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Abstract 

Background:  

Cancer is now the most common cause of death in Australia, with an estimated 

110,000 new cases in the country in 2009 and 42,000 deaths. Current Australian data 

indicates that 1 in 2 men and 1 in 3 women can expect to be diagnosed with cancer in 

the first 85 years of their life. Cancer is a disease where abnormal cells grow rapidly and 

spread throughout the body in an uncontrolled manner. Cancer occurs due to several 

damaging events that can occur in an individual cell or from a combination of many 

processes. DNA damage is a common feature to all cancers, though not all DNA damage 

will result in cancer. It has been proved that research on molecular pathways of cancers 

directly contributes in advanced care for cancer patients by more accurately refining 

prognosis and selecting the most appropriate adjuvant therapy for these patients.  

Gene amplified in esophageal cancer 1 (GAEC1) is a novel gene located at 

7q22.1 identified using comparative DNA fingerprinting with inter-simple sequence 

repeat-polymerase chain reaction (ISSR-PCR). GAEC1 protein, based on its cDNA 

sequence showed no homology to any known protein. Preliminary work on GAEC1 

suggested that it has tumorigenic potential and over expression of GAEC1 is a critical 

step for tumour transformation. GAEC1 was found to be expressed in several normal 

tissues, including oesophagus, small intestine, colon and non-gastrointestinal sites, such 

as lung, thymus and prostate. However, because the initial work on this gene was 

undertaken in oesophageal cancer, there is currently a lack of information of the 

molecular roles of this novel gene in other cancers. The interactions of GAEC1 with 

other genes have not been studied, nor have the relationships of GAEC1 expression and 

clinicopathological parameters been investigated in any cancer. Identification of the part 
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it plays in the development of the disease could prove to be valuable information for 

understanding carcinogenesis and individualized molecular targeting therapy.  

 

Hypothesis and aims:  

This research is intended to investigate the functions of GAEC1 in tissue and cell 

line models of cancer, to determine which genes it interacts with and how manipulation 

or interference with expression of the gene alters gene networks.  

The hypotheses to be tested are: (1) cancer will show genetic alterations or 

change in expression of GAEC1 in comparison to control samples; (2) these changes 

will be correlated with pathological and physiological characteristics of cancer as well as 

ethnic groups; (3) Manipulation of GAEC1 expression in cell lines by siRNA, miRNA 

or direct amplification will result in altered expression of genes controlling cellular 

differentiation, growth and invasion. Specifically, the study aims to: (1) Determine the 

copy number changes and expression levels of GAEC1 in different human cancer 

samples; (2) Confirmation of the physical localisation and behaviour of the protein in 

cell lines and cancerous tissue; (3) Identification of pathways participated in by GAEC1 

and the identities of direct interaction partners; (4) Investigate the role of miRNAs in the 

post-transcriptional regulation of GAEC1 activity; (5) Determination of GAEC1 

structure and the presence of any enzymatic functions or interaction sites 

 



Investigating the role of the GAEC1 oncogene in Human Cancers 

 

Vinod Gopalan (s2684840) 4 School of Medicine 

Materials and methods:  

Tissue and blood samples have been recruited from patients at various hospitals 

in Australia and Asia (Hong Kong and Japan). Ethical approval has been obtained for 

the use of these tissues. Approximately 856 human tissues and blood samples have been 

collected. These comprise 430 colorectal tissues (210 Australian cancers, 66 Japanese 

cancers, 37 adenomas, 17 inflammatory bowel diseases, 50 non tumour and 50 

metastatic lymph nodes); 135 oesophageal tissues (105 cancers and 30 non tumours); 

254 thyroid tissues (207 cancers, 17 adenomas, 23 nodular hyperplasia and 7 non 

tumours); 37 blood samples (25 oesophageal cancers and 12 healthy individuals). This 

study used 11 cell lines, six oesophageal cancers (ESC-1, ESC-4, KYSE 150, KYSE 

510, KYSE 70 and SLMT-1), two colorectal cancers (SW480, SW48), one thyroid 

cancer cell line (K1), one normal oesophageal epithelial cell line (NE1) and one normal 

colon epithelial cell line (FHC). 

Histological samples (non-tumour, pre-cancerous and cancerous lesions) were 

collected and the pathology of these lesions was reviewed.  The DNA, mRNA and 

miRNA of the selected samples were extracted by standard protocols.  GAEC1 copy 

number changes and mRNA expression were studied by evaluating the quantitative 

amplification of GAEC1 DNA and RNA using quantitative real-time polymerase chain 

reaction (qRT-PCR). ∆∆Ct and Ct ratio methods were chosen to analyse gene 

amplification and expression. Micro RNA expression was also analysed using similar 

methods. The results were correlated with the clinical and pathological data. siRNAs 

targeting GAEC1 and HiPerfect transfection reagent were used to detect post 

transfection changes of GAEC1 in SW480 cell line. GAEC1 induced changes in cell 

proliferation and cell cycle events were identified by using a MTT calorimetric assay 

and flow cytometry respectively. Also, purified GAEC1 protein was crystallised and an 
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attempt was made to identify GAEC1’s structure and its post translational modifications 

by using X-ray crystallography.  

 

Results:  

GAEC1 DNA copy numbers, mRNA and protein expression levels were 

significantly altered in all selected cancer tissue models (colorectal, oesophageal and 

thyroid carcinomas). These levels of GAEC1 were associated with tumour site, 

histological subtypes, and metastasis. In colorectal cancers, 79% (n=114/144) of the 

Australian population and 94% (n=66/70) of the Japanese population showed high 

GAEC1 DNA copy numbers (amplification) compared to non tumour colorectal tissues 

(p < 0.0001). At the mRNA level, 29% (n=61/210) of colorectal cancers, 22% 

(n=23/105) oesophageal cancers and 7% (n=8/120) thyroid cancers showed high 

GAEC1 expression (relative to control tissue). GAEC1 mRNA expression (mean) in 

oesophageal cancer blood samples showed 4 times higher expression compared to the 

control samples (p < 0.0001). Patients with high GAEC1 mRNA expression levels in 

their oesophageal cancer tissue had reduced survival period compared to patients with 

low GAEC1 mRNA levels (p=0.05). GAEC1 protein expression was noted in the 

nucleus of non-tumour and poorly differentiated cancer tissues. Nuclear and cytoplasmic 

staining for GAEC1 protein was noticed in pre-cancerous and well differentiated cancer 

tissues. GAEC1 suppression in colon cancer cell line resulted in reduced cell 

proliferation and altered cell cycle events, indicating involvement of GAEC1 in DNA 

replication and cell growth. Also, a group of genes responsible for cell growth and 

differentiation (including stem cell markers) were found to have altered expression 

following the suppression of GAEC1.  
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Micro RNAs 498 and 1288 were chosen using the prediction program at 

www.microrna.org based on match to the GAEC1 mRNA as the micro-RNAs with the 

lowest free energy. Micro RNAs 498 and 1288 were frequently absent or lost in the 

majority of cancer tissues in which GAEC1 protein was highly expressed. This 

correlation was also confirmed by in vitro experiments in a colon cancer cell model. 

GAEC1 protein crystal did not show any symmetrical diffraction data during the 

synchrotron exposure and the final structural analysis was not undertaken due to the lack 

of diffraction data.  

 

Conclusion:  

The current study noted multiple new findings, including relationships with 

clinical and pathological parameters with GAEC1 copy number, mRNA and protein 

expression in three different types of cancer. The DNA amplification and altered mRNA 

and protein expression of GAEC1 and its correlation with different tissues samples and 

sites of tumour may also be important for the development of gene targeting therapies 

for colorectal and other cancers. This study also noted functional roles of GAEC1 in 

regulating cell proliferation, cell cycle events and in stem cell markers. In addition, a 

broad cross section of genes showed altered expression following GAEC1 suppression, 

indicating that they are potentially GAEC1’s interaction partners in vivo. Moreover, 

modulation of GAEC1’s expression by micro RNAs suggests the possible methods for 

regulating GAEC1’s expression in patients and also for molecular based cancer 

therapies. Further research in unveiling GAEC1 protein structure and functional 

interaction sites and post translational modifications will help in understanding of the 

role of this oncogene. Results of this study indicate that GAEC1 has a significant role in 

human cancer pathogenesis.   
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Chapter 1: Principles 

1.1 Lay Description 

  

 This research intends to examine the effects of a gene, named GAEC1, in human 

cancers. This gene was recently discovered in our laboratory while working on cancer 

genetics. GAEC1 has only been previously studied for a role in throat cancer, but there 

is some evidence that the gene has functions in various normal human tissues. The 

amount of GAEC1 detected in these human tissues was varied, indicating the 

significance of GAEC1 in the way different kinds of cells growth.  Because GAEC1 was 

found to influence the development of throat cancer, it may also be an influence on other 

cancer development. The gene may also be a useful target for detecting or treating 

cancer.  

