, therefore, insights into an improved
understanding at the molecular level the microRNA-assisted target recognition and regulation of
argonaute as a therapeutic modality against CRC. Molecular docking approaches of microRNA
conformations adopted within the binding pocket of the Argonaute protein could also assist to estimate
the residual amino acids, hydrogen bond interactions and binding free energy to provide information
crucial to the intermolecular recognition mechanism.

2. Results

2.1. Identification of Candidate MicroRNA and Target Genes

Figure 1 represents the overall methodology employed in this study. The sequence similarity
search was employed through the basic local alignment search tool for nucleic acids (BLASTN) and
the Homology Detection and Clustering Database at High Identity with Tolerance (CH-HIT-EST-2D)
between the total microRNAs from miRBase as reference microRNAs and microRNAs experimentally
validated in 4 databases (DbDEMC at http://www.picb.ac.cn/dbDEMC/, miR2Disease at http://www.
mir2disease.org/, HMDD at http://www.cuilab.cn/hmdd, and miRCancer at http://mircancer.ecu.edu/)

http://www.picb.ac.cn/dbDEMC/
http://www.mir2disease.org/
http://www.mir2disease.org/
http://www.cuilab.cn/hmdd
http://mircancer.ecu.edu/


Int. J. Mol. Sci. 2019, 20, 4899 3 of 26

as the query set. With a similarity threshold of 0.90, the result was text-mined to obtain the final list
of 5 candidate microRNAs together with their clusters associated with CRC (Table 1). MiRTarBase
was used to predict the target genes of these microRNAs. Collectively, 44 genes alongside their
minimum free energies (MFE) were identified to target candidate microRNAs after their intersection
analysis with two CRC gene databases (CoReCG and gbCRC) (Table 2). The miR-1 targeted 12
genes, miR-2 targeted 10, miR-3 targeted 8, miR-4 targeted 6, and finally, miR-5 was associated with
8 genes. The combined targets were used as inputs in DAVID for the functional annotation as the
first phase of gene prioritization. The result showed that 18 target genes were involved in cancer
(GAD_DISEASE_CLASS) as shown in Table 3 with the p-value of 1.8E-3 and a Benjamini score of 1.6E-2.
To further strengthen the involvement of the microRNAs in CRC and to further prioritize them for the
candidate microRNAs, only genes that were enriched in CRC were considered. To finally select the
genes of interest for the 5 microRNAs, the biological processes (Figure 2; Table 3), expression profile
(Figure 3), MFE, and the number of experimentally validation methods were considered. The final list
of microRNAs together with their target genes used for the docking analysis were shown in Table 4.

Figure 1. Schematic representation of the methodology.

Table 1. MicroRNAs and their clusters.

Candidate miRNA Validated microRNA Fasta Sequences

miR-1 hsa-miR-193a-5p >hsa-miR-193a-5p MIMAT0004614
UGGGUCUUUGCGGGCGAGAUGA

miR-2 hsa-miR-450b-3p >hsa-miR-450b-3p MIMAT0004910
UUGGGAUCAUUUUGCAUCCAUA

miR-3 hsa-miR-501-3p >hsa-miR-501-3p MIMAT0004774
AAUGCACCCGGGCAAGGAUUCU

miR-4 hsa-miR-501-3p >hsa-miR-501-3p MIMAT0004774
AAUGCACCCGGGCAAGGAUUCU

miR-5 hsa-miR-513a-3p >hsa-miR-513a-3p MIMAT0004777
UAAAUUUCACCUUUCUGAGAAGG
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Table 2. MicroRNA target genes associated with colorectal cancer (CRC) and their MFE (miRTarBase).

miR-1 MFE miR-2 MFE miR-3 MFE miR-4 MFE miR-5 MFE

A1CF −19.10 BAMBI −9.80 SOD2 −16.20 BARD1 −21.30 PDCD4 −11.80
PAQR3 −13.80 XIAP −8.70 PAQR3 −10.80 SLC1A5 −17.30 VMP1 −12.50
STMN1 −19.90 BMP2 −8.70 SLC7A11 −20.60 WT1 −14.80 CDK4 −10.70
MACC1 −18.00 ZNF703 −13.80 MDM2 −11.90 CLMN −16.40 TP53 −10.70

FGB −12.90 PPM1D −16.90 RAN −14.70 REL −19.80 CHEK1 −8.70
HOXB13 −23.90 BUB1 −8.00 LAMB1 −11.52 HDGF −21.70 H2AFZ −9.60
ALDOA −19.20 LYN −12.90 ORAI2 −19.50 RNF138 −18.20
CHAC1 −20.10 KLF8 −11.02 VAV3 −17.80 SLC7A5 −12.50
GSTK1 −18.10 FGF2 −14.60
RPS19 −19.10 KMT2A −17.02
CRKL −15.40
VHL −19.90

MFE score based binding affinity between 5 miRNAs and 44 target genes associated with CRC as indicated
by miRTarBase.

Table 3. Gene enrichment in cancer and their biological functions.

Gene Function miRNA MFE

TP53 Cell cycle, Apoptosis, Cell proliferation, others miR-5 −10.70
FGF2 Angiogenesis, Cell proliferation, others miR-2 −14.60

CHEK1 Cell cycle, Apoptosis, other functions miR-5 −8.70
WT1 Apoptosis, Cell proliferation, others miR-4 −14.80

MDM2 Cell cycle, Cell proliferation, others miR-3 −11.90
BARD1 Cell cycle, Apoptosis, others miR-4 −21.30
BUB1 Cell cycle, others miR-2 −8.00
XIAP Apoptosis, others miR-2 −8.70
BMP2 Cell proliferation, others miR-2 −8.70
CDK4 Cell cycle, others miR-5 −10.70

HOXB13 Angiogenesis, others miR-1 −23.90
KMT2A Apoptosis, others miR-2 −17.02

VHL Angiogenesis, others miR-1 −19.90
BAMBI Other functions miR-2 −9.80

RAN Other functions miR-3 −14.70
REL Other functions miR-4 −19.80

RPS19 Other functions miR-1 −19.10
SOD2 Other functions miR-3 −16.20

Figure 2. Biological processes of the microRNA target genes.
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Figure 3. MicroRNA target genes involved in several cancer subtypes.

Table 4. The final list of microRNAs and target genes.

S/N miRNAs Target Gene

1 miR-1 HOXB13
2 miR-2 BAMBI
3 miR-3 SOD2
4 miR-4 BARD1
5 miR-5 TP53

2.2. MicroRNA Target Genes Associated with CRC and Their MFE (miRTarBase)

The table above (Table 2) showed the target genes of the five microRNAs discovered through a
sequence similarity search implicated in CRC. The miRTarBase prediction tool was used to verify the
target genes. These target genes have been experimentally validated by one or more of the following
validation methods: Reporter assay, western blot, qPCR, microarray, NGS and pSILAC. Each of the
genes was also confirmed by their minimum free energy (MFE) in kcal/mol.

2.3. Biological Processes of the MicroRNA Target Genes

The target genes and their involvement in different biological process plotted using a Venn diagram
(http://bioinformatics.psb.ugent.be/webtools/Venn/). The numbers denoted in the plot indicated the
number of target genes involved in each of the different biological process (Figure 2).

2.4. Gene Enrichment in Cancer and Their Biological Functions

The involvement of 18 genes from the 44 target genes after gene prioritization through the DAVID
database are presented in Table 3 alongside their involvement in different biological functions as
reported from UniProt (http://www.uniprot.org/) web server (Table 3).

2.5. Expressions MicroRNA Target Genes Involved in Several Cancer Subtypes

The expression profiles of the 18 genes (Table 3) were considered through an extensive literature
search. The result of the search concluded that nine (FGF2, CHEK1, WT1, MDM2, BARD1, BMP2,
CHEK4, BAMBI, and SOD2) of the genes have a dual role as oncogene and tumor suppressor genes.
FGF2 [32,33] and CHEK4 [34] are up-regulated while the expression of CHEK1 [35,36], WT1 [37],
MDM2 [38–41], BARD1 [42–44], BMP2 [45], BAMBI [46], and SOD2 [47–49], have been reported to be
down-regulated in several cancer subtypes, including CRC. Furthermore, four (BUB1, RAN, REL, and

http://bioinformatics.psb.ugent.be/webtools/Venn/
http://www.uniprot.org/
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RPS19) of the target genes were strictly oncogenic in nature showing that BUB1 [50,51] and RPS19 [52]
were up-regulated and RAN [53], and REL [54] were down-regulated in solid tumors including
CRC (Figure 3). The remaining five target genes are tumor suppressive in nature. This shows that
XIAP [55] and KMT2A [56,57] were up-regulated while TP53 [58], HOXB13 [59,60], and VHL [61,62]
were reportedly downregulated in cancers, including CRC.

2.6. Binding Affinity and Structural Determination of MicroRNA and Duplex

The binding energy (BE in Kcal/mol) and minimum folding energy (MFE in kcal/mol) of the
microRNA target genes were exploited with two web-based tools namely, miRTarBase and RNAfold
respectively. The secondary structures of the duplexes (microRNA-mRNA) were also revealed through
the latter webserver (Table 5). The minimum folding energy of all the duplexes is high enough to be
regarded as a good binding affinity between the candidate microRNAs and their targets. Therefore,
the target genes have strong binding affinity for their respective microRNAs (miR-1 and HOXB13,
miR-2 and mRNA, miR-3 and SOD2, miR-4 and BARD1, miR-5 and TP53). These duplexes were finally
subjected to the molecular docking interaction.
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Table 5. Study of binding affinity between miRNA-mRNA duplex.

Gene miRNA Dot-Bracket Notation 2◦ Structure of Duplex BE MFE

HOXB13 miR-1 .......((((..((((((((........))))))))..)))) −13.3 −23.9

BAMBI miR-2 ............(((((.((((.((.....)).))))..)))))....... −2.3 −9.6

SOD2 miR-3 ...((((..(((......))).)))).((.(((......))).))... −8.5 −16.2

BARD1 miR-4 .............((((((((((....)))))...))))).. −12.8 −21.3

TP53 miR-5 .(((((...)))))..(((...(((...)))....)))... −4.0 −10.7

Note: BE- Minimum binding energy in kcal/mol; MFE- Minimum free energy in kcal/mol.
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2.7. Structural Model of MicroRNA-mRNA Duplexes

To reveal the three-dimensional structure of the microRNA-mRNA duplexes for the molecular
ducking analysis, their binding sequences from the miRTarBase database were used as inputs in the
RNAfold web server for a secondary folding pattern and dot-bracket. The secondary structure of the
duplexes, their binding energy and the minimum folding energy in kcal/mol are reported in Table 5.
The dot-bracket notation generated was also used as inputs in the prediction of the tertiary structure
prediction [63] in RNA COMPOSER (Figure 4). The results of Table 5 (binding energies of the duplexes)
and Figure 4 (the 3-D structure of the five microRNA-mRNA duplexes) suggested high binding affinity
and strong molecular interaction between them.

