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(11)Microarray data analysis is one of data mining tool which is used to 
 extract meaningful information hidden in biological data. One of the major 
 focuses on microarray data analysis is the reconstruction of gene regulatory 
 network that may be used to provide a broader understanding on the 
 functioning of complex cellular systems. Since cancer is a genetic disease 
 arising from the abnormal gene function, the identification of cancerous genes 
 and the regulatory pathways they control will provide a better platform for 
 understanding the tumor formation and development. The major focus of this 
 thesis is to understand the regulation of genes responsible for the development 
 of cancer, particularly colorectal cancer by analyzing the microarray 
 expression data.  


In this thesis, four computational algorithms namely fuzzy logic 
 algorithm, modified genetic algorithm, dynamic neural fuzzy network and 
 Takagi Sugeno Kang-type recurrent neural fuzzy network are used to 
 extract cancer specific gene regulatory network from plasma RNA dataset 
 of colorectal cancer patients. Plasma RNA is highly attractive for cancer 
 analysis since it requires a collection of small amount of blood and it can be 
 obtained at any time in repetitive fashion allowing the analysis of disease 
 progression and treatment response.  


The approaches proposed in this study extend the previous state of 
the art by incorporating clustering and some statistical techniques to reduce 
the computational complexity and processing time. The unpaired t-test has 
been employed to identify the genes that are differentially expressed in 
cancerous tissues and normal ones. The fuzzy logic algorithm models gene 



(12)fuzzy rules. The second approach, modified genetic algorithm, applies 
 genetic algorithm to model regulatory network by searching for an 
 optimum weight matrix. The reverse engineering algorithms based on 
 neural fuzzy network exploits the advantage of neural networks, in terms 
 of low-level learning and computational power, and those of fuzzy system, 
 in terms of the high–level human like reasoning and results interpretability. 


Unlike other neural fuzzy architectures, both dynamic neural fuzzy 
 network and TSK-type recurrent neural fuzzy network has no predefined 
 rules. The algorithms automatically produce an adaptive number of fuzzy 
 rules that describe the relationship between regulating genes and regulated 
 genes. The feedback structure of TSK-type recurrent neural fuzzy network 
 stores the prior system states that increases the learning ability of the 
 algorithm.  


The algorithms captured regulatory relationship among 27 
 differentially expressed genes from plasma RNA of colorectal cancer 
 patients. Detailed pathway analysis shows that most of these genes are 
 actively involved in the cancer related canonical pathways. The work in 
 this thesis resulted in two interesting findings.  First, upregulated genes are 
 regulated by more genes than downregulated genes. Second, tumor 
 activators suppress tumor suppressors strongly in the disease environment. 


The high degree of centrality of upregulated genes in the regulatory 
network indicates their key roles in cancer specific gene regulatory 
network. 



(13)microarray dataset are compared. The regulatory relations extracted by 
 these computational approaches are validated by comparing it with the 
 regulatory relations extracted from the microarray dataset of colon tumor 
 samples. It was found that TSK-type recurrent neural fuzzy network 
 identified more gene interactions and gave better recall than other 
 approaches. The computational efficiency of these approaches is tested 
 using the benchmark dataset of Saccharomyces Cervisiae. The results 
 demonstrate the effectiveness of these algorithms in retrieving biologically 
 valid regulatory relations. It was found that 87.8% of the total interactions 
 extracted by TSK-type recurrent neural fuzzy network are correct in 
 accordance with the biologically proven regulatory interactions 
 outperforming other computational approaches.  


Finally, TSK-type recurrent neural fuzzy network is applied to 
extract microRNA-mRNA association network from paired microRNA, 
mRNA expression profiles of colorectal cancer patients. The algorithm 
achieved good performance in identifying experimentally known colorectal 
cancer related microRNAs and their target genes. Targeting such 
microRNAs may help in the early detection, prognosis and future therapy 
of colorectal cancer.  
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(27)
 


Microarray is a powerful technology capable of providing 
 simultaneous measurement of expression levels of thousands of genes which 
 can accurately represent the state of a biological cell or tissue of interest. 


Analysis of expression profiles from microarray experiments for 
 understanding fundamental cellular processes represent a challenging task 
 for bioinformatics. One of the main focuses on microarray data analysis is to 
 unravel the interactions among various types of molecules (proteins, RNA, 
 metabolites, etc.), by data-mining and integrating high-throughput ‘omics’ 


data. 


Cancer is essentially a genetic disease, in which a group of cells 
display uncontrolled growth, invasion that intrudes upon and destroys 
adjacent tissues and spreading to other locations in the body via lymph or 
blood. Unlike other genetic diseases like cystic fibrosis, there is no single 
gene defect that directly ‘causes’ cancer [1]. Hereditary or acquired 
anomalies in several classes of genes including oncogenes, tumor 



(28)suppressor genes and stability genes can lead to the development of cancer. 


Thus, identifying cancerous genes and the pathways they control is a key 
 step towards the treatment of cancer.   


Colorectal cancer (CRC) is the third most commonly diagnosed 
 cancer in the world and contributes to over 655,000 deaths per year [2]. 


However, in almost all case, early diagnosis can lead to complete cure. The 
 treatment of Cancer includes surgery, chemotherapy and radiation therapy 
 [3]. Unfortunately, these treatments often destroy or injure normal cells and 
 tissues by damaging their genetic material. Thus, there is a great need for 
 identifying new biomarkers for early diagnosis and prognosis and to identify 
 the underlying processes involved in the disease. Furthermore, such 
 biomarkers might be useful for developing cancer therapeutics. Although 
 many important genes responsible for the genesis of various cancers have 
 been identified, the underlying molecular mechanism remains unclear. In 
 this study, the efforts have been given to get a better understanding of the 
 regulation of genes responsible for the development of cancer, particularly 
 colorectal cancer, by analyzing some experimental data. 