 In cancer, genes may be copied, or they may be used in different ways than in 

normal tissue. This research will examine any changes of gene behaviour in GAEC1 and 

its possible interactions with other cancer causing genes. Cancer samples will be 

obtained from various hospitals inside and outside Australia for identification and 

analysis. Genetic material will be extracted from the cancers and the behaviour of the 

GAEC1 gene will be determined. The changes in GAEC1 will be compared to normal 

tissue as well as very early cancers. In addition, the research also intends to characterise 

the function of the gene and its role in the growth and development of cancer. This will 

determine whether this newly discovered gene is a significant contributor to the 

development of cancer and if it could be used as a target for therapy.  
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1.2 Aims and Hypothesis 

  

 This research is intended to investigate the functions of GAEC1 in tissue and cell 

line models of cancer, to determine which genes it interacts with and how manipulation 

or interference with expression of the gene alters gene networks. This study will identify 

the role of GAEC1 in carcinogenesis by checking the DNA copy number changes and 

mRNA expression in different cancer tissues, cell lines and blood samples. This research 

intends to determine the localisation and expression of the gene at the protein level in 

various cancer samples and following transfection and knock-down using RNAi. Role of 

microRNAs (miRNAs) specifically targeting GAEC1 will be studied for identifying any 

possible miRNA interaction with GAEC1’s post-transcriptional activity. X-ray 

crystallography will be used to identify the structure of GAEC1 and its binding partners 

in the active state and in isolation. Finally, we will also examine how gene expression 

and methylation changes across the genome following amplification or suppression of 

GAEC1.  

  

Once these experiments are completed, we will have a much more complete 

picture of the role of GAEC1 in the normal and cancerous cell. This research will also 

provide comprehensive baseline information concerning the role that GAEC1 plays in 

normal cellular metabolism and in cancer. This complete elucidation of the functions of 

GAEC1 will eventually lead to new ways to categorise, detect and treat gastrointestinal 

and other cancers. 
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Specifically, the study aims to:  

 

1. Determine the copy number changes and expression levels of GAEC1 in 

different human cancer samples (formalin fixed paraffin embedded (FFPE), fresh 

frozen samples, cell lines and blood) and to compare the GAEC1 expression and 

copy number changes in different ethnic groups from Australia and Asia. 

2. Identify pathways participated in by GAEC1 and the identities of direct 

interaction partners 

3. Confirm the physical localisation and behaviour of the protein in cell lines and 

cancerous tissue  

4. Investigate the role of miRNAs in the post-transcriptional regulation of GAEC1 

activity 

5. Determine of GAEC1 protein structure and the presence of any enzymatic 

functions or interaction sites 

 

The hypotheses to be tested are: (1) cancer will show genetic alterations or change in 

expression of GAEC1 in comparison to control samples; (2) these changes will be 

correlated with pathological and physiological characteristics of cancer as well as ethnic 

groups; (3) Manipulation of GAEC1 expression in cell lines by siRNA, miRNA or direct 

amplification will result in altered expression of genes controlling cellular 

differentiation, growth and invasion.  
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1.3 Significance 

 

 

 Cancer is now the most common cause of death in Australia, with an estimated 

108,000 new cases in the country in 2007 and 40,000 deaths. It is a global health issue as 

well as a major health issue in our region. Currently, cancer costs Australia more than 

3.8 billion dollars per year in direct costs. This study intends to examine the function 

and clinical significance of a gene that could be an extremely useful tool in both research 

and treatment. This study thus addresses an important health issue in our region. 

 The initial research on GAEC1 indicated that the gene may play a role in the 

central growth control mechanisms within cells. Initial transfection experiments showed 

that GAEC1 overexpression causes an increase in growth rates and an increased ability 

for transfected cells to colonise soft agar similar to that induced by ras transfection. This 

would indicate that GAEC1 is a previously unknown constituent of the ras pathway, or 

that it is part of a comparable pathway and that its expression is an important step in 

control of cellular growth. By controlling cellular growth, GAEC1 is likely an important 

gene in the development and progression of multiple cancer types, and our observation 

that approximately 30% of tested oesophageal cancers showed high GAEC1 expression 

provides some confirmation for this.  

GAEC1 is a gene that has been only recently identified in the study of 

gastrointestinal cancers. As such, there is very little knowledge regarding the gene and 

its role in cellular metabolism. Research into the mechanisms of this novel gene will 

provide information that will help to complete our picture of the metabolism of human 

cells.  

Further improvements to our knowledge of basic cell metabolism will be of 

assistance in numerous areas, particularly in our understanding of the basic processes of 

life and in the manipulation of cellular growth for fields such as stem cell research. 
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Elucidating the role of GAEC1 may also assist in improving the effectiveness of existing 

treatments for cancer, as well as allow the development of new treatments based on 

disruption of GAEC1 or downstream targets. GAEC1 may also have utility in cancer 

diagnostics, as GAEC1 overexpression may be detectable in peripheral blood, and is 

almost certainly so in pre-invasive cancer (adenomas) (Law et al., 2007).  

GAEC1 may also have an influence in a number of human diseases. Although 

GAEC1 has only been studied in cancer so far and has not been linked to any other 

disorders, the chromosomal region in which it is found, 7q22, has been linked to a 

number of serious health problems. These problems include psychological disorders, 

heart diseases, diabetes and obesity as well as cancers. While some of these have 

candidate genes located in the region of 7q22 (and elsewhere), studies have not 

conclusively apportioned the complete risk at these loci to other genes. 

 The improvement of our understanding of cancer can lead to important insights 

regarding mechanisms that may be important for both the diagnosis and treatment of 

cancer. Previously discovered novel genes such as mTOR have contributed enormously 

to our understanding of cancer, filling gaps in metabolic pathways and offering up new 

avenues for the treatment of the disease. GAEC1 is potentially closely involved in a 

number of highly important metabolic pathways, apparently acting as a central 

messenger in cellular growth pathways. If GAEC1 universally acts as it does in the 

initial experiments, targeted interference in its expression or function could be an 

extremely powerful method of cancer treatment. This could also allow GAEC1 to 

compliment and extend extant treatments. This study will provide information on the 

pathways GAEC1 participates in, as well as examining its behaviour in a large 

population of cancer tissues. This will ensure that not only do we have significant data 
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on the function and behaviour of the gene, but that the data is also applicable in real 

cancers.  

 Due to its involvement in a potentially large percentage of cancers, GAEC1 may 

also have some use as a diagnostic marker than can aid in the early detection of cancer. 

If it can be detected as a blood borne marker, GAEC1 may enable the development of a 

simple test that can detect cancer prior to the development of obvious symptoms. This 

would be of enormous benefit, particularly for cancers without an effective early 

detection method.  
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Chapter 2: Literature review 

2.1 Introduction to Cancer 

2.1.1 Cancer in Australia 

Cancer is one of the biggest killers in the world. Around the world, the death rate 

due to cancers is reasonably high when compare to other diseases. Cancer is now the 

most common cause of death in Australia, with an estimated 110,000 new cases in the 

country in 2009 and 42,000 deaths. It is a global health issue as well as a major health 

issue in our region (Australian Bureau of Statistics, 2011). Currently, cancer costs 

Australia more than 3.8 billion dollars per year in direct costs.  

 Current Australian data indicates that 1 in 2 men and 1 in 3 women can expect to 

be diagnosed with cancer in the first 85 years of their life (Australian Institute of Health 

and Welfare (AIHW), 2010). A total of 39,884 people died from cancer in 2007 (22,562 

males and 17,322 females), this equates to an average of 109 people dying from cancer 

every day. Cancer was the second most common cause of death in 2007, accounting for 

approximately three of every ten deaths (29%) (AIHW, 2010). Most cancers display a 

similar set of symptoms and outcomes; they are malignant growths that arise from a 

variety of tissues and different organs of the body from various causes. So irrespective 

of the different causes and location, cancers create unique challenges to researchers. 