Figure 4. Structural model of miR-1 and mRNA of HOXB13 gene (A), miR-2 and mRNA of BAMBI
gene (B), miR-3 and mRNA of SOD2 gene (C), miR-4 and mRNA of BARD1 gene (D), miR-5 and mRNA
of TP53 gene (E), complexes are deciphered, respectively.

2.8. Extraction and Preparation of AGO Protein Structure

The 3D structure of the Argonaute protein was retrieved from the protein data bank (PDB ID:
3F73). In its raw state, AGO is a homodimer with two protein chains A and B, two nucleic acid groups,
two molecules of co-factors Mg2+, a molecule of phosphate group and 16 water molecules (chain A,
B, C, H, X, and Y). The structural preparation and necessary corrections were carried out using the
Maestro Molecular Modelling tool (2019-2), a product of Schrödinger, and discovery Studio v19.1.0.
The AGO protein files from PDB were not suitable for immediate use in the molecular modeling
calculation due to the fact that they contain heavy atoms which include co-crystallized ligands, water
molecule, metal ions, and co-factors. Further, the structure is a homo-dimer with missing atoms and
connectivity information. Therefore, protein preparation wizard in Maestro, Schrodinger was used for
the preparation and finally, it was reduced to a single chain (A). For the optimization of the H-bond
network, PROPKA was employed to re-orientate hydroxyl and thiol groups, water molecules, amide
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groups of Asparagine and glutamine, and the imidazole ring of Histidine, as well as the prediction of
the protonation states of histidine, aspartate, glutamate, and also the tautomeric states of histidine.
The restrained minimization was finally performed to alleviate steric clashes and to relax side-chains
(RMSD = 0.030 Å) and water molecules important to the binding receptor, was also maintained at 3.
The AGO protein structure (raw and refined chain A) are depicted in Figures 5 and 6 respectively.

Figure 5. The receptor protein (3D-AGO protein) before preparation visualized by Maestro software.

Figure 6. The structural details of the receptor. (A) Prepared chain A (Maestro, Discovery studio) and
(B) its Ramachandran plot (PDBSum, PROCHECK). The quality of the prepared chain A was estimated
by PDBSum server. The residues in most favored regions (A, B, L), the residues in additional allowed
regions (a, b, l, p) and residues in generously allowed regions (~a, ~b ~l, ~p). The structural details of
chain A (ID: 3F37: A) consist of 6 sheets, 9 gamma turns, 12 beta hairpins, 14 beta bulges, 33 strands,
and 55 beta turns.

2.9. Validation of Chain A of Argonaute Protein

The quality of the processed chain A was evaluated and validated using PROCHECK, a program
that relies on Ramachandran plot for structure verification [64]. As shown in Figure 6A,B, the results
from the PROCHECK ascertained that the prepared chain A has 91.5% residues in the most favored
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regions and 8.1% residues in the additional allowed regions. Further, 0.2% residues were found in
the generously allowed regions and disallowed regions in each case. Therefore, the prepared protein
is considered to be of high quality based on the percentage distribution of the amino acid residues.
Furthermore, a G-factor that provides a measure of how unusual or conversely, how usual a given
stereochemical property is [65], was also determined using this program. A G-factor of less than −0.5 is
unusual and less than −1.0 indicates highly unusual. However, the generate G-factor for the prepared
chain A of the receptor protein was −0.34 for dihedral angels, −0.04 for main chain covalent forces and
−0.20 overall.

2.10. Docking Analysis Between Receptor Protein and MicroRNA

PatchDock as molecular docking method was used for the docking interaction between the
microRNAs and the AGO protein. The PDB file of the AGO protein and each of the candidate
microRNAs was used as inputs. The root mean square deviation (RMSD) is often used to measure the
quality of reproduction of the correct pose and to validate the docking protocol. For a true binding
pose to be good, the RMSD must be low, therefore, the clustering RMSD was adjusted to 1.5 Å. The
method of PatchDock relies on the shape complementarity theory [66]. A previous study also reported
the reliability and usability of the Patch dock tool in molecular docking analysis [67]. The result files
generated for each of the microRNAs were ranked according to their geometric shape complementarity
score. For the first round of docking, the result with the highest score (geometric shape complementary)
was chosen as the best microRNA-AGO complex [67] for each of the five candidate microRNAs
(Table 6). The strong binding affinity of these results was observed through their scores and the amino
acid residues involved in the interaction between the microRNAs and the AGO protein. As evident,
the presence of strong hydrophobic amino acids (mir-1: 21; mir-2: 20; mir-3: 27; mir-4: 22; and mir-5:
27) and amino acids with aromatic side chains (miR-1: 7; mir-2: 3; mir-3: 6; mir-4: 4; and mir-5: 7)
within the distance of 3.5 Å (Figure 7; Table 7), and the hydrogen bond within the distance of 2.0 Å are
supportive that gene regulation through the argonaute protein are driving by microRNA (Table 8).

Table 6. The docking scores between miRNA and AGO protein.

miRNA-mRNA and AGO Score Area ACE

miR-1 -AGO 19544 3390.80 −258.22
miR-2-AGO 18618 2832.70 −22.43
miR-3-AGO 18420 2814.10 −151.43
miR-4-AGO 18024 2344.20 −131.18
miR-5-AGO 20.372 2913.20 −488.07

The score indicates the geometric shape complementary score and atomic contact energy (ACE) score generated for
each miRNA and AGO complex. miRNA, microRNA; AGO, argonaute; ACE, atomic contact energy.
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Figure 7. The amino acid residues of Argonaute protein participating in the interaction with each
of the five candidate microRNAs within a distance of 3.5 Å are deciphered, respectively. (A) amino
acids participating in miR-1-Agonaute protein duplex, (B) amino acids participating in mir-2-Agonaute
protein duplex, (C) amino acids participating in mir-3-Agonaute protein duplex, (D) amino acids
participating in mir-4-Agonaute protein duplex, and (E) amino acids participating in mir-5-Agonaute
protein duplex.



Int. J. Mol. Sci. 2019, 20, 4899 12 of 26

Table 7. Molecular docking analysis results of microRNA and receptors with participating aa residues (3.5 Å).

miRNA Hydrophobic AA Aromatic AA H-Bond

(21 a), LEU45 d, ALA47 d, VAL58 d, VAL108 d,
ALA111 d, LEU112 d, VAL129 d, LEU132 e,
ALA133 e, LEU217 d, ALA245 d, ILE254 d,

VAL264 d, LEU596 d

(7b), TYR43 d, TYR135 d, TRP156 e,
TRP202 d

(25 c) ARG114 d, ARG574 d, GLY577 d, LYS248
d, ASP246 d, ASP154 d, ARG200 d, GLY131 d,

PRO103 d, LEU153 d

miR-2

(20 a), ALA47 d, VAL58 d, VAL108 d, ALA111
d, LEU112 d, LEU132 e, ALA133 e, VAL152 d,

LEU153 d, LEU217 d, ALA245 d, ILE254 d,
VAL264 d, VAL549d d, LEU596 d, VAL620 d

(3 b), TYR43 d, TRP156 e, TRP202 d
(21 c) ARG114 d, ARG574 d, GLY577 d, LYS248
d, ASP246 d, ARG548 d, GLU483 d, SER576 d,

ARG192 d, LYS599 d, ARG81 d

miR-3

(27 a), ALA47 d, VAL58 d, LEU64 d, VAL108 d,
ALA111 d, LEU112 d, VAL129 d, LEU132 e,
ALA133 e, VAL152 d, LEU153 d, ALA450 d,
ALA479 d, VAL549 d, VAL620 d, LEU652 d,

VAL663 d

(6 b), TYR43 d, TRP156 e, TRP447 d
(26 c) ARG114, ARG574, GLY577, ASP154,

ARG548 GLU483, LYS664 ARG661, ARG200
GLY131 PRO103, LYS599 ARG81, ASP660,

miR-4

(22 a), ALA47 d, LEU132 e, ALA133 e, ALA151
d, VAL152 d, LEU153 d, ALA170 d, ILE173 d,
VAL264 d, LEU265 d, LEU267 d, LEU279 d,
ALA479 d, VAL573 d, ALA648 d, LEU652 d,

LEU662 d, VAL663 d

(4 b), TYR135 d, TRP156e, PHE649 d
(15 c) ARG114, LYS248, ARG548 GLU483,

SER576 ARG192, LYS664 ARG661, LEU153,
THR266 LYS575 ARG482

miR-5

(27 a), LEU132 e, ALA133 e, ALA151 d,
VAL152d, LEU153 d, ALA170 d, ILE173 d,
VAL264 d, LEU265 d, LEU267 d, LEU279 d,
ALA450 d, ALA479 d, VAL549 d, VAL573 d,
ALA648 d, LEU652 d, LEU662 d, VAL663 d

(7 b) TYR135 d, TRP156 e, TRP447 d,
PHE649 d

(17 c) ARG574 d, ASP246 d, ASP154 d, SER576
d, ARG192 d, LYS664 d, ARG661 d, ASP660 d,

THR266 d, LYS575 d, ARG482 d

a Total number of residual hydrophobic amino acids involved in the interaction between the receptor and the candidate microRNAs; b Total number of aromatic amino acids involved in
the interaction between the receptor and the candidate microRNAs; c Total number of hydrogen bond observed in the interaction between the receptor and the candidate microRNAs;
d The residual amino acids of the receptor protein common to more than one interaction between microRNA binding to receptor; e The residual amino acids of the receptor protein
common to all the microRNA binding to AGO.
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Table 8. Hydrogen bond interaction between the amino acid residues of the receptor and the candidate
microRNAs within the distance of 2.0 Å.

microRNA AA Residues Atoms Distance NA Residues

miR-1 GLN84 HE21-OP1 1.8 (G3)
ARG574 HH11-O3’ 1.7 (G12)
ALA111 HA-O2’ 1.9 (G16)
PRO36 O-H4’ 1.8 (G2)
ASP154 OD1-H5’ 2.0 (A11)

O-H4′ 2.0 (G2)
miR-2 GLY104 HA3-O6 1.8 (G15)

ARG114 HD3-O4’ 1.6 (G19)
ARG574 HD3-OP1 1.5 (A10)
GLU483 OE1-H5 2.0 (A8)
ARG59 O-H4’ 1.9 (A17)

miR-3 ARG548 HH11-O2’ 1.9 (A17)
ARG574 HH22-O4’ 1.9 (G)
VAL129 O-HO5’ 1.8 (A1)
ASP154 OD1-HO2’ 1.6 (A13)
PRO44 HA-O3’ 2.0 (C4)
GLY577 HA2-O2’ 2.0 (A14)
ARG661 HA-O2’ 1.9 (U19)
GLU622 OE1-H5’ 1.8 (G9)
ASP660 O-H2’ 2.0 (U19)

miR-4 ARG668 HH12-O5’ 1.8 (G1)
ARG615 HD2-OP2 2.0 (A12)
THR266 OG1-H5’ 2.0 (G8)

miR-5 LYS575 HZ1-O2 1.9 (U6)
ARG661 HE-O4’ 1.9 (U4)
ARG574 HD2-O4’ 2.0 (A8)
SER576 H-O2 2.0 (C7)