The cell of a living organism can be viewed as an overlay of complex 
 system of interacting networks. These networks can be roughly divided to 
 three types. A signal transduction network coordinates the response of a cell 
 to the application of an external stimulus. The stimulus can either be 
 chemical or physical, such as light, hormones, sound, smell, nutrients etc. 


Metabolic network includes all the metabolic and physical process that 
determine the physiological and biochemical properties of a cell. Regulatory 
networks are responsible for much of the biological functions within the 



(29)cell. Gene regulation refers to the cellular control of the amount and timing 
 of the appearance of functional gene products like RNA, proteins etc. A 
 Gene Regulatory Network (GRN) models the complex regulatory 
 mechanisms that control the activity of genes in the living cells and provides 
 the most realistic representation of gene regulation. With the advent of 
 microarray technology, whole genome expression profiles can be used to 
 understand the regulatory mechanisms behind cancer. The major goal of this 
 study is to extract a cancer specific gene regulatory network by applying 
 various soft computing algorithms on gene expression data. 


On a fundamental level, reconstruction of gene regulatory network 
 determines the influence of one gene over another. However such data 
 mining approaches opened the path to explore many questions on the 
 network involving the cell’s genes such as: 


•  Which genes are expressed in a particular cell? 


•  What is the structure of regulatory networks?  


•  What are the hidden regulators governing the regulation of a 
 particular gene?  


Several techniques have been emerged in the past few years to 
explore these questions. Gene expression profile from high throughput 
microarray experiments provides first-hand information on genome wide 
molecular interactions under different conditions. The analysis of such data 
provides insight in to the regulatory relations among genes without any prior 
knowledge. The next session considers issues in analyzing gene expression 
dataset and subsequent sessions discuss how previous approaches handle 



(30)these issues and the motivation behind the selection of the topic for the 
 study. 


1.1 Issues in handling Gene Expression Dataset 


A principal goal of cancer research is to identify potential biomarkers 
 that specifically characterize a given malignancy. Microarray technology 
 has enabled marker discovery by allowing qualitative analysis of steady-
 state expression levels of thousands of genes from human cells. However 
 many challenging issues regarding the acquisition and analysis of 
 microarray data have to be taken into account. The first among these is the 
 high variability of data resulting from experimental process. The sources of 
 variability include technical and biological [4]. The biological variability 
 found in gene expression was influenced by various factors including age, 
 sex, time of day of sampling and constituent cell subsets [5]. Technical 
 variability could result from any of the multiple steps involved in the 
 detection of gene expression changes using microarrays including 
 amplification of RNA and hybridization [6]. Either biological variability or 
 technical variability may constitute impediments difficult to surpass by 
 current analysis techniques. Second, the complex experimental procedures 
 in microarray data analysis can contribute to a high noise level and errors. 


Third issue is related to the large number of different databases with 
different formats. The lack of standards for presenting and exchanging data 
is an extremely important problem especially in the case of microarray 
expression data. Much of the publicly available databases may be incorrect 
or incomplete due to the volume of the submitted information and the nature 
of research (e.g., researchers move on to other projects, mistakes in the 



(31)original data go unnoticed, etc.). There are also issues of duplication with 
 minor variations and redundancy. Because of this, a global standardization 
 effort, at the initiative of the European Bioinformatics Institute (EBI) and 
 the National Center for Biotechnology Information (NCBI), developed the 
 MIAME (Minimum Information about a Microarray Experiment) project, 
 which is meant to bring uniformity to the disparate storage formats of 
 various databases [7]. Another important issue is the severely 
 underdetermined nature of microarray data, in which the number of 
 variables (genes) greatly exceeds the number of samples (biological 
 specimens), creates a significant risk of overfitting a predictor function. This 
 situation is either due to the high cost of the technology involved in the 
 measurements or to the scarcity of biological samples. 


The computational intelligent methods used or developed for 
 problem solving in bioinformatics must be therefore customized in such a 
 way as to efficiently surpass the above-presented issues, as well as several 
 others described in the following sections of this dissertation. 


1.2 Extending the State of the Art   


Reconstructing and modelling gene regulatory networks form the 
basis of dynamic analysis of gene interactions and remains one of the most 
challenging problems of functional genomics. For the better understanding 
of complex biological phenomena and disease mechanism, the interaction 
structure of molecular components involved in the cellular process need to 
be unraveled.Gene networks attempt to describe how genes or group of 
genes interact with each other and identify the complex regulatory 



(32)mechanisms that control the activity of genes in living cells. The inference 
 of GRN from gene expression data is often called ‘reverse engineering’. 


There are two classes of reverse engineering algorithms: One identifying 
 true physical interactions among regulatory proteins and their promoters, 
 and the other identifying regulatory influences among RNA transcripts [8]. 


In this thesis, the second class: gene-gene interaction network is discussed. 


The regulation between two genes in a GRN implies direct physical 
 interactions as well as indirect regulations via proteins, metabolites and 
 ncRNA that have not been measured directly [9]. 


Various reverse engineering methods have been developed to 
 describe models of gene networks.GRN modelling using Kouffman Boolean 
 network presented by Akutsuet. al. [10] is simple but assumes that a gene is 
 either on or off (no intermediate expression levels allowed). Models using 
 Bayesian [11] and regression networks [12] deals with the stochastic aspects 
 of gene networks, they fail to consider temporal dynamic aspects that are an 
 important part of regulatory networks modelling. The dynamic Bayesian 
 network can deal with the temporal aspects of regulatory networks but their 
 benefits are hindered by the high computational cost.Woolf and Wang [13] 


have applied fuzzy rules to every possible combination of genes to find the 
 activator/repressor relationship among genes in a dataset. Although their 
 results are consistent with the literature, the approach is slow and 
 computationally complex.Researches by Shin Ando and Hitoshi Iba [14, 15] 


have confirmed that the Genetic Algorithm (GA) can infer network structure 
with significant accuracy. Since GA is a probabilistic search, several 



(33)generations and greater computation power were required to model smaller 
 network with good sensitivity and precision.  