108,368 new cases of cancer were diagnosed in Australia in 2007 (excluding basal and 

squamous cell carcinomas of the skin). 57% of the newly diagnosed cancer cases in 

2007 were in males. The risk of being diagnosed with cancer before the age of 75 years 

is 1 in 3 for males and 1 in 4 for females. In 2007, the most commonly reported cancer 

was prostate cancer (19,403 cases) followed by bowel cancer, breast cancer, melanoma 

of the skin and lung cancer.  
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2.1.2 What is Cancer? 

Cancer is a disease where abnormal cells grow rapidly and spread throughout the 

body in an uncontrolled manner. These cancerous cells can invade and destroy 

surrounding tissue and spread to distant parts of the body, causing damage at distant 

sites (Queensland Health, 2012). Cancer cells have defects in regulatory circuits that 

govern cell proliferation and homeostasis. There are more than 100 distinct types of 

cancer, and subtypes of tumours can be found within specific organs (Hanahan and 

Weinberg. 2000). Progression of cancer depends on the uncontrolled growth of cells. 

During the various stages of progression cancer cells consume the body's resources and 

impair the function of surrounding tissues by sequestering and restricting blood supply, 

as well as disruption to tissue structures due to growth and invasion. Cancer does not 

occur due to a single incident or step in progression; instead, they are formed when 

several damaging events occur in an individual cell or from a combination of many 

processes (Brugge et al., 1991; Hanahan and Weinberg. 2000; Clapp et al., 2008). These 

events, and the order in which they occur, may be completely different, or they may be 

the same between two cancers arising in the same tissue. Despite this, only certain kinds 

of cellular damage, that is, damage to DNA, will lead to the formation of cancer. DNA 

damage is a common feature to all cancers, though not all DNA damage will result in 

cancer (Thompson. 1985).   
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2.1.3 Aetiopathogenesis  

 Due to recent advancements in molecular biology, researchers now know that 

cancer develops from complex multi-factorial web of causes. There are many interacting 

factors, such as prenatal and early childhood exposures, nutrition, physical activity, 

genetics, and psychosocial factors such as stress, which together may ultimately be 

responsible for the development of cancer (Clapp et al., 2008). The term “carcinogen” 

refers to any substance that can contribute to the process of tumor formation and 

includes mutagens, co-carcinogens, and tumor promoters. The term “carcinogen” is 

most commonly associated with substances that are genotoxic, which initiate the process 

of carcinogenesis by causing a mutation in DNA. A variety of processes occurring 

spontaneously inside cells can also contribute to mutagenesis and carcinogenesis, 

including spontaneous DNA damage as well as mistakes (errors) being made during the 

duplication of DNA. A “co-carcinogen” is a substance that by itself does not cause a 

tumor to form, but enhances the potency of a genotoxic substance. A “tumor promoter” 

is a substance that by itself does not cause a tumor, but enhances tumor formation when 

it is given (usually repeatedly) after exposure to a genotoxin (Clapp et al., 2008). 

 The steps leading from carcinogen to mutation are complex, but usually follow 

the following sequence. 1, Chemical carcinogens undergo covalent modification inside 

the cells by enzymes into chemically reactive intermediates. 2, Toxic intermediates 

which derive from metabolism will react with the DNA nucleobases to form adducts. 3, 

In comparison to normal nucleobases, DNA adducts are more likely to be misread 

during DNA synthesis. 4, Cells usually avoid mutagenic DNA replication through a 

process called DNA repair, which removes DNA adducts and restores the sequence and 

integrity of DNA. DNA repair is multifaceted with many pathways, each targeted to a 
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different kind of DNA damage (Clapp et al., 2008). In this final stage, if repair fails, the 

mutation is passed along to daughter cells. 

 

Steps in tumor formation 

 In an adult human, cells are in a steady state and newly generated cells by cell 

division will replace old cells that have been lost (Varmus and Weinberg. 1993; 

Weinberg. 2007). Cell division is tightly regulated by the protein products of growth 

control genes. When these genes become mutated, a cell will lose the signalling balances 

necessary to insure that it divides only when it is supposed to (Clapp et al., 2008). For 

example, normal cells have “tumor suppressor genes,” which limit cell division to those 

times when the cell receives a proper growth signal. The loss of a tumor suppressor gene 

by mutation may contribute to uncontrolled cell growth (cancer). A second class of 

genes called “proto-oncogenes” are active in the signalling pathway for cell growth; if 

these genes are mutated to “oncogenes”, then they send their signals to grow continually 

rather than only when it is proper. 

 Six essential alterations in cell physiology are needed for differentiating a normal 

from a malignant cell. These cell alterations are self-sufficiency in growth signals; 

insensitivity to antigrowth signals; evasion of programmed cell death (apoptosis); 

limitless replicative potential; sustained angiogenesis; tissue invasion and metastasis 

(Fig.1) (Hanahan and Weinberg. 2000; Weinberg. 2007). While a cell with a defect in 

any of these categories could proliferate abnormally, a cancer cell probably must have 

defects in all six categories (Clapp et al., 2008).  
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Fig 1: Acquired capabilities of cancer (Hanahan and Weinberg. 2000) 

        

 

Self-sufficiency in growth signals:  

 Normal cells require mitogenic growth signals (mitogens) before they can move 

from a quiescent state into an active proliferative state. Mitogens bind to cell surface 

receptors and initiate cell signalling pathways, which involves the sequential activation 

of a string of proteins that ultimately leads to changes in the expression of genes in the 

nucleus (Hanahan and Weinberg. 2000; Clapp et al., 2008) . Mutations in genes 

encoding protein will lead to faulty signalling in any growth controlling pathways and 

can ultimately result in increased cell growth. No type of normal cell can proliferate in 

the absence of such stimulatory signals (Hanahan and Weinberg. 2000). Mitogen 

receptors can be seen to be mis-regulated or increased in some cancers in breast, prostate, 

stomach, colon, brain and lung (Clapp et al., 2008).  
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Insensitivity to anti-growth signals: 

 Antigrowth signals can block proliferation by two distinct mechanisms. Cells 

may be forced out of the active proliferative cycle into a quiescent (G0) state from which 

they may be reactivated in future when they are exposed to sufficient extracellular 

signals. Alternatively, cells may be induced to permanently relinquish their proliferative 

potential by being in a post-mitotic state (Hanahan and Weinberg. 2000). For example 

retinoblastoma (Rb) protein blocks cell proliferation by sequestering and altering the 

function of E2F transcription factors and allows cells to undergo proliferation by 

liberation of the E2Fs (Weinberg. 1995).  

 

Evading programmed cell death (Apoptosis):  

 Apoptosis can occur in normal development but cells receiving excessive DNA 

damage also undergo apoptosis rather than trying to survive with high levels of 

mutations (Clapp et al., 2008). For example, cells in severely sunburned skin have high 

levels of ultraviolet light-induced DNA damage; to prevent cells with many mutations 

that might generate a skin cancer from reproducing these cells are killed via apoptosis. 

The dead cells are replaced by new cells produced in a shielded layer of cells lower in 

the dermis (Clapp et al., 2008). The p53 tumor suppressor protein plays a central role in 

the sensing of the level of DNA damage and regulating the cellular response to this 

damage, including in the regulation of apoptosis (Harris. 1996).  

 

Limitless replication potential:  

 Human cells are able to replicate themselves a finite number of times, after 

which they stop dividing, leading to a state termed senescence (Hanahan and Weinberg. 

2000; Clapp et al., 2008). Most cells that escape senescence (usually via mutations in 
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either the Rb or p53 gene) enter a state called crisis and die, but a small fraction of cells 

circumvent crisis and become immortal (Hanahan and Weinberg. 2000). Though the 

process of immortalization is incompletely understood, one key element involves the 

regulation of the ends of chromosomes, which are called telomeres (Clapp et al., 2008). 

Telomeres are retained and cells become immortal when telomerase, which replicates 

telomeres, is overexpressed. Approximately 90% of tumours overexpress telomerase, 

retain their telomeres, and thereby avoid senescence (Bryan and Cech 1999). 

 

Sustained Angiogenesis:  

 Angiogenesis is the term for the signalling of new blood vessel formation. 