2.11. Hydrogen Bond Interaction

Hydrogen-bonds (H-bond) are an important interaction which dictate the specificity of ligand
binding. Their important contribution is explicitly incorporated into the molecular simulation
to enhance the binding of molecules to their receptors in an energetically favorable manner [68].
For protein-ligand interactions, hydrogen bonds have been thought to play some significant roles.
These roles include the orientation of the binding molecule, ligand recognition, and binding affinity.
The latter is one of the most important issues to be considered in protein-ligand interaction. The highest
number of hydrogen bond interactions were found among the interacting atoms of miR-1, miR-3
and the residual amino acid of the receptor protein binding pocket with 45 H-bond and 35 H-bond
respectively (Figure 8A,C). For miR-2, miR-5 and receptor protein, a total of 28 H-bonds were involved
(Figure 9B,E), while the lowest number of hydrogen bonds (18 H-bonds) was observed among the
interacting atoms of miR-4 and the receptor protein (Figure 8D). All the hydrogen bonds observed in
Figure 8 are within the distance of 3.5 Å. Table 7 shows the residues of the amino acids involved in
hydrogen bonding between the Argonaute protein and the microRNAs within the distance of ≤ 2.0 Å.
The hydrogen bonds are key to the determination of the interaction (protein-ligand) therefore, they are
fundamental to the biological process [69]. The results revealed that the higher the number of favorable
interactions, the more the hydrogen bonds. This result may, therefore, support the mechanism by with
microRNAs regulates gene expression through RISC.
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Figure 8. Hydrogen bond interaction between the residual amino acids of the receptor protein and the
microRNAs (A) miR-1, (B) miR-2, (C) miR-3, (D) miR-4, and (E) miR-5 respectively (3.5 Å distance).

2.12. Docking Analysis between Argonaute Protein and MicroRNA-mRNA Complex

Similar to the docking analysis of microRNAs to the argonaute protein, the microRNA-mRNAs
complexes between the candidate microRNAs and their target genes were further docked against
the argonaute protein and possible binding interaction in terms of hydrophobicity, aromatic residual
amino acids, and hydrogen bonding was analyzed. The docking was carried out on the argonaute
protein (chain A) and miR-1-HOXB13; miR-2-BAMBI; miR-3-SOD2; miR-4-BARD1; and miR-5-TP53
separately in PATCHDOCK. Based on the geometric scoring analysis, the highest score for each of the
complexes were reported in Table 9.

Table 9. Docking scores between miRNA-mRNA and AGO protein.

miRNA-mRNA and AGO Score Area ACE

miR-1-HOXB13-AGO 24046 3962.90 −851.20
miR-2-BAMBI-AGO 24380 5528.70 −966.63
miR-3-SOD2-AGO 27570 3974.80 −652.52

miR-4-BARD1–AGO 24816 3524.00 −836.85
miR-5-TP53-AGO 23716 3402.30 −547.97

Score indicates the geometric shape complementary score and ACE score generated for each miRNA-mRNA and
AGO complex. miRNA, microRNA; AGO, argonaute; ACE, atomic contact energy.

In nature, strong hydrophobic amino acids together with amino acids with aromatic side chains are
important to binding interactions in terms of stability between the receptor and the ligand. Therefore,
the binding interaction between the 5 complexes (miR-1-HOXB13, miR-2-BAMBI, miR-3-SOD2,
miR-4-BARD1, and miR-5-TP53) and argonaute protein (chain A) was investigated by examining
the residual amino acids in the binding pocket of the argonaute protein within the distance of 3.5 Å.
The residual strong amino acids of the receptor (argonaute protein) VAL42, LEU45, VAL129, LEU132,
ALA133, VAL147, ALA151, VAL152, LEU153, TRP156, ALA170, TYR171, ILE173, LEU174, VAL193,
VAL264, LEU265, LEU267, LEU277, LEU279, LEU281, ALA331, ALA414, ILE434, ALA479, VAL549,
VAL573, VAL606, LEU617, ALA644, LEU652, LEU658, VAL663, and VAL685 in miR-1 and HOXB13
complex; VAL42, LEU45, LEU46, ALA47, ALA50, VAL58, ALA111, LEU132, LEU189, LEU204, LEU205,
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VAL264 LEU265, LEU267, LEU270, LEU277, ALA331, LEU389, LEU395, ALA414, LEU421, ALA423,
LEU424, LEU435 LEU439, ALA479, LEU505, ALA508, LEU522, VAL549, ALA648, ALA659, LEU662,
VAL663, VAL666, ILE671, LEU674, and VAL677 in miR-2 and BAMBI complex; VAL42, LEU45, LEU46,
ALA47, VAL58, VAL108, ALA111, LEU112, LEU132, ALA133, VAL152, ALA170, ILE173, LEU215,
LEU217, ILE254, LEU265, LEU267, LEU279, LEU281, VAL606, LEU617, ALA648, and LEU652 in miR-3
and SOD2 complex; VAL42, LEU45, VAL147, VAL152, ALA170, ILE173, VAL264, LEU265, LEU267,
LEU277, ALA278, LEU279, LEU281, ILE434, LEU435, ALA450, LEU452, VAL573, VAL606, ALA644,
ALA648, LEU652, and VAL685 in miR-4 and BARD1 complex; VAL42, LEU45, VAL147, VAL152,
ALA170, ILE173, VAL264, LEU265, LEU267, LEU277, ALA278, LEU279, LEU281, ILE434, LEU435,
ALA450, LEU452, VAL573, VAL606, ALA644, ALA648, LEU652, and VAL685 in miR-5 and TP53
complex (3.5 Å). Similarly, amino acids such as TYR43, TYR135, TRP202, TRP415, TYR642, PHE647,
PHE649, and PHE684 in miR-1 and HOXB13 complex; TYR43, TRP182, TRP202, TRP415, TRP447,
PHE485 PHE487, TRP503, PHE610, PHE647, PHE649, and PHE683 in miR-2 and BAMBI complex;
TYR43, TYR86, TYR171, TRP202, TRP243, TRP415, PHE487, PHE647, and PHE649 in miR-3 and SOD2
complex; TYR43, TYR135, TYR171, TRP202, PHE360, TRP447, PHE487, PHE610, TYR642, and PHE649
in miR-4 and BARD1 complex; and TYR43, TYR135, TYR171, TRP202, TRP283, TRP447, PHE610,
TYR642, PHE647, and PHE649 in miR-5 and TP53 with aromatic ring are also found as participating in
the interaction within the binding pocket of the receptor protein (3.5 Å) (Table 8 and Figure 9).
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Figure 9. Docking complex results of microRNA-mRNA and the receptor (Chain A of argonaute protein).
The amino acid residues participating in the interaction between the receptor and miR-1-HOXB13
(A); Residual amino acids participating in the interaction between the receptor and miR-2-BAMBI (B);
miR-3-SOD2 (C); miR-4-BARD1(D); and miR-5- TP53 (E).

3. Discussion

The study aimed to predict the mechanism of gene regulation mediated through microRNAs
involved in CRC using the in silico approach. Since the discovery of microRNA, several studies
have reported their involvement in a variety of physiological and pathological processes and
mutations affecting their normal expression which may be critical to their role in the development of
human diseases [70–72], such as cardiovascular diseases [73,74], neurodegenerative diseases [75–77],
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and several cancer subtypes [21,72,78,79]. Additionally, many studies have investigated the
diagnostic [80,81] and therapeutic roles [82] of this non-coding RNAs in human diseases. These
microRNAs are able to control gene expression in a sequence-specific manner, most especially in the
mechanism of gene silencing by forming RISC comprising the argonaute protein [83]. Experimental
approaches have been used to study the RNA induced silencing complex at both the molecular and
atomic levels [84–86].

In light of this, the molecular interaction between chain A of the argonaute protein, microRNAs
and the target genes were investigated in CRC with the in silico approach.

In this study, the results of BLASTN and CD-HIT-EST-2D were obtained from 125 validated query
sequences and 2226 total microRNA sequences as the reference microRNAs. The microRNAs obtained
from BLASTN were based on the parameters: (1) The expected value of 1e-2, (2) the word size of 7 and
(3) a similarity index between 90%–99%. The result of the CD-HIT-EST-2D obtained was based on a
threshold of 0.90 and word size of 7.

Five microRNAs (Table 1) were finally retained after a sequence similarity search based on their
uniqueness after text-mining to show their non-involvement in CRC. These microRNAs targeted 44
genes (Table 2) which were further reduced to five based on the set criteria (involvement in CRC,
expression pattern, MFE, biological processes, and their validation methods). The minimum free
energy (kcal/mol) of the binding affinity of both the target genes and their microRNAs were further
studied in other to verify their interaction strength. After studying the biological processes of these
genes, their enrichment in cancer and CRC were also identified through the DAVID database.

The aberrant expression of HOXB13 is associated with CRC [87]. The expression of this gene
in the early embryonic development of the intestine represents embryogenic phases in an important
tissue-specific marker [88]. Therefore, it strongly correlates with lymph nodes metastasis (TNM) [89].
The over-expression of BAMBI has also been detected in colorectal cancer [90]. This gene has further
been linked with late-stage (M) in CRC [91,92]. The expression of SOD2 is increased in pre-malignant
(T and N) stages during colorectal carcinogenesis whereas SOD1 is expressed only in colorectal
tumors [93]. The aberrant expression of BARD1 is associated with the drivers of various types of
cancer [94]. TP53 is correlated with overall survival in stage II and III CRC patients [95].

The selected microRNA target genes were involved (HOXB13, BAMBI, SOD2, BARD1, and TP53)
in various biological processes which are crucial to carcinogenesis in CRC. The minimum free energies
of −23.9 kcal/mol for HOXB, −13, 9.6 kcal/mol for BAMBI, −16.2 kcal/mol for SOD2, −21.3 kcal/mol for
BARD1, and −10.7 kcal/mol for TP53 confirmed that that the binding interaction between the candidate
microRNAs and their target genes were energetically favorable, which can be confirmed by the binding
energies of each duplex (Table 5). Additionally, to investigate the mechanism by which the candidate
microRNAs miR-1, miR-2, miR-3, miR-4, and miR-5 bind argonaute protein in RNA induced silencing
complex to target specific genes namely, HOXB13, BAMBI, SOD2, BARD1, and TP53, their molecular
interactions were studied.