The approaches proposed in this study extend the previous state of 
 the art by incorporating clustering and some statistical techniques to reduce 
 the computational complexity and processing time. The clustering algorithm 
 used in this thesis can effectively handle noise and outliers. The inference 
 algorithms bring the low-level learning and computational power of neural 
 networks into fuzzy systems and provide the high–level human like 
 reasoning of fuzzy system into neural network. The self-organized nature of 
 the neural fuzzy algorithms produce an adaptive number of fuzzy rules that 
 describe the relationships between the input (regulating) genes and the 
 output (regulated) gene. Related to that, another advantage of the final 
 algorithm is that there is no need of prior data discretization, a characteristic 
 of many inference approaches which often leads to information loss. 


1.3 Dissertation Motivation 


As stated before, colorectal cancer ranks among the third most 
common cancers in terms of both cancer incidence and cancer-related deaths 
worldwide. The blood of CRC patients is known to contain increased levels 
of DNA fragments released from tumor cells [16]. Thus, the analysis of 
circulating plasma RNA expression data could be useful for the diagnosis of 
early stage cancer. The analysis might also constitute a tool to study the 
development of tumor and therapy responsiveness. A major goal of this 
study was to identify potential tumor markers in blood and to uncover 
genetic pathways.  



(34)Most of the previous efforts towards the reconstruction of cancer-
 specific gene networks utilized the expression profile of all genes to identify 
 regulatory relations among genes, some of which actually had nothing to do 
 with the observed cancer phenotype. As a result, it is difficult to detect gene 
 interactions essentially responsible for oncogenesis. To reveal authentic 
 patterns of gene interactions relevant to colorectal cancer, the cancer 
 specific gene regulatory network is reconstructed by focusing on a small set  
 of relevant genes, each of which shows good performance in distinguishing 
 cancerous tissues from normal ones. This network will serve as a blueprint 
 for biologist to understand cancer progression and develop cancer 
 therapeutics.  


Recently, it has been reported that changes in expression profiles of 
 short noncoding RNAs such as miRNA play an important role in the 
 development of many cancers, including CRC [17]. Therefore, identification 
 of cancer related miRNAs and their target genes is a key step towards the 
 diagnosis and treatment of cancer.  Thus, the five basic motivating questions 
 in this study are  


•  What are the potential tumor markers in the blood of a colorectal 
 cancer patient? 


•  What are the likely regulatory relationships among these discriminative 
 genes? 


•  Which microRNAs (miRNAs) or group of miRNAs regulates a 
specific gene? 



(35)•  What are the computational methodologies that can be used to infer 
 a regulatory network? 


•  How the efficiency of the computational methods can be evaluated 
 using the biological annotations already available? 


Reconstruction of gene regulatory network and miRNA-mRNA 
 interaction network are the two computational strategies that can be used to 
 understand the regulatory relations. GRN reconstruction is to detect the 
 components and topology of an unknown pathway, while miRNA-mRNA 
 association network to infer the association between known miRNAs and a 
 gene. This thesis focuses on the reconstruction of colorectal cancer specific 
 gene regulatory network and miRNA-mRNA interaction network from high 
 throughput microarray data. 


1.4 Goals and Objectives 


Colorectal cancer is both curable and preventable if it is diagnosed 
 early [18]. Unfortunately, many cases of colorectal cancer are not diagnosed 
 until advanced stages because most patients do not develop noticeable 
 symptoms. The overall goal of this study is to identify the tumor markers in 
 blood of colorectal patients and to generate preliminary gene regulatory 
 network for the diagnosis of early stage and /or recurrent colorectal cancer. 


This will be achieved by developing soft computing algorithms for 
extracting regulatory relations among the tumor markers by analyzing 
unique and comprehensive set of expression data. Our aims include 
extending reverse engineering techniques to generate microRNA-mRNA 



(36)interaction network to assist in improved colon cancer therapy design. The 
 objectives of this study are: 


1.  Identify relevant genes, which show good performance in 
 distinguishing cancerous tissues from normal one. 


2.  Observe the roles played by high class-discrimination genes in the 
 context of cancer-specific gene regulatory networks. 


3.  Identify the set of microRNAs involved in the regulation of the 
 above cancerous genes. 


4.  Develop effective computational methods to reconstruct Gene 
 Regulatory network from experimental data. 


1.5 Contributions 


The main aim of this study is to develop methods to reconstruct 
 multiscale gene regulatory network that reveal global patterns of gene 
 interactions in cancer. The following are the set of algorithms proposed in 
 this thesis for the analysis of microarray data. 


1.  Hybrid clustering algorithm - a framework that integrates 
 Hierarchical Agglomerative Clustering and K-means algorithm with 
 the specific goal of eliminating outliers from gene expression data in 
 the process of state space partitioning in to clusters.  


2.  Fuzzy GRN Algorithm - a model designed to find triplets of 
activators, repressors and target among the set of selected genes.  



(37)3.  Modified Genetic Algorithm - a method for optimizing weight 
 matrix for gene regulatory network 


4.  Dynamic Neural Fuzzy Network - a framework for reverse 
 engineering gene regulatory networks based on the discovery of 
 interactions between genes using a Mamdani-type feed forward  
 neural-fuzzy inference network  


5.  TSK-type Recurrent Neural Fuzzy Network- an approach that 
 extends dynamic neural fuzzy network by the inclusion of feedback 
 connections to store prior system states. 


Based on these algorithms the regulatory relationships between 27 
 differentially expressed genes in the plasma RNA of Colorectal Cancer patients 
 were modelled. The set of microRNAs involved in the regulation of the above 
 differentially expressed genes were identified. These findings may provide new 
 insights into cancer diagnosis, prognosis and therapy. 