Tumors remain small until they acquire the ability to trigger new capillary growth, 

which is termed the angiogenic switch. Tumors appear to activate the angiogenic switch 

by changing the balance of angiogenesis inducers and countervailing inhibitors 

(Hanahan and Folkman, 1996). Vascular endothelial growth factor (VEGF) is the best 

understood angiogenesis signalling factor. VEGF binds several cell surface receptors to 

trigger growth of new blood vessels, and is up-regulated in many tumours (Veikkola and 

Alitalo. 1999). There are currently more than two dozen angiogenic inducer factors 

known and a similar number of endogenous inhibitor proteins (Hanahan and Weinberg. 

2000).  

 

Tissue invasion and metastasis:  

 Approximately 90% of all cancer deaths occur because a primary tumor acquires 

the capacity to release cells that then invade and grow in remote sites in the body, a 

process termed metastasis (Sporn. 1996). Cancer cells are held together by adhesion 

proteins, whose expression decreases in metastatic cells. The most widely observed 
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alteration in cell to environment interactions in cancer involves E-cadherin, a homotypic 

cell to cell interaction molecule ubiquitously expressed on epithelial cells (Hanahan and 

Weinberg. 2000). Cancer cells are held together by E-cadherin, whose expression 

decreases in metastatic cells, which are then able to leave the primary cancer site (Clapp 

et al., 2008).  

 

2.2 Introduction to Colorectal Cancer (CRC) 

             CRC is amongst the most common malignancies found in developed countries 

and the mortality rates for this cancer is generally high compared to other cancers 

(Stewart and Kleihuesp. 2003). CRC can be defined as cancer of the large intestine or 

colon, including the rectum and appendix (Kumar et al., 2005). It is also known as large 

bowel cancer or colon cancer. In Australia, colorectal cancer is the 2
nd

 most common 

malignancy after prostate cancer in men and breast cancer in women (Queensland 

Health). It is the most commonly occurring cancer in Australia and the second most 

common cancer-related cause of death (Australian Bureau of Statistics, 2011). 

Colorectal cancer develops as a result of the pathologic transformation of normal colonic 

epithelium to an adenomatous polyp and ultimately an invasive cancer. This multistep 

progression requires years, possibly decades, and is accompanied by a number of 

recently characterized genetic alterations (Gryfe et al., 1997). The transformation of 

colorectal tissue into cancer is not solely a DNA mediated process. Interaction of 

genetics and environmental effects has an important role in colorectal carcinogenesis (Li 

and Lai. 2009). Adenocarcinomas are the most common colorectal carcinoma. They 

comprise nearly 98% of total colon cancers. Other, less common, bowel cancers include 

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

cell carcinoma, adenosquamous carcinoma, medullary carcinoma and undifferentiated 
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carcinoma (Hamilton et al., 2000). Two thirds of colorectal cancers occur in the colon 

and one third in the rectum. The incidence and epidemiology, aetiology, pathogenesis, 

and screening recommendations are common to both colon cancer and rectal cancer 

(Kumar et al., 2005). It is for this reason that they are considered a single disease entity. 

Incidence and death rate of colorectal carcinoma (CRC) has been gradually 

declining in recent years. This is likely due to improvements to the initial screening 

protocols and diet / lifestyle modifications suggested by public health initiatives. But 

studies show that the death rate due to this cancer is still higher when compared to other 

malignancies (Australian Bureau of Statistics, 2011). So CRC remains a major health 

concern and demands continuing efforts in developing strategies of screening and 

prevention. This leads to the pathway of molecular genetics in colorectal carcinoma for 

further improvement to the diagnosis and treatment of the disease. It has been proved 

that research on molecular pathways of cancers directly contributes in advanced care for 

patients with colorectal cancer by more accurately refining prognosis and selecting the 

most appropriate adjuvant therapy for individual patients with colorectal cancer 

(Alvarado et al., 2006) 

 

2.2.1 Epidemiology  

 

According to statistics of the American Cancer Society, the incidence of CRC 

was estimated to rank third in both genders for all malignant diseases in 2008 (Jemal et 

al., 2008). Incidence rate of CRC is greater in North America, Australia, New Zealand 

and Western Europe. CRC incidence is also increasing in many Asian countries (Sung et 

al., 2005). In developing countries like China, economic development and the adoption 

of Western life-styles have lead to an increased incidence of CRC (Li and Lai. 2009).  

Incidence of CRC also increases with age. Unless there is a genetic predisposition or any 

history of predisposing conditions like chronic inflammatory bowel disease, colorectal 
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cancer is rare in before the age of 40 (Winawer et al., 1997). Colorectal adenocarcinoma 

rates also vary in a number of population subtypes. For males, incidences were slightly 

higher than those for females; whites are affected more than blacks for rectal 

adenocarcinomas, but blacks had a higher incidence for colonic adenocarcinomas 

(Thomas and Sobin. 1995). These differences in incidence have promoted investigation 

of the site-specific incidence in the large bowel over recent decades.  

 

2.2.2 Aetiology and Risk factors 

The precise aetiology of colorectal cancer is unknown, but colorectal cancer 

appears to be multifactorial in origin. Approximately 75% of colorectal cancers are 

sporadic and develop in people with no specific risk factors. The remaining 25% of 

cases occur in people with significant risk factors (Irfan and Vincent. 2004). Risk factors 

include: 

Diet and lifestyle: Incidence of CRC is high in populations with Western diets and life 

styles which include high calorie food rich in animal fat, meat consumption, low 

activity, smoking and alcoholism (Potter. 1999, Winawer et al., 1997)  

Chronic Inflammation: Chronic inflammatory bowel diseases like ulcerative colitis and 

Crohn’s disease are significant risk factors for the development of colorectal 

adenocarcinomas. Risk increases 8-10 years after the onset of these inflammatory 

diseases. Both of these inflammatory diseases are considered to be pre-neoplastic lesions 

(Riddell et al., 1983; Gyde et al., 1988; Kvist et al., 1989; Gillen et al., 1994) 

Modifying factors: Modifying factors like NSAIDs (Non-steroidal anti-inflammatory 

drugs), some naturally occurring compounds, polymorphisms in the genes for key 

enzymes and proteins play a major role in colorectal carcinogenesis (Rafter et al., 1998)  
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Irradiation: Therapeutic pelvic irradiation is a rare cause of colorectal malignancies 

(Tsunoda et al., 1997) 

2.2.3 Anatomy and physiology of colorectum  

Knowledge of the anatomy and physiology of colorectum is important for 

understanding the mechanisms of CRC in the different segments of the large bowel. 

Colorectum consists of the caecum, ascending colon, hepatic flexure, transverse colon, 

splenic flexure, descending colon, sigmoid colon and rectum. Caecum, ascending colon 

and transverse colon (including splenic and hepatic flexure) forms the proximal colon 

and rest of the parts form the distal colon. Anatomically, proximal and distal colons are 

located within the peritoneal cavity, while the rectum lies within the pelvis. Proximal 

colon embryologically originates from the midgut, while segments from the splenic 

flexure to the upper anal canal containing the distal colon and rectum arise from the 

hindgut (Fig.2) (Li and Lai. 2009). The proximal colon is nourished by branches of the 

superior mesenteric artery; distal colon and rectum are supplied by tributaries from the 

inferior mesenteric artery. The innervations to the proximal colon derive from the vagus 

nerve, while fibres from S2 and S4 innervate distal colon and rectum. 

 

                

Fig.2: Anatomical 

parts of large 

intestine 
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Nutrient and water absorption and faecal storing are major functions of colon and 

rectum. However, these functions take place differentially in different segments of the 

large bowel. Sodium and water absorption rates are greatest in the caecum and decrease 

progressively towards the rectum. The functional difference may be explained by the 

structural and physiological differences of various segments of the large bowel: evident 

difference indicates functional heterogeneity of various segments of the large bowel (Li 

and Lai. 2009). The thickness of the total wall of colon and rectum visualized by 

endoscopic ultrasonography is not identical, with a thinner wall in the colon compared 

with the rectum. The proximal colon is more related to water absorption and electrolyte 

transport activities compared with the distal colon (Li and Lai. 2009). 

Histologically, the proportion of goblet cells, which secrete mucin, within the 

sigmoid colon and rectum is higher than that on the right-sided colon. This higher 

proportion of mucin producing cells is believed to be a defence of the mucosal surface 

against increased physical and/or chemical stimuli in the distal colon and rectum (Arai 

and Kino. 1989). The rectum shows an unusually high concentration of endocrine cells 

compared with other segments, which is suggestive of a possible relationship with the 

high incidence of carcinoma in the rectum (Shamsuddin et al., 1982). 