Prior to the molecular study, microRNAs and microRNA-mRNA duplexes were converted to
PDB format. The argonaute protein (receptor) was also downloaded alongside from the protein data
bank. As the raw structure is a homodimer consisting of heavy atoms (co-factors, water molecules,
metal ions, and co-crystallized ligands) and is of limited resolution due to the x-ray crystallography
experiment, the structure was checked (Figure 5).

Specifically, the protein preparation wizard in MAESTRO was used to optimize the hydrogen
bond network (PropKa), and alleviate the steric clashes (restrained minimization) by force field:
OPLS_2005, Epik was used to generate the het states and finally, missing atoms were fixed using
PRIME. The prepared protein was validated using PROCHECK and PDBSum (Figure 6).

The docking algorithm (PATCHDOCK) was employed to computationally study the
miRNA-protein and microRNA-mRNA-protein interactions. In order to estimate the strength of
the interactions between the receptor and microRNAs, the molecular docking results (argonaute and
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microRNA and microRNA-mRNA) were estimated by examining the structural components and
binding affinity [96].

The general interactions between the receptors and ligand include hydrophobic, hydrogen, pi
stacking, weak hydrogen bond, salt bridge, amide stacking, and cation pi. The molecular docking
results of the receptor-microRNA interaction and receptor-(microRNA-mRNA) interaction indicated
that the non-covalent interactions include hydrophobic interactions between the residual amino acids
of the protein and specific atoms of the microRNA and or mRNAs. The hydrogen bonds and the pi
stacking bonds, which are the most common interactions, are also observed in the binding analysis to
prove that microRNA is crucial to gene regulation.

Rath et al. [97] reported that the presence of aliphatic amino acids such as, isoleucine, leucine, valine,
and alanine, which are strong hydrophobic in nature, confer stability during molecular interaction in
protein-ligand binding. Further, amino acid residues which are relatively hydrophobic with aromatic
side chains such as tryptophan, tyrosine, and phenylalanine provide steadiness towards the binding
stability within the binding pocket of a protein.

From the docking analysis of the receptor and the candidate microRNAs, the presence of strong
and relatively strong hydrophobic residual amino acid and aromatic rings observed between the
candidate microRNAs and the receptor protein (chain A of argonaute protein) together with hydrogen
bond interactions within the distance of 3.5Å (Table 7, Figure 7) are proofs that the molecular interaction
involved are favorable and stable at the atomic level respectively.

The amino acid residues of the receptor participating in the hydrogen bonding interaction with
the candidate microRNAs at the molecular level within the distance of 2.0 Å are also reported in Table 8.
This H-bonding interaction strongly assists in receptor stability through the candidate microRNAs
during gene regulation (Figure 8). Previous studies have reported that hydrogen bonding between the
interaction of two molecules, such as protein and ligand, are important interactions driving potent
binding and selectivity [98] and stabilizing ligand conformation [99]. Furthermore, the presence of
strong hydrophobic amino acids namely; LEU 45, LEU 265, and LEU 267 and aromatic rings of amino
acids TYR 43, TRP 202 and PHE 649 (relatively strong hydrophobic) during molecular interaction of
the receptor with miR-1 and HOXB13, miR-2 and BAMBI, miR-3 and SOD2 miR-4 and BARD1, and
miR-5- TP53 complex (Table 9, Figure 9 and Table 10) are observed to be commonly participating in all
the microRNAs together with their targets in the receptor-binding pocket within the distance of 3.5Å.
The hydrophobic contacts are the most common interactions in protein-ligand complexes. The most
common hydrophobic interaction is the one formed by an aliphatic carbon in the receptor and an
aromatic carbon in the ligand. Leucine, followed by valine, isoleucine and alanine side-chains are the
most frequently engaged in hydrophobic interactions [100].
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Table 10. Amino acid residues of the binding pocket of the argonaute protein involved in the molecular
interaction with the microRNA-mRNA complex (3.5 Å).

miRNA-mRNA Residual Hydrophobic AA Aromatic AA

miR1-HOXB13

(34 a), VAL42 c, LEU45 d, LEU132 c, ALA133 c,
VAL147 c, ALA151 c, VAL152 c, ALA170 c, ILE173 c,
VAL264 c, LEU265 d, LEU267 d, LEU277 c, LEU279

c, LEU281 c, ALA331 c, ALA414 c, ILE434 c,
ALA479 c, VAL549 c, VAL573 c, VAL606 c, LEU617

c, ALA644 c, LEU652 c, VAL663 c, VAL685 c

(8 b), TYR43 d, TYR135 c,
TRP202 d, TRP415 c,
TYR642 c, PHE647 c,

PHE649 d

miR-2-BAMBI

(38 a), VAL42 c, LEU45 d, LEU46 c, ALA47 c,
ALA50 c, VAL58 c, ALA111 c, LEU132 c, VAL264 c,
LEU265 d, LEU267 d, LEU277 c, ALA331 c, ALA414

c, LEU435 c, LEU439 c, ALA479 c, VAL549 c,
ALA648 c, VAL663 c.

(12 b), TYR43 d, TRP202 d,
TRP415 c, TRP447 c,
PHE487 c, PHE610 c,
PHE647 c, PHE649 d

miR-3-SOD2

(24 a), VAL42 c, LEU45 d, LEU46 c, ALA47 c, VAL58
c, ALA111 c, LEU132 c, ALA133 c, VAL152 c,

ALA170 c, ILE173 c, LEU265 d, LEU267 d, LEU279 c,
LEU281 c, VAL606 c, LEU617 c, ALA648 c, LEU652 c

(9 b), TYR43 d, TYR171 c,
TRP202 d, TRP415 c,
PHE487 c, PHE647 c,

PHE649 d

miR-4-BARD1

(23 a), VAL42 c, LEU45 d, VAL147 c, VAL152 c,
ALA170 c, ILE173 c, VAL264 c, LEU265 d, LEU267 d,
LEU277 c, ALA278 c, LEU279 c, LEU281 c, ILE434 c,
LEU435 c, ALA450 c, VAL573 c, VAL606 c, ALA644

c, ALA648 c, LEU652 c, VAL685 c

(10 b), TYR43 d, TYR135 c,
TYR171 c, TRP202 d,
TRP447 c, PHE487 c,
PHE610 c, TYR642 c,

PHE649 d

miR-5-TP53

(30 a), LEU45 d, ALA47 c, ALA50 c, VAL58 c,
ALA111 c, LEU132 c, ALA133 c, VAL147 c, ALA151
c, VAL152 c, ALA170 c, ILE173 c, VAL264 c, LEU265

d, LEU267 d, LEU277 c, ALA278 c, LEU279 c,
LEU281 c, ILE434 c, LEU435 c, LEU439 c, ALA450 c,

VAL606 c, LEU617 c, ALA644 c, ALA648 c,
LEU652 c, VAL685 c

(10 b), TYR43 d, TYR135 c,
TYR171 c, TRP202 d,
TRP447 c, PHE610 c,
TYR642 c, PHE647 c,

PHE649 d

AA- amino acid; a Total hydrophobic residual amino acid involved in docking interaction; b Total aromatic ring
containing amino acid residues with aromatic rings; c The residual amino acid of the receptor involved in interaction
common to more than one complex interaction; d The residual amino acids of the receptor protein common to all the
microRNA-mRNA binding to AGO.

4. Materials and Methods

4.1. MicroRNA Identification

A sequence similarity search was employed to identify candidate microRNAs between the total
microRNA sequences (obtained from miRBase) at http://www.mirbase.org/ and microRNAs associated
with CRC obtained from four different experimentally validated CRC microRNA databases (dbDEMC,
HMDD, miR2Disease, and miRCancer). The parameters for the command line include a sequence
identity threshold of 0.90; an E-value of 1e-3; a word size of 7.

4.2. Target Prediction and Correlation to CRC

The miRTarBase is an experimentally validated microRNA-target interactions database at
http://mirtarbase.mbc.nctu.edu.tw/php/index.php. Generally, this database is composed of targets
experimentally validated through reporter assay, western blot, microarray, and next-generation
sequencing experiments [101,102]. The gene browser for CRC (gbCRC) at http://gbcrc.bioinfo-minzhao.
org/ and CRC for the gene database (CoReCG) at http://lms.snu.edu.in/corecg/gene are databases
containing only validated CRC genes.

The miRTarBase, gbCRC, and CoReCG were used to identify and correlate the targets of
the microRNAs.

Furthermore, the targets prioritization was carried out using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) at https://david.ncifcrf.gov/ for functional enrichment

http://www.mirbase.org/
http://mirtarbase.mbc.nctu.edu.tw/php/index.php
http://gbcrc.bioinfo-minzhao.org/
http://gbcrc.bioinfo-minzhao.org/
http://lms.snu.edu.in/corecg/gene
https://david.ncifcrf.gov/
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in CRC [103,104]. To finally select the genes of interest, the expression profile, the biological processes,
the minimum free energy score based binding affinity between the targets and the microRNAs (MFE),
and the number of experimentally validation methods were considered.

An intersection analysis tool accessed at http://bioinformatics.psb.ugent.be/webtools/Venn/ was
used to create Venn diagrams of the involvements of the target genes in the cancer subtypes and
their functions.

4.3. Structural Prediction of Candidate MicroRNA and Target Complexes

To determine the secondary structure and the dot-bracket notation of both the microRNAs and
their targets, the RNAfold web server was employed. This software at http://rna.tbi.univie.ac.at//cgi-
bin/RNAWebSuite/RNAfold.cgi is used to predict the secondary structure of single-stranded RNA
or DNA sequences, including their folding energy. The dot-bracket annotations generated were
therefore used as inputs in the RNA-COMPOSER (http://rnacomposer.cs.put.poznan.pl/) to generate
the 3-dimensional structures of their duplex.

4.4. Protein Selection and Preparation

The sole component of the RNA induced silencing complex (RISC) (AGO protein) was retrieved
in PDB format from the protein data bank with the ID: 3F73 (DOI: 10.2210/pdb3F73/pdb) at https:
//www.rcsb.org/structure/3f73. The molecule was further prepared and visualized using Schrödinger,
2019 suit and discovery studio v19. The protein preparation wizard in Maestro was to optimize the
hydrogen bond network (PropKa), alleviation of steric clashes (restrained minimization) by force field:
OPLS_2005, Epik was used to generate the het states and finally, missing atoms were fixed using
PRIME. The prepared protein was validated using PROCHECK and PDB Sum.

4.5. Molecular Docking

In silico protein-ligand docking was performed using the webserver PATCHDOCK at https:
//bioinfo3d.cs.tau.ac.il/PatchDock/php.php. The molecular docking between the receptor protein (chain
A of the AGO protein) and the microRNA and the microRNA-mRNA complex with chain A of the
AGO protein was carried out. The PATCHDOCK software is based on the shape complementarity
of the interactions to generate the best candidate solution [67]. The clustering root-mean-square
deviation (RMSD) was chosen to be 2.0 Å with the complex type protein-small ligand. The microRNAs,
microRNA-mRNA, and AGO were all converted to PDB file formate and were used as inputs into the
PATCHDOCK webserver. The results generated were presented in PDB based on the geometric shape
complementary score, the approximate interface area (AI area), and the atomic contact energy with
their transformation files. The pose with the highest score was considered as the best complex [67].