1.6 Dissertation Outline 


This work focuses on the reconstruction of gene-gene interactions 
 network and microRNA-mRNA interaction network from high throughput 
 gene expression data. The remainder of this dissertation is organized as 
 follows: 


•  Chapter 2 presents back ground information about the relevant biological 
concepts. The chapter provides basic information needed to understand 
the biological process underlying cancer, an essential prerequisite for 



(38)computer scientists developing computational tools meant to improve the 
 capability to diagnose and treat patients 


•  Chapter 3 describes the basic principles and working of high 
 throughput microarray technology used to study the mechanism and 
 structure of gene regulatory network. 


•  Chapter 4 discusses some of the previous computational intelligence 
 methods used for analyzing gene expression data. It serves as a brief 
 literature review on three relevant research topics such as 
 identification informative genes, clustering of gene expression data 
 and reconstruction of gene regulatory network. 


•  Chapter 5 provides a brief description of data pre-processing and 
 clustering methods employed in this study to make the data 
 amenable to subsequent analysis. 


•  Chapter 6 presents the approaches used in this work for inferring the 
 complex interactions among genes from microarray data. 


•  Chapter 7 compares the performance of algorithms. The results are 
 validated using two more datasets, dataset from colon tumor samples 
 and Yeast data set. 


•  Chapter 8 describes the additional work for identifying microRNAs 
 involved in the regulation of cancerous genes. 


•  Chapter 9 summarizes the key contributions of this dissertation, proposes 
 future work in this area and draws some concluding remarks. 


……….DE………. 
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Cancer is a complex disease in which a group of cells display 
 uncontrolled growth, invasion that intrudes upon and destroys adjacent 
 tissues and spreads to other locations in the body via lymph or blood. It is a 
 gene disorder that occurs in somatic tissues. Hereditary or acquired 
 anomalies in the regulation of the genes responsible for controlling cell 
 reproduction can lead to cancer. Multiple genes in diverse pathways are 
 involved in its initiation, progression, invasion and metastasis. The first 
 section of this chapter provides a general overview of the biology behind 
 cancer, particularly colorectal cancer which is a commonly diagnosed 
 cancer in western countries. The second section presents a brief description 
 of genetic regulation and the last section describes the role microRNAs in 
 gene regulation and their influence in cancer formation. 


2.1 Colorectal Cancer 


Colorectal cancer, commonly known as bowel cancer, originates 
from the inner lining of the colon or the rectum called the mucosa. In most 
cases, colorectal cancer progresses slowly over a period of 10 to 15 years. It 
may be present without symptoms for several years. The tumor typically 
begins as a noncancerous polyp on the inner lining of the colon or rectum 
(see Figure 2.1). This tumor can be benign or malignant. Benign polyps are 



(40)not cancer and are not life threatening. Malignant tumors are cancer. It 
 invades nearby tissues and spreads to other part of the body. The polyps are 
 an early warning sign that colorectal cancer may develop. A polyp may or 
 may not change into cancer. The chance of the polyp turning cancer depends 
 upon the kind of polyp. For example, a type of polyp known as an adenoma 
 can become cancer. If polyps are not removed surgically, they can become 
 malignant over time. Thus screening and removing polyps from large 
 intestine reduces the risk of developing of colorectal cancer.  


Once cancer forms in the large intestine, it can grow through the 
 lining and into the wall of the colon or rectum [2].The cancer cells may 
 invade and destroy adjacent tissues and may break away from the tumor and 
 spread via blood or lymph vessels to form new tumor in different locations 
 of the body. The process through which cancer cells break away from 
 primary (original) tumor and travel to distant parts of the body through 
 blood or lymph is called metastasis. 


Figure 2.1 Picture of colon cancer. The source of this image is MedicineNet, Inc. 


http://www.medicinenet.com/colon_cancer 



(41)2.1.1 Stages of Colorectal Cancer 


The extent to which a colorectal cancer has spread in the body is 
 described as its stage. Staging is one of the most important factors in 
 determining the choice of treatment and in assessing prognosis. It is also 
 useful in predicting the probability of the cancer recurring after surgical 
 removal. Colorectal cancer develops through five definable stages (0-4): 


•  Stage 0 (in situ) – Abnormal cells are found in the innermost lining of 
 the colon and hasn't moved from where it started. 


•  Stage I (Local)–  In this stage, cancer has extended beyond the 
 innermost layer of the colon into the middle layers of the colon 


•  Stage II (Local) – Cancer has grown beyond the middle layer of the 
 colon, but has not extended through the wall to invade nearby tissue. 


•  Stage III (Regional)–  Cancer has spread through outer most layer of 
 the colon wall and has invaded nearby tissue, or has spread to nearby 
 lymph nodes 


•  Stage IV (Distant)- Cancers has spread through blood or lymph nodes 
 to distant organs, such as the liver or lung 


Staging helps in determining whether the treatment may be helpful in 
preventing or decreasing the likelihood of a cancer recurrence. Stage I colon 
cancers have survival ratesranging from 80 to 95 percent. Stage II cancers 
have a survival rate of 55 - 80 percent. A stage III tumor has about a 40 
percent chance of cure and a patient with a stage IV colon cancer has only a 
10 percent chance of a cure.  



(42)2.1.2 Risk factors for Colorectal cancer 


The exact cause of colorectal cancer is still unknown. However, 
 researchers have found that certain risk factors that may increase a person's 
 chance of developing colorectal cancer. The factors that increase the risk 
 factor of colorectal cancer includes 


•  Age- The risk of developing colorectal cancer increases with age. 


Although this disease can affect people of all ages, most people who 
 develop colorectal cancer are over age 50 


•  Personal History- A person who has treated for colorectal cancer has 
 an increased risk for developing colorectal cancer in future.  