2.2.4 Histopathology  

Adenoma: The precursor lesion of colorectal cancer is adenoma.  It appears as polyp 

macroscopically (Fig.3). Microscopically, the lesion is composed of dysplastic glands 

arranged in tubular, tubulovillous, villous and other architecture (Hamilton et al., 2000) 
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Fig.3: Tubulovillous adenoma of colon. Appears like small polypoid masses not 

invading the muscle layer. Diagnosis can be only confirmed microscopically.  

 

Cancer: The most common histological type of colorectal cancer is adenocarcinoma. 

However, other pathological subtypes with different characteristics have also been 

described (Lam and Ho. 2006).   

2.2.4.1 Macroscopic features 

Tumours may be fungating, ulcerative, diffusely infiltrating and annular in 

nature. Overlapping of these lesions in cases is not uncommon. Tumours in the proximal 

colon have a tendency to be fungating and the distal colon tumours are mostly ulcerative 

and annular in nature (Fig.4). Most of the colorectal carcinomas have a homogenous 

appearance on cut section, but changes may be seen due to necrosis, which can be either 

focal or extensive. Mucinous adenocarcinomas show large areas of mucus in the 

specimen (Hamilton et al., 2000).     
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Fig.4: Cancerous lesion in distal colon showing the ulcerative lesion with clear 

differentiation from normal colon mucosa. Full length invasion of the ulcerative mass 

is also seen. 

 

2.2.4.2 Microscopic features  

Adenocarcinoma is a type of colorectal carcinoma which originates from 

glandular epithelium of bowel mucosa (Fig.5). Tumour cells in adenocarcinomas may 

invade the large bowel walls either fully or partially. Depending upon the severity, 

tumour cells infiltrate the mucosa, submucosa, muscularis propria, surrounding vessels 

and perirectal tissues. Tumour cells will be seen as irregular tubular structures with 

polymorphic nuclei, multiple lumens and reduced stroma (Lam and Ho. 2006).  
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Fig.5: Colorectal adenocarcinoma with preserved glandular pattern of the cells and 

invasion into the muscle layer.  

Mucinous adenocarcinoma is an adenocarcinoma with production of 

extracellular mucin in more than 50% of the cancer (Fig.6). The mucinous 

adenocarcinoma subtype is encountered in approximately 14% of colorectal cancers 

(Lam et al., 2006).  

 

 

 

Fig.6: Colorectal 

mucinous 

carcinoma with 

completely 

distorted glandular 

pattern and 

extracellular mucin 

 

 

Signet ring cell adenocarcinoma is a type of mucinous adenocarcinoma which 

can be defined as tumour cells with prominent intra cytoplasmic mucin which has their 

nuclei displaced towards the cell periphery (Lam et al., 2006) (Fig.7). 
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Fig.7: Signet ring cell carcinoma of colorectum with intracytoplasmic mucin 

production and cells with nucleus placed in the periphery.  

Several factors, including glandular architecture, cellular pleomorphism and 

mucosecretion allow colorectal carcinomas to be further differentiated into three groups: 

well, moderate and poorly differentiated (Hamilton et al., 2000).  

2.2.5 Symptoms 

 The most common symptoms of colorectal carcinoma are rectal bleeding, altered 

bowel habits, occult bleeding, anaemia, abdominal pain, weakness, bowel obstruction 

and pelvic pain. Other symptoms include fever, malaise, weight loss, abdominal 

distension. Acute manifestation of the symptoms can be possible because of 

complications like obstruction or perforation of the bowel (Majumdar et al., 2004; 

Hamilton et al., 2000). Late manifestation of symptoms is the characteristic feature of 

signet ring cell carcinoma which is a highly advanced colorectal cancer (Fu et al., 2006).  
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2.2.6 Diagnosis and Treatment 

 CRC can be diagnosed by imaging techniques like barium enema, air-contrast 

radiography, CT (computed tomography), MRI (magnetic resonance imaging) and 

transrectal ultrasonography (Zerhouni et al., 1996). Scintigraphy and PET scan (positron 

emission tomography) are other, rarer, imaging techniques for diagnosing CRC 

(Hamilton et al., 2000). Endoscopic methods like colonoscopy are also an essential tool 

for making a diagnosis (Hamilton et al., 2000). Current treatment for colorectal cancer 

includes surgical excision of tumour, chemotherapy, radiation therapy and immune 

therapy. Selection of mode of treatment depends upon the stage of carcinoma. Life 

expectancy and survival rates of patients affected with CRC will depend on the early 

detection and treatment of the cancer (Kumar et al., 2005).  

 Recent trends showing steadily increasing patient survival strongly suggest that 

management of colorectal carcinoma has improved (Wilkinson and Scott-Conner. 2008). 

This is related to screening for precancerous adenomatous lesions and detection of 

earlier stage cancers, advances in surgical techniques. Nevertheless, current modalities 

of therapy for colorectal cancer still leave some patients with poor survival and cure 

rates. Thus more investigations on etiological factors at the molecular level are essential 

for further improvement of diagnosis and treatment of the disease. Also, to more 

accurately individualize prognosis and plan appropriate adjuvant therapy for patients 

with colorectal carcinoma, additional tissue based prognostic indicators have been 

sought on a molecular level. Novel molecular targets remain to be identified despite 

significant research in this area. 
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2.3 Genetic Involvement in cancer development 

 

2.3.1. Genetic basis of cancer 

 Regardless of whether a cancer occurs sporadically or repeatedly in a family as a 

hereditary trait, cancer is a genetic disease (Nussbaum et al., 2004). As mentioned in the 

introduction for cancers (section 2.1), DNA damage plays a major role in initiation and 

progression of cancers. DNA from the cells can be damaged in many ways, though most 

sources of DNA damage fall into one of two categories, chemical damage, or damage 

from ionizing radiation. DNA damage through mechanical means is also possible, but 

rarer. DNA damage occurs when chemical changes either directly alter DNA 

composition, through the removal of bases, or when structural alterations to the DNA 

cause incorrect protein synthesis or incorrect repair by the cell's error checking 

mechanisms (Thompson. 1985). Additionally, alterations to DNA make-up may occur 

through mutation, which is caused by errors in the mechanism that reproduces DNA 

(Thompson. 1985). 

  

Different kinds of genes are involved in initiating the cancer process. These 

genes undergo different types of mutations or alterations for causing cancer. A mutation 

is defined as any change in the sequence of the genome. These changes include those 

affecting single base pairs as well as those creating large or small deletions or insertions, 

amplifications or translocations. In the germline, the most common mutations are subtle 

(point mutations or small deletions or insertions), whereas all types of mutation can be 

found in tumor cells (Vogelstein and Kinzler. 2004). 
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 Mutations in the genes which control proliferation and cell death are mainly 

responsible for cancer. In the majority of cancers, mutation occurs in a single cell and 

that cell’s progeny later progress into advanced cancer, limiting them to a small area, 

initially. When cancer occurs as a part of hereditary factors, the cancer causing 

mutations will be inherited through the germline (Nussbaum et al., 2004). Thus, 

germline mutations will be present in every cell of the body at birth. In both these types 

of cancer development, once initiated, a cancer evolves by accumulation of additional 

genetic damage through mutations or by silencing those genes which are capable of 

regulating cellular machinery and cytogenic normality (Nussbaum et al., 2004). 

  

Genes which are major contributors to cancer development can be divided into 

two groups, oncogenes and tumour suppressor genes (Irfan and Vincent. 2004). A 

mutant gene whose altered function or expression results in abnormal stimulation of cell 

division and proliferation is known as an oncogene (Tannock and Hill. 1998). 

Oncogenes are mutated genes that contribute to cancer development by disrupting a 

cell’s ability to control its own growth and DNA repair mechanisms.  When oncogenes 

are activated or over-expressed, a single mutant allele is usually sufficient to change the 

cell phenotype from normal to malignant or cancer. A normal gene which, when altered 

by mutation becomes an oncogene that can contribute to cancer is known as a proto-

oncogene (Tannock and Hill.1998).  
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Fig.8: Transformation of proto-oncogenes to oncogenes. Proto-oncogenes encode for 

normal cellular proteins involved in growth signalling pathways. When these genes 

become mutated as a result of exposure to chemicals, radiation, or other carcinogens, 

these genes are called oncogenes. (Brandon and Michelle. 2007). 