Finally, the interactions (including receptor surface (hydrogen bond and charge) and binding
observed in the docked conformations in the PDB format were analyzed and inspected with Maestro
and PDB sun and visualized using the discovery studio v19 software.

4.6. Statistical Analysis

For microRNA selection, the BlastN parameters were set at 1e-2 for expected value, 7.0 for word
size, and 90–99% for similarity index. The CD-HIT-EST-2D parameters were set at 0.90 for threshold
and 7.0 for word size. The genes considered in DAVID were regarded statistically significant at p-value
of 1.8E-3 with the Benjamini score of 1.6E-2. The root-mean-square deviation (RMSD) was set at
0.030 Å for the protein preparation in Schrödinger (restrained minimization). The protein quality check
at PROCHECK was also considered significant at 90% and above for residues in the most favored
regions. In PatchDock, RMSD was adjusted to 1.5 Å. In discovery studio, the amino acid residues were
considered within the distance of 3.5 Å, while hydrogen bonding was considered between 2–3.5 Å. A
value of p < 0.05 was considered to indicate a statistically significant difference.

http://bioinformatics.psb.ugent.be/webtools/Venn/
http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi
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5. Conclusions

The study identified 5 microRNAs involved in CRC along with 5 target genes prioritized with
some set criteria. The molecular docking analysis confirmed that these microRNAs could assist the
RNA induced silencing complex (Argonaute protein as the sole) in targeting these genes for regulation.
This was confirmed by the predominant hydrophobic interaction within the receptor pocket which
made a substantial contribution in stability with microRNA-mRNA duplexes while hydrogen bonding
and polar interactions assisted in the proper orientation of the binding interaction. These interactions
at the molecular level are important in protein folding and structural stability and also in mediating
the binding of the protein to their targets. This result may further serve as a lead to the experimental
approach in understanding the molecular mechanism of action of gene regulation in CRC.
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CHAPTER 7.0 

GENERAL DISCUSSION 

Discussion 

CRC is the fourth most common cancer and the second leading cause of cancer-related death 

globally (Amin et al., 2015). More than 1.2 million patients are diagnosed with CRC subtype 

annually, and more than 600000 people die from the disease (Brenner et al., 2014). Recently, 

the disease was ranked the fourth most common and sixth in mortality of all deaths with 

approximately one-fourth of patients presenting synchronous metastatic diseases at the time of 

primary diagnosis in South Africa (Brand et al., 2018). Despite the fact that chemotherapy is 

utilized in most stages of this disease, surgical resection of the primary tumor and metastases 

remains the best treatment option to accomplish prolong survival. To date, no information on 

microRNA diagnosis as a non-invasive CRC management have been published in South Africa. 

The long-term survival of patients with CRC remains poor regardless of the recent therapeutic 

advances in treatment. Therefore, there is an urgent and growing requirement for better 

understanding of the molecular pathogenesis, for identifying novel biomarkers for diagnosis 

and prognosis, and for exploring new and more effective treatment strategies for this disease.  

Accumulating studies in past decades revealed that microRNAs have been implicated in 

numerous cellular processes, including differentiation, proliferation, autophagy, and apoptosis. 

Some oncogenic microRNAs have been demonstrated to be involved in the development of 

CRC (Okugawa et al., 2014). However, the disease-specific mechanisms of most microRNAs 

involved in the progress of this cancer sub-type remains unknown (Y. Li et al., 2017). 

MicroRNAs show potential use as diagnostic, prognostic and therapeutic resolutions for 

different cancers including CRC. Hence, the aim of this study was to investigate the potentials 

of candidate microRNA in the early detection and staging of CRC using in silico approaches. 

Bioinformatics data‑mining of gene and non‑coding RNA most especially microRNAs data is 

a useful tool for identifying novel significant genes and non‑coding RNAs associated with the 

pathogenesis of diseases, providing valuable insights and a basis for further novel research 

(Kulasingam et al., 2008; Zhang et al., 2019). The advantages of these approaches are that they 

are rapid, cost-effective, and less labour intensive. Detailed discussion is as contained within 

the publications. 
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Summary of article published 

Identification of candidate microRNAs and their target genes involved in CRC 

The aim of this chapter (Chapter 3) was to identify candidate microRNAs as well as their target 

genes which can be used as diagnostic and prognostic biomarkers for CRC using in silico 

approaches. Several pre-clinical and clinical studies have been conducted to uncover the 

underlying mechanisms of CRC. In this chapter, 5 microRNAs and 82 of their target genes 

were identified. The candidate microRNAs were identified using two sequence similarity 

search tool namely BLASTn and CD-HIT-EST-2D combined. 10 microRNAs were identified 

with a potential novel association with CRC. These microRNAs were refined to six 

microRNAs through literature mining. One of the six microRNAs was also eliminated due to 

a lack of a gene target. 

The target genes were identified to confirm the implication of these microRNAs in CRC using 

an in silico approach. A list of target genes was identified using three databases namely 

miRDB, miRDIP, and TargetScan, as well as a list of all genes implicated in CRC, was 

generated using the gbCRC and CoReCG databases. The intersection between these two lists 

was determined using Venn diagrams resulting in 796 genes targeted by the five microRNAs. 

Through functional annotation databases, this number was reduced to 82 unique genes. DAVID 

alongside STRING were used to conduct KEGG pathway enrichment analysis and protein 

protein-interaction analysis in conjunction with Cytoscape.  

Through integrated bioinformatics analysis (DAVID), 82 genes were significantly enriched in 

CRC. In the KEGG pathway enrichment analysis, the microRNA target genes were primarily 

enriched in 104 pathways including 29 genes implicated in cancer pathway, 17 genes in 

proteoglycans in cancer, 16 genes in FoxO signaling pathway, 12 genes in P53 signaling 

pathways and 9 genes in CRC pathway with the FDR in the range of 1.25e-29 – 5.05e-8. The 

9 hub genes associated with the CRC pathway in KEGG are: transcription factor 7 like 2 

(TCF7L2), APC, Wnt signaling pathway regulator (APC), transcription factor 7 (T-cell 

specific, HMG-box) (TCF7), caspase 3 (CASP3), transforming growth factor beta receptor 2 

(TGFBR2), DCC netrin 1 receptor(DCC), baculoviral IAP repeat containing 5 (BIRC5), KRAS 

proto-oncogene, GTPase (KRAS), and catenin beta 1 (CTNNB1) with a higher degree of 

connectivity and FDR of 5.05e-08. Furthermore, using the STRING online database and 

Cytoscape software, 82 microRNA target genes enriched in CRC obtained in DAVID were 

used as input for Protein-protein interaction (PPI) network complex and also to create a SIF 
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file for Cytoscape visualization. The PPI network contains 63 nodes and 113 edges, and 19 of 

the 82 genes were not included in the microRNA target gene network. The “hub” genes of these 

candidate microRNAs (CTNNB1 and EGFR) therefore, may be a potential target for CRC 

treatment. 

Complex genomic exploration of microRNA target genes in CRC clinical data 

In order to obtain more accurate results, molecular experiment with a large number of clinical 

samples is required to validate the present results and elucidate the underlying mechanisms of 

how these genes and microRNAs impact colorectal carcinogenesis and progression. In this 

chapter (Chapter 3), the integrative analysis of complex cancer genomics and clinical profiles 

were performed on the microRNAs target genes. Like other cancer diseases, CRC is caused 

about by the accumulation of genetic alterations in the cells that drives malignant 

development. These modifications are revealed by gene profiling and copy number 

alteration analysis. Moreover, recent evidence suggests that microRNAs have an important 

role in CRC development. Despite efforts to profile CRC, the genetic alterations and 

biological processes that correlate with the development and progression remain partially 

elusive. The identification of genes with high genetic alteration and co-expressed genes, that 

are functionally related, were exploited as the bases to prioritize and further identify a core 

network of genes associated with CRC for better management. Using the identified 

microRNAs target genes to explore complex genomics in CRC clinical samples using an in 

silico approach, 82 target genes were quarried across numerous clinical data. The result 

shows that 474 cases (77%) out of the 619 total cases sequenced in DFCI (Cell report, 2016) 

have at least one of the 82 genes with the frequency of alteration in each of the 82 selected 

genes. Also, the MSK, (Cancer Cell, 2018) was used to further query these microRNA target 

genes for integrative analysis. As the basis for prioritization, only genes with 2% and above of 

the percentage sample altered were considered for further analysis. Of the 82 genes queried, 

only 17 have a frequency of mutation alteration above 2%. This final list of 17 genes was 

further exploited for the distribution of mutation across protein domains in other to determine 

the domains susceptible to mutation and the type of mutation.  

Finally, 17 genes were prioritized based on the genetic alteration and the distribution of 

mutation across protein domains in the cBioPortal database. The study revealed that genes 

with a protein tyrosine kinase domain are frequently altered in CRC and the most common 

alteration in these genes/ domain is missense mutations. The survival analysis of these 
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prioritized genes displayed by Kaplan-Meier plots revealed that patients with alterations in 

the microRNA prioritized target genes have significantly better overall survival than patients 

without these alterations. These could be further exploited and could potentially serve as a 

resource for explicitly selecting targets for diagnosis, drug development, and management of 

CRC. 

Prognostic and expression analysis of the candidate microRNAs and target genes 

Prognostic and expression analysis were performed on all the candidate microRNAs and their 

target genes using the available online databases namely, PROGmiRV2, SurvMicro, 

SurvExpress, PrognoScan, dbDEMC 2.0 and FIREBROWSE (Figure A.1) (Chapter 4). 

The results of PROGmiRV2 and dbDEMC 2.0 databases for microRNAs prognostics and 

expression analysis respectively confirmed that the candidate microRNAs do not have any 

previously known link with CRC and as such, they are potentially novel microRNAs. 

SurvExpress biomarker database was employed to predict the clinical outcome and prognostic 

value of CRC metastasis genes. The results indicated that genes ERBB4, CASP8, BRCA1, 

GNAS, EGFR, INSR, NRAS, KRAS, CTNNB1, TCF7L2, INHBA, TGFBR2, IGF1R, and 

IRS2 showed a distinct difference between the low and the high-risk groups (Figure A.19). The 

difference in expression between risks groups for these genes can be useful for prognostic and 

predictive outcomes for CRC. Therefore, this gene panel can be used to determine a patient’s 

survival if the survival is affected by the expression of these genes. PrognoScan was also 

employed for the prognostic analysis (Figure A.20). The conclusive result of the PrognoScan 

analysis showed that all the genes were correlated or showed association to CRC and seven are 

significant considering their P Cox value. Therefore, these genes either collectively or singly 

have a good discriminatory value between high and low-risk CRC groups making them 

potential biomarker for CRC management.   