•  Family History- A person, whose one or more close relatives 
 (parents, siblings, or children) has had colorectal cancer, is at a risk 
 for developing colorectal cancer. 


•  Diet- A diet that is high in red and processed meat and low in fresh 
 vegetables and fruits increases the risk of colorectal cancer. 


•  Physical Inactivity- The people who follows a sedentary lifestyle may 
 have an increased risk of developing colorectal cancer. Regular 
 exercise will reduce the risk of developing colorectal cancer. 


•  Smoking- Tobacco smoking, particularly long-term smoking 
 increases the risk of colorectal cancer. 


•  Alcohol- Alcoholic drink, especially drinking heavily, may be a risk 
factor. 



(43)2.1.3 Cancer Genes 


Genetic instability is a hallmark of almost all cancers. It refers to a 
 set of events capable of unscheduled alterations, either in temporary or 
 permanent nature, with in the genome. Alterations in three types of genes 
 such as oncogenes, tumor suppressor genes and DNA mismatch-repair 
 genes are responsible for the development of cancer [18]. 


2.1.3.1  Oncogenes 


Oncogenes functions as a positive growth regulators and has the 
 potential to cause cancer. Oncogenes are altered forms of normal cellular 
 genes called proto-oncogenes which produce proteins that regulate cell 
 growth and division. When mutated, oncogenes typically produce more 
 proteins, results in the alteration of the pathway of cell growth and 
 proliferation. This may lead to abnormal growth of cell. For example, K-ras 
 gene is an oncogene that is mutated in colon cancer cells. 


2.1.3.2 Tumor Suppressor Genes 


Tumor suppressor genes or anti-oncogenes function as a negative 
 growth regulator and suppress tumor formation. They regulate cell growth, 
 differentiation and promote cell suicide (apoptosis).When mutated; tumor 
 suppressor genes produce less of their protein. Thus, apoptosis does not 
 occur and abnormal cell growth results. Tumor suppressor genes such as 
 DCC(Deleted in Colon cancer) and p53 are mutated in colorectal cancer.  


2.1.3.3 DNA Mismatch-repair Genes 


Mismatch-repair genes (MMR) play a central role in maintaining 
genomic stability by repairing damaged DNA. When these genes are 



(44)mutated, repair does not occur and the cell is more prone to become 
 cancerous. Germline mutations in DNA mismatch-repair genes are 
 associated with the inherited cancer syndrome, hereditary non-polyposis 
 colorectal cancer (HNPCC) 


2.1.4 Colon Carcinogenesis 


Carcinogenesis, also called tumorigenesis, is the molecular process 
 by which cancer develops. There are four distinct sequential mutations 
 described in the development of colon cancer. This includes mutations of 
 the APC (adenomatous polyposis coli), K-ras, DCC (deleted in colon 
 cancer), and p53 genes. Each mutation causes progressive changes in the 
 colonic epithelium. During initiation phase mutation of APC typically 
 occurs and is sometimes inherited. Mutations in APC lead to benign polyp 
 formation. These polyps can remain inactive for several years. When one 
 cell in this polyp develops a second mutation, in the K-ras oncogene, it 
 grows at a faster rate resulting in a larger tumor or intermediate adenoma. 


Mutation of tumor suppressor gene DCC represents the third step in genetic 
 pathway. Loss of DCC plays a role in tumor progression, invasion and 
 metastasis. Mutations of p53 lead to late adenoma and finally carcinoma. 


2.1.5 Treatment 


Treatment options of colorectal cancer depend on the stage of the 
 tumor as well as the general state of the patient like age, medical history, 
 overall health etc. In general, treatments include: 


1. Surgery –The tumor and the nearby tissues in the diseased area are 
removed. In addition to removal of the primary tumor, surgery is 



(45)often necessary for  estimating the penetration of  disease and 
 whether it has metastasized 


2. Chemotherapy - Chemotherapy is the treatment of cancer with 
 drugs that can kill cancer cells and thus decrease the chance of the 
 tumor reoccurring elsewhere in the body. It targets all rapidly 
 dividing cells and is not specific to cancer cells. Therefore 
 chemotherapy may harm healthy tissues, especially those that have 
 a high replacement rate. 


3.  Radiation therapy - High-energy radiation is used to destroy cancer 
 tissue. Radiation destroys any remaining cancer cells after surgery and 
 reduces the chance of cancer spread or recurrence. Although radiation 
 is occasionally used for the treatment for colorectal cancer, in some 
 cases radiation is used in conjunction with chemotherapy treatments 
 to gain better results. 


Cancer treatment aims at the complete removal of the cancer without 
 damage to the rest of the body. To some extent, this can be accomplished by 
 surgery, but invasion and spread of disease to distant locations of the body 
 limits its effectiveness. Since chemotherapy is not specific to cancer cells, it is 
 sometimes toxic to healthy tissues. Radiation also damage normal cells and 
 tissues. Therefore, development of novel target specific therapeutics must be 
 necessary for the effective treatment of cancer. 


2.2 Biological Aspects of Gene Regulation 


Life sciences began with Robert Hooke; who in 1665 discovered 
cells which are the basic unit of life for all living organisms. There are 



(46)different types of cells in our body like brain cells, liver cells, skin cells etc. 


All these cells have unique characteristics and functions. The nucleus of the 
 cell stores the hereditary material, the genes, in the form of long and thin 
 DNA (deoxyribonucleic acid) strands. The genome of an organism contains 
 necessary information to control of all cellular process like replication of 
 DNA, protein synthesis etc. According to central dogma of molecular 
 biology [19], DNA, RNA and proteins are the three macromolecules 
 essential for all known forms of life. DNA is the carrier of genetic 
 information used in the development and functioning of all organisms. This 
 genetic information is used to encode protein molecules. Three different 
 processes are responsible for the inheritance of genetic information and its 
 conversion from one form to another (see Figure 2.2): 


1. Replication: Before a cell divides, its DNA is replicated to give 
 identical copies. It is the basis for biological inheritance.DNA 
 replication is said to be semi conservative since one strand serves as a 
 template for the second strand. 