 

 Theories for the genetic basis of cancer were strengthened after the discovery of 

oncogenes. Oncogenes play a vital role in cancer research, because they help in 

identifying the framework of genetic changes which are involved in the development of 

many cancers (Goyns and Hancock. 1991). Understanding how specific oncogenes work 

and what other genes they interact with allows us to identify new ways to block cancer 

growth pathways. Moreover, diagnostic application of oncogenes helps in identifying 

individual predisposition to various cancers, accurate staging of cancers and evaluating 

the prognosis of a patient (Goyns and Hancock. 1991).   
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2.3.2 Tumorigenesis 

 Alterations in three types of genes are responsible for tumorigenesis; oncogenes, 

tumor-suppressor genes and stability genes. Unlike other diseases such as cystic fibrosis 

or muscular dystrophy, wherein mutations in one gene can cause disease, no single gene 

defect causes cancer. Human cells have multiple safeguards to protect them against the 

potentially lethal effects of cancer gene mutations, and only when several genes are 

defective does an invasive cancer develop (Vogelstein and Kinzler. 2004).  

 

Oncogenes 

 Oncogene activations can result from chromosomal translocations, from gene 

amplifications or from subtle intragenic mutations. Oncogenes can be mutated in such 

way that it either renders the gene constitutively active or active under commonly 

encountered conditions. An activating somatic mutation in one allele of an oncogene is 

generally sufficient to confer a selective growth advantage on the cell (Vogelstein and 

Kinzler. 2004). For example, the most common activating mutation of BRAF in human 

cancers changes a valine to glutamate at codon 599 (Davies et al., 2002).  

 

Tumor-suppressor genes 

 Tumor-suppressor genes are targeted in the opposite way by genetic alterations: 

mutations reduce the activity of the gene product. Inactivation of tumor-suppressor 

genes can arise from missense mutations at residues that are essential for its activity, 

from mutations that result in a truncated protein, from deletions or insertions of various 

sizes, or from epigenetic silencing.  Mutations in both the maternal and paternal alleles 

of a tumor-suppressor gene are generally required to confer a selective advantage to the 

cell (Vogelstein and Kinzler. 2004).  
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 Oncogenes are formed due to gain-of-function mutations that help in malignant 

transformation by mechanisms such as increased proliferation, increased vascularisation 

at the tumour site and inhibiting apoptosis (normal cell death). Tumour suppressor genes 

(TSG) block the growth of tumour by regulating cell growth. When the proteins which 

were encoded by TSG lose function, this leads to uncontrolled cell division and 

abnormal cell growth (Nussbaum et al., 2004).    

 Oncogene and tumor-suppressor gene mutations all operate similarly at the 

physiologic level: they drive the neoplastic process by increasing tumor cell number 

through the stimulation of cell birth or the inhibition of cell death or cell-cycle arrest. 

The increase can be caused by activating genes that drive the cell cycle, by inhibiting 

normal apoptotic processes or by facilitating the provision of nutrients through enhanced 

angiogenesis (Vogelstein and Kinzler. 2004). All genes are potentially affected by the 

resultant increased rate of mutation, but only mutations in oncogenes and tumor-

suppressor genes affect net cell growth and can thereby confer a selective growth 

advantage to the mutant cell (Vogelstein and Kinzler. 2004). 

 

Stability genes or caretaking genes 

 A third class of cancer genes, called stability genes or caretakers, promotes 

tumorigenesis in a completely different way when mutated. This includes the mismatch 

repair (MMR), nucleotide-excision repair (NER) and base-excision repair (BER) genes 

responsible for repairing subtle mistakes made during normal DNA replication or 

induced by exposure to mutagens (Vogelstein and Kinzler. 2004). Stability genes keep 

genetic alterations to a minimum, and thus when they are inactivated mutations in other 

genes occur at a higher rate (Friedberg. 2003).  
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2.3.3. Genetics of colorectal cancer 

The mechanisms of action of genes in colorectal carcinoma are the same as those 

mentioned above. It is known that colorectal cancer develops after a series of genetic 

mutations, corresponding to the histological progression from normal colonic mucosa to 

adenoma (dysplasia), adenocarcinoma and finally metastases (Wienberg. 1989). 

Understanding of the pathology and molecular alterations in carcinogenesis and the 

development of new laboratory techniques has led to the investigation of various 

molecular, protein and carbohydrate markers as potential prognostic factors. 

 The first evidence of multistep genetic events in colorectal cancer (CRC) was 

proposed by Vogelstein (Fearon and Vogelstein. 1990). Colorectal cancer is the result of 

mutation in key genes, including the activation of oncogenes and the inactivation of 

TSGs (Irfan and Vincent. 2004). The inactivation of TSGs accounts for approximately 

85% of all CRC. Another mechanism which leads the pathway for development of CRC 

is through the inactivation of proteins which are involved in DNA mismatch repair 

(MMR). This mechanism is involved in nearly 15% of all sporadic CRC (Irfan and 

Vincent. 2004). 

 In addition to these mechanisms of malignant transformation, a number of 

specific oncogenes have been implicated in the development of colorectal cancer. These 

include: c-myc, src, kras, wnt, egfr, egf, raf, vegf, mek and many others. In the study of 

molecular markers, the roles of p53, p16, telomerase, survivin and aurora kinase in 

Australian patients with colorectal cancer have been documented (Lam et al., 2008; 

Saleh et al., 2008; Lam et al., 2006). Nevertheless, none of these molecular alterations 

can give a complete picture of the processes of carcinogenesis or clear cut indication of 

prognosis in colorectal cancers.  
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Microsatellite instability (MSI) 

 The presence of intrinsically unstable repeated sequences in the tumour DNA are 

known as Microsatellite instability (MSI) (Prolla. 1998). MSI can be defined as a change 

in the DNA length due to either insertion or deletion of repeating units of DNA bases. 

Five microsatellite markers can be used as a reference standard for CRC (Boland et al., 

1998). If two or more of these markers show MSI, the lesion can be classified under 

high frequency MSI (MSI-H). If only one marker is positive, it is known as low 

frequency MSI (MSI-L).  If no markers shows MSI, it is classified as microsatellite 

stable (MSS). MSI-H carcinomas are characteristics of hereditary nonpolyposis 

colorectal cancer syndrome (HNPCC). MSI-H tumours comprise about 15% of CRC 

(Hamilton et al., 2000).    
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2.4 Introduction to GAEC1 

 

2.4.1 GAEC1- Recently discovered gene 

GAEC1 is a novel gene identified in the study of gastrointestinal cancer. An 

analysis of the frequency of amplification or loss of individual PCR profile bands led to 

the identification of an uncharacterised human expressed sequence tag (EST) on a 

cDNA clone from a chromosome 7 placental cDNA library (Touchman et al., 1997). 

The use of comparative DNA fingerprinting with inter-simple sequence repeat- 

polymerase chain reaction (ISSR-PCR) led to the detection of a DNA sequence with a 

consistent gain in esophageal squamous cell carcinomas (ESCC). This region, which 

matched the EST sequence, was mapped to the 7q22 region. 43% of the tumours 

interrogated showed DNA amplification for the target EST on chromosome 7. This 

genomic amplification (of 357 bp) was noted as novel in ESCC (Tang et al., 2001). By 

comparative DNA fingerprinting, it was observed that the amplification or deletion of 

other chromosomal sequences are common events in both pre-neoplastic lesions and 

carcinomas (Tang et al., 2001).    

Further molecular characterization of the previously amplified 357 bp fragment 

revealed that it was part of a novel gene with a full-length mRNA of 2052bp and 

encodes a nuclear protein of 109 amino acids (Law et al., 2007).  This gene has been 

named GAEC1 (gene amplified in esophageal cancer-1) and the gene was located in a 1-

2Mb amplicon at the 7q22.1 locus. By comparing the cDNA sequence of GAEC1 with 

the known genomic clone, the GAEC1 transcript was found to be an intronless cDNA 

(Law et al., 2007). GAEC1 full-length mRNA encodes a protein of 15 kDa. The 

predicted GAEC1 protein from its cDNA sequence showed no homology to any known 

protein.  
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2.4.2 GAEC1 in Human tissues 

 GAEC1 was expressed in many human normal tissues, including esophageal and 

gastrointestinal organs (Fig. 9). The highest levels of GAEC1 expression were found in 

placenta, lung, spleen, small intestine and peripheral leukocytes. The exact role and 

function of GAEC1 in human tissues and in cancer is still not explored (Law et al., 

2007). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Expression of GAEC1 in human normal tissues (Law et al., 2007). 