Gene expression levels of these 17 microRNA target genes in different types of cancers and 

their healthy counterparts were analyzed by FIREBROWSE (Appendix A, Table A.1 and 

Figures A.2 – A.18). Of these genes, five were upregulated in tumor samples (CRC) and nine 

were upregulated in normal colorectal tissues and vice versa. The remaining three genes 

showed no differential expression (Table A.2). BRCA1, INHBA, CASP8, IRS2, and CTNNB1 

were upregulated in CRC and downregulated in normal colorectal tissues while APC, KRAS, 

TCF7L2, PTEN, ERBB4, TGFBR2, NRAS, EGFR, and INSR are down-regulated in CRC and 

upregulated in normal colorectal tissue samples. IGF1R, ATM, and GNAS showed no 
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differential expression between tumor and normal colorectal tissues. Considering the pattern 

of these gene signatures, the candidate microRNAs could serve as a good diagnostic biomarker 

for CRC. 

In silico structural identification and possible interactions between the candidate 

microRNA and target genes for functional determination 

Mfold was used to determine the secondary structures of the candidate microRNAs (Chapter 

5). Promoter sequence retrieval was performed on the 7 target genes using the available online 

databases namely; NCBI, Ensembl, and UCSC (Figure B.1, B.2 and Table B.1). The promoter 

sequences were further subjected to CpG island analysis using SMS tool, while the triplex 

binding interaction was determined using the Trident software tool. 

Understanding microRNAs, their secondary structures, thermodynamic parameters, and targets 

may deliver greater promise towards their diagnostic potentials and mechanisms in the 

management of CRC. Since the secondary structure of microRNAs influences the efficiency 

of microRNA-mRNA interaction. The secondary structure of the candidate microRNAs was 

analyzed using software. The secondary structure together with the thermodynamic parameters 

of the candidate microRNAs may, therefore, provide a valid result regarding their target even 

when the conservation of the microRNA is unknown. Also, the secondary structure of the 

candidate microRNAs can have a conformational role (StruC) to modulate target interactions 

and therefore can be used to explain the different degree of genetic regulation in CRC. 

MicroRNAs act as post-transcriptional regulators of gene expression (D. P. Bartel, 2009). 

Genetic variation in microRNA-encoding sequences or their corresponding binding sites may 

influence the fidelity of the microRNA-messenger RNA interaction and subsequently alter risk 

of cancer development (Schmit et al., 2015). Accurate identification of binding sites remains a 

major challenge in computational biology. Identification of such sites would facilitate the 

development of gene networks to model interactions that would help unravel important 

biological pathways. 

Target genes binding of these microRNAs (Triplex formation) were predicted using online 

database (TRIDENT), and candidate microRNA‑mRNA regulatory complexes were 

constructed, which were expected to serve vital roles in colorectal carcinogenesis and 

progression, and to thus serve as novel biomarkers for diagnosis and therapy of CRC. This 

study exploited the binding of the candidate microRNAs to the promoter region of the target 

genes. Trident was employed to identify the binding pattern. Promoters of these genes were 

analyzed to identify common and significant patterns with putative regulatory potential. The 



111 

 

results suggest that triplex formation is a general mechanism of RNA-mediated target-site 

recognition, and it is said to have a major impact on biological functions as previously reported. 

MicroRNAs that are capable of triplex formation with duplex DNA are more frequently 

positively correlated with gene transcripts, miR-1, miR-3 and miR-5 are suggested to have 

significant enrichment of positive correlation with the target gene involved in the triplex 

structure. This analysis further confirmed that the targets of the candidate microRNAs are 

enriched with microRNA triplex binding sites. Furthermore, microRNA function may then 

depend not on their sequence but also their structures and triplex binding interaction with their 

targets. This in silico analysis, therefore, merit further molecular study to determine the 

biological function of triplex interactions between mRNA and microRNA and to further 

classify hoogsteen (direct) and reverse hoogsteen (indirect) interaction based on biological 

function. 

Determination of the biological significance of the microRNA target genes 

Gene interaction analysis/ GO term, Somatic Events in Evolution of the target genes, and co-

expression analysis were performed on the seven significant genes targeted by the candidate 

microRNAs obtained in Chapter 2 using the following databases; STRING SEECancer, and 

GeneMANIA in Cytoscape (Chapter 5). 

Protein interaction was performed on all the seven genes targeted by the five candidate 

microRNAs. All these genes are interconnected with one another. To gain insight into the 

functions of the candidate microRNAs, network and enrichment analysis were performed on 

the statistically significant microRNA target genes using STRING database.  

GO describes genes from three aspects, namely molecular function (MF), cellular component 

(CC) and biological process (BP). In the BP group, the microRNA target genes were 

significantly enriched in 994 processes including response to stress, regulation of cell 

proliferation, response to endogenous stimuli, regulation of signaling and positive regulation 

of protein metabolic process as the top five with false discovery rate (FDR) within 7.5e-20 – 

9.25e-15. In the CC group, the microRNA target genes were primarily enriched 43 GO-terms 

including membrane raft, side of membrane, protein complex, cytosol, and receptor complex 

with FDR in the range of 2.41e-7 – 3.66e-6. In the MF group, the microRNA target genes were 

primarily enriched in 67 GO-terms with significant enrichment in protein binding, identical 

protein binding, protein binding complex, enzyme binding, receptor binding with FDR within 

the range of 6.0e-20 – 1.26e-7. The network consisted of 13 edges connecting 5 microRNAs 
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and 7 target genes as the nodes. Among these, miR-1 and miR-5 were the most common 

regulators, which were linked to 6 and 3 target genes, respectively. These candidate 

microRNAs obtained in this study may share several similar pathways. The evolutionary stage-

specific and variant events of the microRNA target genes are presented were analyzed using 

the SEECancer database. The result suggested that genes together with their regulators can be 

used for CRC stratification.  Finally, GeneMANIA was used to generate hypothesis about the 

candidate microRNA target genes’ significance. Genetic interaction of this network accounted 

for 43.83% of the total interactions, shared protein domain accounted for 26.28, physical 

interaction accounted for 14.23, co-expressed genes accounted for 10.14%. Only 3.89 and 

2.62% are accounted for pathway and predicted interaction. These associated genes may then 

provide further a complete microRNA-gene network for CRC diagnosis and disease 

management. 

Molecular interaction between the candidate microRNAs and argonaute protein 

The interactions between protein and nucleic acids play essential roles in various cellular and 

biological processes, including DNA replication, RNA transcription, the translation of 

polypeptides, RNA splicing, and the degradation of nucleic acids. The errors in receptor-

nucleic acid interactions are implicated in a number of diseases, ranging from neurological 

disorders to cancer. The molecular docking analysis between the candidate microRNAs and 

five target genes were carry out using molecular docking tools.  

Protein selection and preparation were carried out using PDB and Schrödinger suits. The 

molecular docking analysis was performed using PATCHDOCK webserver and visualized by 

discovery studio visualizer. The results of the study reveal that the candidate microRNAs have 

strong binding affinity towards their targets suggesting a crucial factor in the silencing 

mechanism. Furthermore, the molecular docking of the receptor to both the microRNA and 

microRNA-mRNA duplex were analyzed computationally to understand their interaction at the 

molecular level. Conclusively, the study provides an explanation for understanding the 

microRNAs-based gene regulation (silencing mechanism) in CRC. 

 

 

 

 



113 

 

CHAPTER 8.0 

CONCLUSIONS, LIMITATION, AND FUTURE WORK 

Conclusion 

The discovery of microRNA over 25 years ago has ushered in a new era in biotechnology. Over 

2000 microRNAs have been identified in humans and it is believed that they collectively 

regulate one-third of the genes in the genome. These non-coding RNAs have been linked to 

many human diseases including cancer and are being explored as clinical diagnostics and as 

therapeutic targets. Target identification for microRNAs is also crucial for several reasons. For 

biologists, identifying microRNA target genes is pivotal to understanding the mechanism of 

action. For scientists in the area of therapeutics, target validation provides the best biomarker(s) 

for the determination of the efficacy of a microRNA mimic or inhibitor.  

The identification of microRNAs and their targets has followed three general approaches: 

computational/bioinformatics prediction algorithms, molecular isolation of microRNA/mRNA 

complexes, and transcriptomic/proteomic analysis. Roughly 50% of mammalian microRNAs 

have been identified in the transcription units. However, these number varies between species. 

MicroRNAs function by silencing or translationally repression of their targets when complexed 

with RNA induced silencing complex (RISC). Coupled with other functions, identification of 

microRNAs, targets and understanding their biological roles as well as the pattern of expression 

(tumor and normal cells) deserves closer attention.  

This study, therefore, used several computational prediction algorithms to identify five 

candidate microRNAs specific for CRC, their targets and the biological roles/mechanism of 

action in the context of tumor histopathology.  

The microRNAs obtained in this study could be suggested as both diagnostic, and prognostic 

biomarkers. The “hub” genes, therefore, may be a potential target for CRC treatment. However, 

their involvement in CRC was determined from bioinformatics perspective (mainly in silico 

approach). Finally, the molecular docking analysis confirmed that these microRNAs could 

assist the RNA induced silencing complex (Argonaute protein as the sole) in targeting these 

genes for regulation. This was confirmed by the predominant hydrophobic interaction within 

the receptor pocket which made a substantial contribution in stability with microRNA-mRNA 

duplexes while hydrogen bonding and polar interactions assisted in the proper orientation of 

the binding interaction. These interactions at the molecular level are important in protein 

folding and structural stability and also in mediating the binding of the protein to their targets. 
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This result may further serve as a lead to the experimental approach in understanding the 

molecular mechanism of action of gene regulation in CRC. In future works, selected 

microRNAs and their targets will be validated using real-time PCR and Western blotting. 

Solving cancer problems with genomic data and various computational methods is a cost-

effective approach in cancer research. 

Limitations  

Most experimental approaches for microRNA biomarker identification rely on previous 

predictions using in silico frameworks. Though experimental confirmation remains the highest 

form of novel microRNA validation, there are several limitations, for example, some 

experimental approaches may not be specific as expected. In addition, computational prediction 

suffers high rates of false positive prediction. Due to the shortcomings of both computational 

and experimental methods for novel microRNA identification, effective elucidation of novel 

microRNA and their target genes requires collaboration between these two approaches. 

Future work 

Molecular validation of the Identified microRNAs and their target genes 

Following Duke's classification (Akkoca et al., 2014) three CRC cell-lines will be obtained 

from America type culture collection (ATCC) (https://www.lgcstandards-atcc.org/About) 

namely HT-29, DLD-1 and SW-116, one normal (CRL-7418) and two other cell-lines MCF-7 

(breast cancer), and GA-10 (blood cell-line). Cell lines will be cultured according to their 

growth requirements. Both the prioritized microRNAs as well as their targets will be tested for 

differential expression levels using qPCR across the various cell lines. Furthermore, human 

serum and tissue samples will be used to confirm the validation. 