2. Transcription: The process of making single stranded ribonucleic acid 
 (RNA) from DNA template is called transcription. During 
 transcription, a DNA sequence is read by an enzyme called RNA 
 polymerase (RNA pol), which produces a complementary, antiparallel 
 RNA strand. Several types of RNAs are synthesized in the nucleus 
 during transcription. Of particular interest are 


•  messengerRNA(mRNA)- later used for protein synthesis 



(47)•  ribosomalRNA(rRNA)-major component of building ribosome, 
 the protein making machinery  


•  transferRNA(tRNA)-The molecules that carry aminoacids to the 
 growing peptide chain 


•  microRNA(miRNA)-tiny RNA molecules that regulate the 
 expression of mRNA 


3. Translation: Translation is a process where ribosomessynthesize 
 proteins from the information contained the mRNA. During 
 translation, the ribosome reads a string of three bases on the RNA 
 (codon) and translates them into one amino acid. 


Proteins are further processed in sub cellular compartments and 
 transported in-and-out of the cell to carry out different metabolic functions. 


These highly coordinated activities empower cells to respond to the varying 
 environment with both speed and precision. 


Gene expression is a process by which information encoded in a gene 
is used for the production of gene products such as RNA or proteins. It 
covers the entire process from transcription through protein synthesis. If the 
protein is synthesized, a gene is said to be “expressed” and   the expression 
level of gene depends on the amount of mRNA it produced. Different cell 
types in an organism carry out a range of specialized function depends upon 
the genes that are expressed only in that cell type. The factors that affect 
gene expression are the type of tissue, the age of the person, the presence of 
specific chemical signals etc. 



(48)Figure 2.2 Central Dogma of Molecular biology. Genes transcribed in the nucleus are 
 translated in to proteins in the cytoplasm. The figure is taken from 
 http://www.accessexcellence.org/ 


2.2.1 Gene Regulation 


Gene regulation refers to the collection of process that controls the 
amount and timing of appearance of the functional gene product. It is the 



(49)basis for diverse biological process including cell growth and development 
 as well as cellular differentiation, versatility and adaptability of any 
 organism. Gene expression is controlled at three possible levels in the 
 production of an active gene product. First and most important mode for 
 regulating eukaryotic gene expression is the transcriptional regulation. 


Regulation of transcription controls when the gene is transcribed and how 
 much it is transcribed. Different factors that influence transcription 
 regulation are the strength of promoter elements within the DNA sequences 
 of a given gene, the presence or absence of enhancer sequences (which 
 enhance the activity of RNA polymerase and increase transcription), and the 
 interaction among multiple activator proteins and inhibitor proteins.  Second 
 is the translational regulation, controls the amount of proteins synthesized 
 from mRNA. Third, post-transcriptional or post-translational regulation 
 mechanisms control the level of active gene products. Active mRNA level 
 can be controlled by addition of poly (A) tail, splicing, silencing by 
 noncoding RNAs (miRNA, siRNA) etc. Some proteins may also undergo 
 modifications such as folding, enzymatic cleavage, bond formation etc. 


These modifications can play a vital role in the regulation and control of 
 gene expression. 


2.2.2 Gene Regulatory Network 


The interactions among genes, proteins and other cellular 
components form complex circuits that control all biological functions in a 
living organism. One type of such circuit is gene regulatory network which 



(50)represents the interaction structure of genes. A Gene regulatory network 
(GRN) models the complex regulatory mechanisms that control the activity 
of genes in living things and provides the most realistic representation of 
gene regulation. GRN models can be categorized into two classes, detailed 
and abstract model, according to the level of complexity in the model. In the 
detailed GRN model, the true physical interactions between regulatory 
proteins and their promoters are represented. In such models, regulator 
nodes are either transcriptional regulator proteins or genes and the target 
nodes are the mRNA levels for the target genes. The figure 2.3 shows the 
schematic illustration of a detailed GRN model. For instance, gene1 inhibits 
gene2 and activates gene3, implies that mRNA1 transcribed from gene 1 is 
translated to protein1 which in turn inhibits gene 2 and activates gene 3. In 
abstract GRN model such detailed functional descriptions are not 
represented explicitly. The abstract GRN model is depicted in figure 2.4. In 
abstract model; genes are represented as nodes and the regulatory 
relationships as directed edges. The regulatory relationship can be either an 
activation (increasing the transcription of other genes) or a repression 
(inhibiting the transcription level).The absence of link between two nodes 
implies that there is no relationship between two nodes. The regulation 
between two genes in a GRN implies direct physical interactions as well as 
indirect regulations via proteins, metabolites and noncoding RNAs that have 
not been measured directly [8]. This work focuses on inferring abstract 
GRN models from high throughput microarray data. 



(51)Figure 2.3 An example of a detailed GRN model. Genes can either activate or inhibit 
 themselves or other genes (gene1 inhibit gene2 and activates itself). Often 
 proteins form complex and regulates other genes. 


Figure 2.4 Abstract model of the GRN depicted in figure2.3 is shown. An edge → indicates 
 activation of transcription, where as an edge –l indicates repression of transcription. 


2.3 Role of MicroRNAs in Gene Regulation 


MicroRNAs are a class of non-coding RNAs that hybridize to 
mRNAs and regulate their activities at post transcriptional as well as 



(52)translational level [20]. There are at least 800 miRNAs within the human 
 genome, which may target about 60% of mammalian genes [21, 22]. 


MicroRNAs bind to partially complementary sites in the messenger RNA of 
 other genes and inhibit the translation of these genes. They have been found 
 to regulate a wide range of biological process such as cell differentiation, 
 proliferation, growth, mobility and apoptosis in diverse cancer-related 
 biological processes [23, 24]. 