 

2.4.3 GAEC1 in oesophageal cancers 

 GAEC1 has been only studied previously on oesophageal cancers (Fig.10). 

GAEC1 showed amplification and over expression in 34% primary oesophageal tumours 

and 60% oesophageal cancer cell lines (Law et al., 2007). Despite this, none of the 

clinicopathological parameters showed significant changes with GAEC1 amplification 

in oesophageal tumours.  
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Fig.10: GAEC1 amplification bands in esophageal squamous cell cancers (Law et 

al., 2007). 

 

 While the genomic amplification of the GAEC1 sequence has not been 

previously reported in human cancers, non-specific amplification of 7q22 has been 

implicated in many cancers, including oesophageal cancer (Choong et al., 2001; Kwong 

et al., 2004).  

 

2.4.4 Significance of 7q22 

GAEC1 is not the only gene which has been identified within the amplified 7q22 

locus. Many genes implicated in several cancers affecting multiple pathways have been 

amplified in this position. The other genes amplified in this location are SMURF1, 

cyclin-dependent kinase, ORC5L, ACHE and BCHE, hPMS2, MDR1, COL1A2 (Suzuki 

et al., 1999; Nagel et al., 2008; Frohling et al., 2001; Soreq et al., 1994; Nicolaides et 

al., 1995). The 7q22 locus is implicated in many cancers such as ESCC (Kwong et al., 

2004), gastric cancer, germ cell tumours, leukaemia, brain tumour, cervical cancer, 

hepatic cancer, pancreatic cancer, ovarian tumours, lymphomas, prostate cancer 
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(Choong et al., 2001; Rao et al., 2004; Neville et al., 2001; Chun et al., 2000) and breast 

cancer (Forozan et al., 2000). This itself suggest that genes within the 7q22 locus have 

an important role in carcinogenesis of different malignancies.   

 

Fig.11: Locus map of chromosome 7. The position of GAEC1 (7q22.1) is 

highlighted in red. (Johnson et al., 2008)  

 

2.4.5 GAEC1- a transforming oncogene 

 Over expression of GAEC1 in mouse fibroblasts by plasmid transfection caused 

enhanced cell proliferation, foci formation and colony formation in soft agar, and was 

comparable to the transforming action of H-ras (Fig.12). Injection of GAEC1- 

transfected cells in to athymic nude mice formed undifferentiated sarcoma (Fig.13), 

indicating that GAEC1 is a transforming oncogene (Law et al., 2007) (Fig.11).  

Fig.12: Transforming potential of GAEC1 (In vitro). A- Detection of independent 

cellular growth in soft agar forming cellular aggregations for both Ras and GAEC1 

transfected mouse 3T3 fibroblastic cells. B- Colony formation assays with monolayer 

culture. % of colony formation for GAEC1 gene was high compare to well known Ras 

gene (Law et al., 2007). 
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Fig.13: Tumorigenic potential of GAEC1 (In vivio) in nude mice (Law et al., 2007). 

Arrow mark indicating the area of tumour.  

 

Transforming oncogenes can be defined as a gene that converts a previously 

immortalised cell to a malignant phenotype when transfected into it (Rimoin et al., 

2002). Thus, these genes possess some tumorigenic property when introduced in normal 

cells. At a cellular level, such genetic transformation can result from either gain of 

function or a loss of function events (Rimoin et al., 2002). In the “gain of function” 

event, cells gain some additional features like increased growth rate, de-differentiation 

and immortalisation. These events happen due to the activation of oncogenes from 

proto-oncogenes (as mentioned in Fig.8). On the other hand, cells lose functions for 

preventing cancer in “loss of function” events. Loss-of-function events involve the 

inactivation of tumour suppressor genes (Fearon and Vogelstein, 1990). Typically a 

combination of both events over a long period of time is required for malignant 

transformation of a cell. For GAEC1, no mutation was introduced into the gene from the 

consensus sequence, so the mechanism at play is most likely to be overexpression and 

an excess of signalling from the final protein. 
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2.4.6 GAEC1- encodes a nuclear protein 

 The GAEC1 protein as determined by its cDNA sequence showed no homology 

to any known protein. A GAEC1-GFP fusion protein was produced and has been 

detected in the nucleus as aggregated foci in the inner nuclear region (Law et al., 2007) 

(Fig.14). The subcellular localization of GAEC1 protein can be used to infer its 

functions at the cellular level. The observation of GAEC1-GFP speckles in the inner 

nuclear region indicates potential significance in nuclear functions such as control of 

gene expression, which is consistent with its capacity as a transforming oncogene.  

 

  

 

 

 

 

 

Fig.14: Subcellular localization of GAEC1-GFP fusion protein in transiently 

transfected HEK 293 cells (Law et al., 2007) 

 

2.4.7 GAEC1- possible interactions.  

 Based on computational models, GAEC1 has one predicted target site for protein 

kinase C (PKC) phosphorylation at amino-acid residues 29–31 (S-G-K) (Law et al., 

2007). PKC is a crucial regulator of cell cycle events and links signal transduction 

pathways to the cell cycle machinery (Watters and Parsons, 1999). In addition, GAEC1 

also shows three target sites for phosphorylation by casein kinase II (CKII) located at the 

amino acid residues 52–55 (S-H-E-D), 65–68 (T-M-Q-E) and 77–80 (S-S-E-E) (Law et 

al., 2007). CKII has been reported to be involved in the regulation of nuclear 
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oncoproteins, transcription factors and other enzymes involving in DNA metabolism 

(Litchfield and Luscher, 1993). The features of these related kinases, also match with the 

findings of the nuclear localization of GAEC1 protein in mammalian cells (Law et al., 

2007). 

 

2.4.8 GAEC1- In cancer research.  

  

Preliminary work on GAEC1 suggested that it has tumorigenic potential and 

over expression of GAEC1 is a critical step for tumour transformation (Law et al., 

2007). GAEC1 was found to be expressed in several normal tissues, including 

oesophagus, small intestine, colon and non-gastrointestinal sites, such as lung, thymus 

and prostate (Law et al., 2007). However, because the initial work on this gene was 

undertaken in oesophageal cancer, there is currently a lack of information of the 

molecular roles of this novel gene in other cancers. The interactions of GAEC1 with 

other genes have not been studied, nor have the relationships of GAEC1 expression and 

clinicopathological parameters been investigated in any cancer. Identification of the part 

it plays in the development of the disease and normal tissues could prove to be valuable 

information for understanding carcinogenesis and individualized molecular targeting 

therapy.  
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Chapter 3: Materials and Methods (in general) 

3.1 Detecting the copy number changes and expression levels of GAEC1 in 

different human cancer samples (tissues, cell lines, blood) - Aim 1 & 3 

 

 

3.1.1 Recruitment of tissue and blood samples 

 Tissue and blood samples have been recruited from patients at various hospitals 

in Australia and Asia (Hong Kong and Japan). Ethical approval has been obtained for 

the use of these tissues. Approximately 856 human tissues and blood samples have been 

collected. These comprise 430 colorectal tissues (210 Australian cancers, 66 Japanese 

cancers, 37 adenomas, 17 inflammatory bowel diseases, 50 non tumour and 50 

metastatic lymph nodes); 135 oesophageal tissues (105 cancers and 30 non tumours); 

254 thyroid tissues (207 cancers, 17 adenomas, 23 nodular hyperplasia and 7 non 

tumours); 37 blood samples (25 oesophageal cancers and 12 healthy individuals). 

 

3.1.2 Cell lines 

This study used 11 cell lines, six oesophageal cancers (ESC-1, ESC-4, KYSE 

150, KYSE 510, KYSE 70 and SLMT-1), two colorectal cancers (SW480, SW48), one 

thyroid cancer cell line (K1), one normal oesophageal epithelial cell line (NE1) and one 

normal colon epithelial cell line (FHC). The ESCC cell lines of Hong Kong Chinese 

origin, including SLMT-1, ESC-3 cell lines were kindly provided by Professor Gopesh 

Srivastava of the Department of Pathology, The University of Hong Kong. KYSE series 

of cell lines (150, 510 and 70) were kindly provided by Dr Johnny Tang from Hong 

Kong Polytechnic University, Hong Kong and were primarily purchased from DSMZ 

(Braunschweig, Germany). NE1 cells are non-tumor oesophageal cells immortalized by 

the induction of genes E6 E7 of human papillomavirus type 18 (Zhang et al., 2006). 