Design primers for the genes and microRNAs for qPCR 

RT-qPCR would be applied for the detection of microRNAs and its precursor and expression 

analysis of microRNA host and targets genes. Related primers would be designed using NCBI 

Primer-blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/), IDT oligo-analyzer and MWG 

online PCR primer design tools (Dokanehiifard et al., 2017). Expression analysis will be 

performed on the LightCycler 480 instrument (Roche). 

Construction of a lateral flow device 

To combine the microRNA/s and/or gene/s that showed the high sensitivity and specificity for 

CRC in its early stages combined with nanotechnology to create a low-cost lateral flow device 

to be used within a clinical setting.  
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Integrated Lateral Flow Device Design 

The lateral flow device will be designed according to the procedure of Williams et al. (2016) 

in conjunction with an industry partner. 
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Appendix A 

Prognostic and Expression analysis 

 

 

Figure A.1: Outline of the in silico methodology for prognostic and predictive analysis. 

 

Table A.1: List of abbreviations used in graphical result from FIREBROWSE 

 

S/N Disease Name Cohort Cases 

1 Adrenocortical carcinoma ACC 92 

2 Bladder urothelial carcinoma BLCA 412 

3 Breast invasive carcinoma BRCA 1,098 

4 Cervical and endocervical cancers CESC 307 

5 Cholangiocarcinoma CHOL 51 

6 Colon adenocarcinoma COAD 460 

7 Colorectal adenocarcinoma COADREAD 631 

8 Lymphoid Neoplasm Diffuse Large B-cell Lymphoma DLBC 58 

9 Esophageal carcinoma ESCA 185 

10 Glioblastoma multiforme GBM 613 

11 Glioma GBMLGG 1,129 

12 Head and Neck squamous cell carcinoma HNSC 528 

13 Kidney Chromophobe KICH 113 

14 Pan-kidney cohort (KICH+KIRC+KIRP) KIPAN 973 

15 Kidney renal clear cell carcinoma KIRC 537 

16 Kidney renal papillary cell carcinoma KIRP 323 

17 Acute Myeloid Leukemia LAML 200 
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18 Brain Lower Grade Glioma LGG 516 

19 Liver hepatocellular carcinoma LIHC 377 

20 Lung adenocarcinoma LUAD 585 

21 Lung squamous cell carcinoma LUSC 504 

22 Mesothelioma MESO 87 

23 Ovarian serous cystadenocarcinoma OV 602 

24 Pancreatic adenocarcinoma PAAD 185 

25 Pheochromocytoma and Paraganglioma PCPG 179 

26 Prostate adenocarcinoma PRAD 499 

27 Rectum adenocarcinoma READ 171 

28 Sarcoma SARC 261 

29 Skin Cutaneous Melanoma SKCM 470 

30 Stomach adenocarcinoma STAD 443 

31 Stomach and Esophageal carcinoma STES 628 

32 Testicular Germ Cell Tumors TGCT 150 

33 Thyroid carcinoma THCA 503 

34 Thymoma THYM 124 

35 Uterine Corpus Endometrial Carcinoma UCEC 560 

36 Uterine Carcinosarcoma UCS 57 

37 Uveal Melanoma UVM 80 

 

Gene expression results from Firebrowse database 

The list of prioritized microRNA target genes obtained in chapter 3 was submitted to 

FIREBROWSE for gene expression analysis among 37 cancer cohorts (Table 4.1).  

 

Figure A.2: Expression analysis of the APC gene in 37 cancers types with expression sorted from high to      

low. 
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From the expression analysis in Figure 4.6, high expression of the APC gene was presented in LGG while the 

overall expression of APC was found to be low in CRC. When comparing the expression levels between the 

normal and tumor colorectum, high expression of the gene was obtained in normal colorectal tissue relative to 

tumor sample. 

 

Figure A.3: Expression analysis of the KRAS gene in 37 cancers types with expression sorted from high to low. 

From the cohort of the 37 cancer study, COADREAD appeared to be expressed in relatively high quantity (14th). 

The over-expression of this gene was found in TGCT followed by ESCA and LAML while the in UVM, the gene 

was least expressed.  

 

Figure A.4: Expression analysis of TCF7L2 in 37 cancers types with expression sorted from high to low. 

The expression profile of TCF7L2 was analyzed using firebrowse as shown in Figure 4.8. This gene showed over-

expression in STAD, STES, COAD and COADREAD. TCF7L2 is over-expressed in normal colorectal tissue 

when compared to the colorectal tumor. Also, its lowest expression was found in cancer type DLBC. 
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Figure A.5: Expression analysis of PTEN in 37 cancers types with expression sorted from high to low. 

The expression analysis of PTEN among the 37 cancer cohort is presented in Figure 4.9. Over-expression of this 

gene was observed in LAML followed by THYM while low expression was obtained in COADREAD with GBM 

showing the least expression of PTEN. Expression of PTEN is high in normal colorectal tissue compared to the 

tumor tissue. 

 

Figure A.6: Expression analysis of ATM in 37 cancers types with expression sorted from high to low. 

From the expression analysis of ATM in Figure 4.10, high expression of APC gene was presented in LAML while 

the overall expression of APC expression was low in CRC after READ. When comparing the gene expression 

between the normal and tumor colorectal tissues, relatively high expression of the gene was obtained in normal 

colorectal tissue relative to tumor sample. 
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Figure A.7: Expression analysis of the CTNNB1 gene in 37 cancers types with expression sorted from high to 

low. 

CTNNB1 is over-expressed in SKCM, READ, THCA, and COADREAD tissues, as shown in Figure 4.11, with 

CTNNB1 showing higher expression in tumor colorectal tissue when compared to colorectal tumor tissue. 

 

Figure A.8: Expression analysis of the ERBB4 gene in 37 cancers types with expression sorted from high to 

low. 

ERBB4 shows very low expression in colorectal tumor tissue when compared to the other 37 tumor tissues with 

a higher expression in normal colorectal tissue compared to colorectal tumor tissue as shown in Figure 4.12. 
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Figure A.9: Expression analysis of the IRS2 gene in 37 cancers types with expression sorted from high to low. 

From the expression of IRS2 in the cancer cohort in Figure 4.13, it was observed that the gene expression in 

COADREAD is relatively low when compared to the overall expression analysis. Also, when compared with the 

normal COADREAD tissue, the expression of this gene in the tumor sample is relatively low. 

 

Figure A.10: Expression analysis of the TGFBR2 gene in 37 cancers types with expression sorted from high to 

low. 

TGFBR2 shows relatively high expression in COADREAD when compared to the other 37 tumor tissues with a 

relatively higher expression in normal colorectal tissue compared to colorectal tumor tissue as shown in Figure 

4.14. 
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Figure A.11: Expression analysis of the NRAS gene in 37 cancers types with expression sorted from high to low. 

NRAS shows relatively high expression in COADREAD when compared to the other 37 tumor tissues with a 

relatively higher expression in normal colorectal tissue compared to colorectal tumor tissue 

 

Figure A.12: Expression analysis of the EGFR gene in 37 cancers types with expression sorted from high to low. 

From the expression of EGFR in the cancer cohort in Figure C.12, it was observed that the gene expression in 

COADREAD is relatively low when compared to the overall expression analysis. Also, when compared with the 

normal COADREAD tissue, the expression of this gene in the tumor sample is relatively low. 
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Figure A.13: Expression analysis of the IGF1R gene in 37 cancers types with expression sorted from high to low. 

From the expression of IGF1R in the cancer cohort in Figure C.13, it was observed that the gene expression in 

COADREAD is relatively low when compared to the overall expression analysis. Also, when compared with the 

normal COADREAD tissue, the expression of this gene in the tumor sample is relatively the same. 

 

Figure A.14: Expression analysis of the BRCA1 gene in 37 cancers types with expression sorted from high to 

low. BRCA1 is over-expressed in LAML, TGCT, DLBC, ESCA, CESC, STES, STAD, COAD, and COADREAD 

tissues, as shown in Figure A.14, with BRCA1 showing higher expression in tumor colorectal tissue when 

compared to colorectal tumor tissue. 
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Figure A.15: Expression analysis of the INHBA gene in 37 cancers types with expression sorted from high to 

low. Figure A.15 illustrates the expression of INHBA in the 37 cancer types and was highly differentially 

expressed in HNSC, STAD, STES, ESCA, PAAD, BRCA, LUSC, READ, followed by COADREAD. All the 

other cancer types showed lower expression of the gene when compared to COADREAD. When compared with 

the normal colorectal tissue, expression of the INHBA gene was higher in the tumor tissue as indicated in the 

figure. 

 

Figure A.16: Expression analysis of the INSR gene in 37 cancers types with expression sorted from high to low. 

From the expression of INSR in the cancer cohort in Figure A.16, it was observed that the gene expression in 

COADREAD is relatively low when compared to the overall expression analysis. Also, when compared with the 

normal COADREAD tissue, the expression of this gene in the tumor sample is relatively low. 
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Figure A.17: Expression analysis of the CASP8 gene in 37 cancers types with expression sorted from high to 

low. 

Figure A.17, illustrate the expression of CASP8 in the 37 cancer types and was highly differentially expressed in 

LAML, OV, STAD, ESCA, LUAD, CHOL, KIRC, COAD followed by COADREAD. All the other cancer types 

showed lower expression when compared to COADREAD. When compared with the normal colorectal tissue, 

expression of the gene was relatively higher in the tumor tissue as indicated in the figure. 

 

Figure A.18: Expression analysis of the GNAS gene in 37 cancers types with expression sorted from high to low. 