MicroRNAs were discovered in 1993 by Rosalind Lee, Rhonda 
 Feinbaumand Victor Ambrosduring a study of the gene lin-14 in C.elegans 
 development [25]. Since then, over 4000 miRNAs have been identified in 
 almost all metazeon genomes including mammals, flies, worms and plants. 


In the human genome as many as 700 miRNAs have been identified yet and 
 over 800 more are predicted to exist. The impact of microRNA on the 
 proteome suggests that the microRNA acts as a rheostat, making fine-scale 
 adjustments to protein synthesis from thousands of genes [26, 27]. 


2.3.1 Biogenesis of miRNAs 


MicroRNA biogenesis is a stepwise process that starts in the nucleus 
and ends in the cytoplasm (see Figure 2.5). Most miRNAs are located in the 
introns of protein and non-protein coding genes or even in exons of long non-
protein coding transcripts [28]. MiRNA genes are usually transcribed by RNA 
polymerase II (Pol II) in the nucleus [29]. The miRNA sequence and its 
reverse-complement base pair to form a double stranded RNA hairpin loop 
called pri-miRNA (primary miRNA structure). The nuclear enzyme Drosha 
and its cofactor DGCR8/Pasha cleave the base of the hairpin to form pre-
miRNA of about 70 nucleotides in length. The pre-miRNA hairpins are 
transported from the nucleus into the cytoplasm by Exportin 5, a carrier protein. 



(53)In cytoplasm, RNase III enzyme Dicer cuts 20-25 nucleotides from the base of 
 the hairpin yielding an imperfect miRNA:miRNA* duplex [30]. The functional 
 strand of the microRNA duplex is then loaded into Argonaute protein within 
 RNA-induced silencing complex (RISC) and becomes mature miRNA, 
 whereas the other strand, miRNA*, is degraded [31, 32]. Finally, the mature 
 miRNA load in RISC is potent for regulating protein production, either by 
 translational repression or mRNA cleavage. 


Figure 2.5Pathway from microRNA  biogenesis  to  mRNA  regulation.The microRNA 
gene is transcribed by RNA polymerase II into a double stranded RNA hairpin loop called the 
primary transcript or pri-microRNA. The nuclear enzyme Drosha cleaves the flanking 
sequences, resulting in the ~70 nucleotide long pre-microRNA. After the relocation of pre-
miRNA into the cytoplasm by exportin-5, Dicer, RNase III enzyme, performs the second 
cleaving step called ‘dicing’ to produce the microRNA:microRNA* duplex. Subsequently the 
duplex is separated and one strand gets incorporated into the RISC, while the other strand is 
degraded. Finally the microRNA loaded RISC is potent for regulating protein production, either 
by translational repression or mRNA cleavage. The image is taken fromhttp://dna-rna.net 



(54)2.3.2 MicroRNA and Cancer 


MicroRNAs have diverse expression pattern and might play a key 
 role in various developmental and physiological processes like cell 
 development, proliferation, mobility, differentiation and apoptosis [23, 24]. 


Accordingly, altered miRNA expression is likely to contribute to a wide 
 range of human diseases, including cancer.The findings that miRNAs have a 
 role in cancer are supported by the fact that many miRNA genes are located 
 at fragile sites in the genome or regions that are commonly amplified or 
 deleted in human cancer [33].Also, malignant tumors and tumor cell lines 
 contain widespread deregulated miRNA expression compared to the 
 corresponding normal tissues [34,35]. 


First evidence of involvement of miRNAs in cancer was reported in 
 1999 [36]. Calinet. al. identified that two miRNAs, mir-15 and mir-16,were 
 involved in the pathogenesis of  chronic Lymphocytic Leukemia. Later, in 
 2005, He et. al. [37] demonstrated that miRNAs from mir-17-19 cluster 
 were over expressed in lymphoma cell lines. In the same year, Johnson et. 


al. [38] experimentally confirmed that loss or reduction of let-7 in lung 
 cancer lead to the over expression of RAS oncogene which in turn results in 
 the increased cell growth and tumerogenesis. The authors suggested let-7 act 
 as tumor suppressor. Recent experiments also show that miRNAs upregulate 
 genes in one condition, but act as a negative regulator in another condition. 


For example, let7 and the synthetic microRNA miRcxcr4-likewise 
upreguate target mRNAs upon cell-cycle arrest; yet, they inhibit translation 
in proliferating cells [39].  



(55)In general, changes in the expression pattern of miRNAs can influence 
 carcinogenesis if their mRNA targets are encoded by oncogenes or tumor 
 suppressor genes [17]. Recent functional studies suggest that miRNAs regulate 
 many known oncogenic and tumor suppressor pathways involved in the 
 pathogenesis of Colorectal Cancer [40, 41]. MiRNAs regulate many proteins 
 involved in key signaling pathways of CRC, such as members of the Wnt/β-
 catenin pathway, EGFR signaling (KRAS and phosphatidylinositol-3-kinase 
 (PI-3-K) pathways) and p53 pathways [17].Thus the analysis of such miRNAs 
 is useful for cancer diagnosis, prognosis, treatment and drug target discovery. 


……….DE………. 



(56)
(57)
 


Microarray based gene expression analysis provides an adjuvant tool to 
 understand the cancer-causing processes at the molecular level. This chapter 
 aims to provide an overview of the principles of microarray technology. It has 
 been divided in to four sections. The first section provides basic concepts on the 
 working of microarray and the basic principles behind the microarray 
 experiment. The second section deals with the practical concerns of the 
 analytical processing of the gene expression data obtained. The third section 
 focuses on the microarray applications in distinct areas of basic and clinical 
 science. Finally, the last section provides the challenges and future prospects in 
 the development and clinical use of microarray-based tests. 


3.1 Introduction 


Understanding of biological organization in the system level is a key 
objective in post genome era. Measuring the expression level of genes 
across different tissues or cells under different environmental conditions is 
very important and useful for understanding and interpreting the biological 
process. With the emergence of high throughput technologies such as 



(58)microarray, it is possible to measure simultaneously the combinatorial 
 changes in thousands of individual genes, proteins and metabolites in cells. 


Microarray technology is considered to be one of the most important and 
 powerful tools used to extract and interpret genome wide molecular 
 interactions at specific conditions. The analysis of microarray data will 
 provide new insights into the targets for the treatment of disease which is 
 aiding drug development, immunotherapeutics and gene therapy. 


The term microarray is synonymously used with DNA microarray, is a 
 collection of microscopic DNA spots attached on a solid surface, usually glass. 


Each DNA spots contain many copies of the same single stranded DNA 
 sequence (called probes) that uniquely represents a gene from an organism. 


Since the microarray contains thousands of such spots, it can accomplish many 
 genetic tests in parallel. Besides DNA microarrays, there are different types of 
 microarrays depending on the biological material embedded on the spot. These 
 include protein microarray, microRNA microarray (MMchips), tissue 
 microarray, antibody microarray, cellular microarray etc. [42]. Since all types 
 of arrays are based on the same conceptual foundations, DNA microarray has 
 been discussed in the rest of this chapter. 


3.2 Microarray Experiment 


The core principle behind the microarray technology is hybridization, 
the complementary nucleotidessequence stick to or “hybridise” to, one 
another. For example, a DNA molecule with the sequence -A-T-G-A-C- will 
hybridize to another with the sequence -T-A-C-T-G- to form double-
stranded DNA. There are two formats of arrays prevail today: the spotted 
cDNA microarray and the Affymetrix oligonucleotide array. 



(59)The cDNA array (or two- color or two-channel microarrays) has been 
 widely used and made popular through the work of Patrick Brown and his 
 colleagues at Stanford University [43]. The complementary DNA (cDNA) is 
 synthesized from messenger RNA (mRNA) template and copied rapidly 
 using polymerase chain reaction (PCR).The length of cDNA sequence vary 
 from a few hundred bases to a thousand or so. Thousands of cDNAs are 
 spotted onto an individual array to serve as microarray probes. These probes 
 of known identity, is used to determine complementary binding of the 
 unknown sequence in a sample. Each spot representsa specific gene, but 
 some genes may be represented by multiple spots. The cDNA array uses 
 two colours, red/green, labeling cDNA from one sample with red dye and 
 cDNA from another with green dye. Both labeled samples can be mixed and 
 hybridized to one single array and then scanned to determine the relative 
 binding for each probe. 


The oligonucleotide microarray, also called one-color or single 
 channel microarrays, is developed by Affymetrix Inc. under GeneChip® 


trademark. The oligoarray contains gene specific oligonucleotide probes of 25 
nucleotides in length (25-mers), which are synthesized on the chip by a 
patented technology called photolithography. Many companies are 
manufacturing oligonucleotide based chips using alternative technologies. In 
oligonucleotide microarray, each gene is normally represented by more than 
one probe. The collection of probes designed to interrogate a given sequence 
of gene is usually called probe set. A probe set composed of 16-20 separate 
probe pairs representing the mRNA sequence of interest. Each of the probe 
pair consists of a perfect match sequence (PM) and a corresponding mismatch 
sequence (MM). The prefect match sequence is complementary to a reference 
sequence of interest.The mismatch sequences are same as PM except for 



(60)homomeric base change (A-T or G-C) at the 13th position.The scanned result 
 for a particular gene is the average signal difference between PM and MM 
 across a probe-set. The oligonucleotide microarrays are used to measure 
 absolute value of gene expression and therefore the comparison of two 
 conditions require two separate microarrays. The basic steps in the microarray 
 experiment include chip fabrication, target preparation and hybridization and 
 scanning (see figure 3.1) 


Figure 3.1 The schematic diagram of microarray experiment. Microarray technology allows 
 the simultaneous monitoring of expression levels of thousands of genes. The mRNAs 
 extracted from the control sample is labeled with cy3 (green) dye and from the 
 experimental sample is labeled with cy5 (red) dye. The two labeled samples are mixed in 
 equal proportion and hybridize onto the microarray slide. The microarray slide is scanned 
 using a laser and the image obtained is stored for further analysis. The image is taken 
 from http://www.scq.ubc.ca 


3.2.1 Chip Fabrication 


Spotted arrays are fabricated using an arrayer or a spotter, a high 
precision dispensing device mounted on a robotic arm. The dispensing 



(61)device can be either a pin (contact printing) or an inkjet needle (non-contact 
 printing) [44]. The probes are synthesized off-chip and the spotter will 
 deposit each probe at designated locations on the array surface. The 
 precision and speed of the non-contact printing is far greater than the contact 
 printing [45]. The performance and quality of the microarray depends on 
 several parameters such as array geometry, spot density, morphology of the 
 spot, probe and hybridized density, specificity etc. The factors that affect 
 these parameters are shown in figure 3.2.  


Figure 3.2 Parameters and factors that determine the performance of DNA microarrays. 


Array geometry is the spatial localization of spots in the microarray and spot density defined 
 as the number of (different) spots that can be fabricated in a given area. Spot performance is 
 affected by three parameters; morphology, probe density and hybridized density. 


Morphology concerns the shape and homogeneity of the spots. Probe density is a 
measurement of how many probe molecules that are immobilized in a given area and 
hybridized density is defined as the number of target molecules that can hybridize to a given 
area. Specificity is defined as the number of target molecules cross hybridizes with 
imperfectly matched probes while background is a measurement of the noise coming from 
the slide. The performance parameters are influenced by fabrication specific factors (marked 
in blue) and post fabrication factors (marked with a dotted square). 
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