From the expression of GNAS in the cancer cohort in Figure A.18, it was observed that the gene expression in 

COADREAD is relatively low when compared to the overall expression analysis. Also, when compared with the 

normal COADREAD tissue, the expression of this gene in the tumor sample is relatively high. 
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Figure A.19: Panel B shows a heat map representation of the gene expression values. Panel C shows the relation 

between risk groups and prognostic index. Panel A shows the clinical information available related to risk group, 

prognostic index, and outcome data. 
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Figure A.20: The survival curves (Kaplan-Meier plots) for microRNA prioritized target gene list, showing the 

level of expression for the high-risk groups in red and for the low-risk groups in blue using the PrognoScan 

database. The X-axis represents time and the Y-axis represents survival rate. 95% confidence intervals for each 

group are also indicated by dotted lines.  
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Table A.2: Gene expression analysis of microRNA target gene in CRC using FIREBROWSE 

 

S/N Gene_ID Up-

regulation 

Down 

regulation 

No 

expression 

Number among other 

subtype 

1 CTNNB1    4 

2 IRS2    17 

3 CASP8    10 

4 BRCA1    09 

5 INHBA    10 

6 APC    35 

7 KRAS    14 

8 TCF7L2    11 

9 PTEN    31 

10 ERBB4    36 

11 TGFBR2    04 

12 NRAS    14 

13 EGFR    23 

14 INSR    20 

15 ATM    36 

16 GNAS    31 

17 IGF1R    30 

 

 

 

  

5 genes 

9 genes 

3 genes 
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Appendix B 

Triplex binding analysis 

 

 

Figure B.1: The promoter region 

 

 

Figure B.2: Central dogma for molecular biology 

Table B.1: The microRNA target genes’ promoter regions 

 

S/N Gene_I

D 

Promoter Fasta Sequence 

1 KRAS 

 

>chromosome:GRCh38:12:25204189:25251536:-1 

CCCGGTCTCCCTAAGTCCCCGAAGTCGCCTCCCACTTTTGGTGACTGCTTGTTTATTTA

CATGCAGTCAATGATAGTAAATGGATGCGCGCCAGTATAGGCCGACCCTGAGGGTGGC

GGGGTGCTCTTCGCAGCTTCTCTGTGGAGACCGGTCAGCGGGGCGGCGGGCCGCTCG

CGGCGTCTCCCTGGTGGCATCCGCACAGCCCGCCGCGGTCCGGTCCCGCTCCGGGTC

AGAATTGGCGGCTGCGGGGACAGCCTTGCGGCTAGGCAGGGGGCGGGCCGCCGCGTG

GGTCCGGCAGTCCCTCCTCCCGCCAAGGCGCCGCCCAGACCCGCTCTCCAGCCGGCC

CGGCTCGCCACCCTAGACCGCCCCAGCCACCCCTTCCTCCGCCGGCCCGGCCCCCGCT



136 

 

CCTCCCCCGCCGGCCCGGCCCGGCCCCCTCCTTCTCCCCGCCGGCGCTCGCTGCCTCC

CCCTCTTCCCTCTTCCCACACCGCCCTCAGCCGCTCCCTCTCGTACGCCCGTCTGAAGA

AGAATCGAGCGCGGAACGCATCGATAGCTCTGCCCTCTGCGGCCGCCCGGCCCCGAA

CTCATCGGTGTGCTCGGAGCTC 

 

2 APC >chromosome:GRCh38:5:112706898:112846839:1 

TATTGTATTTCCTATTGCTGTAAATCTAGAGCCTGAAACAGTATCTAGTATATATCGGA

AACCCAAATGATATTGTTCAATTAATGTTGAATGAAATGAAACTGAAGAGGTAATCCAA

GGTAAAGAACTTATCAAACTGTGTGAGACAAACAAGGATTTCCCGGAAGAGGTGTTTT

TAAATTAAAACTACAGGGTGGTAGTGAGAGGTGGTAGGGAAGCAGAGGTCGCAGCTA

CAAAATAATAACTTGCTCATCTCCGTTTCTCCGCTATCTTATGAGCCCTTGTGGGGCTG

GGACAGAATTTTATTCATCTTTCTATCATCAGCGTCTAGTACGGGGAGTAGCAAATAGT

GAGCACTCGATAGATGTTTGCGGAATAATGGACTAGTGTGTGCAGAAGGATCTATTAA

CTGGGCTGCAGCACAATTCAGAGAAGGCCAGTAAGTGCTGCAACTGAGACTCGGCTGC

CTAGGCAGCAATGGCTCACGGGACAGAACAGCGAAGCAGTGCCCGGCAAGCGGAGCG

CAGCACCCATTGCGCCTGCGCATAACAGGCTCTAGTCTCCGGGCTGTGGGAAGCCAGC

AACACCTCTCACGCATGC 

3 TCF7L

2 

 

>chromosome:GRCh38:10:112949650:113168278:1 

AAGCTCTCTGAAAGTGGAGGGTTGATCTTTCCTTTTGACCACTTTTGTCGCATCCCGTC

TAAGGGTGGCTGATTTCACTGCTGAATTAACCACCAAGCACCCCCCCACCCCCTCCCC

CAGCCACCACTTTCTCAAATACTACCCTTCCTTTTCCCCCTCCCTTAAGCTTATTTCTAA

TATTTCTAAAGTGCACTGTTTTGGGCCTCTCCCCATCCCCGCCCCCCAAGTGGGCTTTC

CTTCCGCCTTCCTCGGCTCGGATTCCTGACTTGGTCGCCACCCCCTTCTCCTCCTCTCC

CACCCCGCATTGTCTTTCTGAAACCGCCCCCTCCCGGAGCAAGTCCCTGCACCCTCGC

CCAGAATCCCGGGCTCGCACACACTCCGCGCAGGCCGCTCCCCCTGCACACCCTCCCT

CCGTCTCCCCCCGGCTTCCCCGCCCCTCTCTTCCTCCTTCTTTCCCTCCTCCCTCTCCC

GGCGCCCGAAAGGATCATTGTTAGCCGCCCCCGCCCCGCCCACCCCGGCTGTTTATTT

ATGCACACGTCACTGGGCCGGCCCCGCCCTCCGGCATCTCATTAAGGCAGTGTGTTCC

TCTCGCCCTGTC 

4 EGFR 

 

>chromosome:GRCh38:7:55018421:55212228:1 

AGGACCCTCGGACTTTAGAGCACCACCTCGGACGCCTGGCACCCCTGCCGCGCGGGC

ACGGCGACCTCCTCAGCTGCCAGGCCAGCCTCTGATCCCCGAGAGGGTCCCGTAGTGC

TGCAGGGGAGGTGGGGACCCGAATAAAGGAGCAGTTTCCCCGTCGGTGCCATTATCC

GACGCTGGCTCTAAGGCTCGGCCAGTCTGTCTAAAGCTGGTACAAGTTTGCTTTGTAA

AACAAAAGAAGGGAAAGGGGGAAGGGGACCCTGGCACAGATTTGGCTCGACCTGGAC

ATAGGCTGGGCCTGCAAGTCCGCGGGGACCGGGTCCAGAGGGGCAGTGCTGGGAACG

CCCCTCTCGGAAATTAACTCCTCAGGGCACCCGCTCCCCTCCCATGCGCCGCCCCACT

CCCGCCGGAGACTAGGTCCCGCGGGGGCCACCGCTGTCCACCGCCTCCGGCGGCCGC

TGGCCTTGGGTCCCCGCTGCTGGTTCTCCTCCCTCCTCCTCGCATTCTCCTCCTCCTCT

GCTCCTCCCGATCCCTCCTCCGCCGCCTGGTCCCTCCTCCTCCCGCCCTGCCTCCCCG

CGCCTCGGCCCGCGCGAGCTAGAC 

5 CASP8 >chromosome:GRCh38:2:201232843:201288311:1 

TAAGCCTAGGAAAAAGTCTGAAAGAATCAAAATGTTAACAGCGGGGACCTCAAGGAAG

CATTGAAGAGGCCATGGGAGAAGTTTTCACTTTGTTAAAAAATCAGTCCTTCAAATAAA

TAAATACAGTGAGGCTTCCCCAGAAGCAGATGTCACTATGCTTCCTGTACAGCCTGTG

GAACTGTGAGCCAGTTAAACCTCTTTTCTTTATAAATTATCCAGTCTTAGGATTTCTTT

ATAACAGTGCTAGGATGAGCTGATACAGTTTCCTACACTGTAACCTAAGGCAATGCTTT

GCACAAAGGGATGAGCCAGATTGCTTAGTAATTAAAACGCAAATACAAACCACAAGCA

TATCCATTCATGAATTGGGGGGCTGCTTTGTGTGCATAGATAAGGTATATTTTTTAAAA

AAATTATTT 
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TTCCAAGAAGAAAATAAACCAGTTAATAAACGACAACTCACAGTGCCAGGAAGTGAGA

AACAAGTGTGTGATAAACGGTGGAGAATGGGAGCACTCTCCGCAGTGGGCGGGAGGA

GACGAGGAGGGCGTTCCCTGGGGAGTGGCAGTGGTTGGAGCAAAGGTTTGGAGGAGG

TAAGTCAT 

6 IGF1R 

 

>chromosome:GRCh38:15:98647939:98965130:1 

AGGTGCGCCCCTTCCGCCACGTTCGGGCTTTCCAGTACGCAGCGAAAAAAATGCCGCA

TGCACGCATTTATTTATTTTGCAACAGCTGCAAGAAACAATGAAGCTTTTCAAGAACCG

GGGAAACGCGCTTTCCAGCCGCGCTGTTGTTGTTTTCAATGAACCTCTCCCAGCCCCG

CACTCCCCGCCCACCCCTCCCCTCTCCTGCCCACCCCTCCCCTGCCTAGCCTTTCCCTG

GCTACCCACCCCTGCCCCGCCGAGACCGGACCGGCGGCGGGGGCATTGTTTTTGGAG

TCGGGCGGGAGGGGAGGGCGCGTGCGGGGTGGCCGGCGCAGTGCGGTGGGGGCGGG

AGCGGGTGGGCACGCGCGCGTGTCTCTGTGTGCGCGCGGGAGGCGGTGGGGCGGGA

GATGGGGGCGGCGCCTCGCAGTCTCGCGCCCCACGCCCGGGCTCCGCTCCGCACGTC

TTGGGGAACCGGGCTCCGGTTTTTTGCGCGCGCCGGCCTGGGCCGGGCCCTCGGCGC

GCCGCTGCTGCGGCGGTGGCCGCTCGAGTGTGCGAGCGGGCGCGTGTGCGCGGGCCA

GGGCGCGCGCGCGCGCGCGAGCCCCC 

7 GNAS >chromosome: GRCh38:20:58839118: 58911792:1 

CAGTCCTCAGATGGGCTTGCAGACTTGCAAACTACTACCTCAACCGTGGGGGCCCTTG

TTGAAGAAGATGAGGTAATTAGCCAATTCAGACTGTTTGAGCACGTATTGTTTGGAAA

CTTTTCTAATTACAGTCACTATAACAGATCTGCTAAAGGTAGTTTCATGATTAATGGCT

GCCCGAAGTTACCATCCTCAAACTATTAAGCCATTGGAAAATGCTAGAGGCTTAATACT

CGTGTATAGACAGACCCTCATTCCCCTGAATATTTGCTATTTGGGGTTCTGGGTTTTTA

GCTGCTCCCAGGCTGTGTTTATTTCCCCAATAACTGGGGAAACTGGGGAGGGGCACGA

CCCCACGGGAGCCTGCGCCCACCTGCCCAAGTACTGGACCTGGGGCTAGCTTGCCGCT

TGCTCCTTGCCACCCGCCAGGCCCCCCGCCCATCGCTTCGCCCAAATCCTTTCAAACA

AGGTTCCCTCCTGCCACCTGCCGGCCCACTAGGGTCTGCGCCACAGGCTCGGCGCCAC

CACGCAGCTCGCGGGGAGGTGGCCCCCACCTCCTTACTGCACATGCCCGGCAGAAGT

CCGGGCGCGCAACTTCGC 
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