These cells were kindly provided by Professor George S.W. Tsao from the Department 
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of Pathology, The University of Hong Kong. Colon cancer (SW480, SW48) & normal 

colon (FHC) cells were obtained from American Type Culture Collection (ATCC) 

(Manassas, VA, USA). Thyroid cancer (K1) cells obtained from European Collection of 

Cell Cultures (ECACC) (Salisbury, UK).  

 

3.1.3 DNA copy number changes 

 Formalin fixed paraffin embedded (FFPE) tissues underwent microdissection and 

sections were deparaffinised using xylene. DNA extraction was performed according to 

the manufacturer’s protocol for Qiagen DNA extraction kits (Qiagen, Hilden, NRW, 

Germany). QIAamp DNA Blood Mini Kit was used for extracting DNA from blood 

samples. Extracted DNA from FFPE tissues and blood will then undergo quantitative 

real time PCR for the detection of GAEC1 copy number variations including 

amplifications and deletions. A detailed explanation of this methodology is described 

under chapter 4.  

 

3.1.4 GAEC1 mRNA expression  

 Total RNA were purified with Qiagen miRNeasy FFPE Kits (Qiagen Pty. Ltd), 

which were specially designed for purifying total RNA and miRNA from formalin-

fixed, paraffin-embedded tissue sections. . The mRNA was purified from cells lines and 

blood samples using a miRNeasy Mini kit (Qiagen Pty. Ltd.) and PAXgene Blood RNA 

system (Qiagen Pty. Ltd) respectively. RNA extracted from these samples was 

converted in to cDNA and were later used for quantitative real time PCR for the 

detection of GAEC1 mRNA expression levels.  A detailed explanation of this 

methodology is described under chapter 4.  

 



Investigating the role of the GAEC1 oncogene in Human Cancers 

 

Vinod Gopalan (s2684840) 62 School of Medicine 

3.1.5 GAEC1 protein expression  

3.1.5.1 Immunohistochemistry (IHC)  

 IHC will determine how much of the GAEC1 mRNA expression detected by 

PCR has actually been translated into the final product. FFPE tissue blocks for the study 

were cut to 3-4 μm thickness and placed on positively charged slides. Then, they were 

dried overnight at 37° C or for 2-4 hrs at 58°C. Retrieval of antigen with heat and 

pressure is a useful pretreatment for achieving a better result. Sections were 

deparaffinised for FFPE tissues and washed with distilled water. Then slides were boiled 

in citrate buffer for about 15 minutes. After cooling down, they were rinsed with PBS to 

make them ready for immnostaining. Peroxidase, serum blocking solution, primary and 

secondary antibody, enzyme conjugate and 3, 3’-diaminobenzidine (DAB) were applied 

to the sections, in between each step being rinsed with PBS. These slides were then 

examined for the percentage and intensity of GAEC1 protein expression. A positive 

control for these experiments was set as a colon cancer sample previously confirmed 

positive.  

 

3.1.5.2 Immunocytochemistry (ICC)  

 Cells were seeded at a density of 4 × 10
5
 cells/well onto 24-well plates and 

cultured for 24 h. The cells were fixed (by Cytospin) for 10 min in 100% methanol at 

room temperature, washed with PBS, treated with 3% hydrogen peroxide to block the 

endogenous peroxidase activity and incubated with 2% non-fat dry milk. After being 

incubated for 2 h at room temperature with GAEC1 primary antibody, the cells were 

washed three times with PBS (10 min each time) After being washed, the cells were be 

stained using a streptavidin-peroxidase detection system (Novo Castra, UK) and viewed 

under a contrast microscope. 
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3.2 GAEC1 Knockdown Experiment (Aim 2) 

 

3.2.1 Cell culture 

 Colon cancer (SW480, SW48) & normal colon (FHC) cells were obtained from 

ATCC. Thyroid cancer (K1) cells obtained from ECACC. Oesophageal cancer 

(HKESC1, KYSE 150) & normal epithelial (NE) cells were kindly provided by 

Professor Gopesh Srivastava of the Department of Pathology, The University of Hong 

Kong. Each cell lines was cultured in recommended media.  

 

3.2.2 RNA interference 

 To maximize the transfection efficiency and minimize toxicity, cultured cells 

were initially treated with siRNA at different concentrations (nM) at different ratios of 

siRNA to HiperFect (µg/µl) by conventional or Fast-Forward techniques. SiRNA 

transfection efficiencies were analyzed by flow cytometry. Trypan blue exclusion test 

was performed for checking the cell viability. In addition, the transfection efficiencies of 

siRNA with the optimised concentration was determined at 6, 12, 24 and 48 h of 

treatment. 

 

3.2.3 RNA extraction, and real-time PCR 

 Total RNA was isolated from the cells transfected with GAEC1 siRNA by 

miRNeasy mini kit which are specifically designed for isolating total RNA including 

small RNA (Qiagen, Valencia, CA). Reverse transcription reactions were performed 

using 1 µg total RNA in a final reaction volume of 20 µl. RNA was converted to cDNA 

using miScript Reverse Transcription kit according to the manufacturer's instructions 

(Qiagen, Hilden, NRW, Germany). With a housekeeping gene, glyceraldehyde-3-
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phosphate dehydrogenase (GAPDH), as an internal control, the mRNA expression of 

different cells was analyzed by semi-quantitative real time-PCR with primers designed 

for GAEC1.  

 

3.2.4 Western Blot Analysis 

 This was used to confirm GAEC1 expression from the real time PCR methods 

and allow the basic quantitation of GAEC1 protein in each pre- and post-transfected 

cells with GAEC1. Total proteins were extracted from cells with lysis buffer (Bio-Rad, 

Hercules, CA). Proteins (40ug) were subjected to SDS-PAGE with 10% polyacrylamide 

gels and transferred to PVDF (Polyvinylidene Difluoride) membranes. Protein bands 

were detected by developing the peroxidise activity with freshly prepared 3, 3’-

diaminobenzidine (DAB) and substrate chromogen solution.  

 

3.2.5 Cell Cycle Analysis – Flow cytometry  

 This helped to determine the GAEC1 RNAi effect on cell cycle regulation.  

GAEC1 siRNA–treated and non treated cells were harvested by trypsinization. One 

portion of cells was then subject to basic flow cytometry using a DNA specific dye to 

identify more complete cell cycle data for the treatment groups. Side and forward light 

scatter data from this analysis were added to analysis of morphological differences that 

treatment caused. To determine the significant differences between control and 

treatments, the analysis was repeated with triplicate samples for each treatment. 

 

3.2.6 Cell Proliferation Assay 

 A standard MTT calorimetric assay using commercial kits was performed for 

detecting cell proliferation. Both control and GAEC1 siRNA treated cells were used for 
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this experiment. Overall levels of cell proliferation and viability in each treatment group 

were determined. These were measured at 6, 12, 24, 48 and 72 hour intervals of GAEC1 

siRNA transfection. 

 

3.2.7 Gene-array Experiments  

 The pre- and post-transfection cell populations of the most effective siRNA as 

determined by immunological methods were subject to transcription factor specific 

mRNA expression arrays to identify the broader consequences of reduced GAEC1 

expression in cancer cells. These arrays determined how manipulation of GAEC1 

influences the expression and regulation of other genes, specifically those controlling 

gene expression and cell growth. These profiles may represent particular states of 

overall metabolic activity that serve as a hallmark for functions GAEC1 and may be 

useful for treatment or diagnostic purposes. 
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3.3 Role of microRNAs (miRNA)s in the regulation of GAEC1 activity  

(Aim 4) 

 

3.3.1 Detecting specific miRNAs for GAEC1 

 To investigate the role of microRNAs in regulating GAEC1 expression levels, 

we scanned the nucleotide sequence of GAEC1 for miRNA targeting sites using the 

target miRNA prediction program at the miRNA database, and found that it contains 

seeding sites for hsa-miR-498 and hsa-miR-1288.   

 

3.3.2 Detecting the expression levels of miRNAs (miR-498 and miR-1288) 

 Extracted miRNA from cell lines and tissue underwent real time PCR for 

detection of miR-498 and miR-1288 expression changes. The qRT-PCR experiments 

were performed with specific primers available from the Qiagen company. Methodology 

has been described in detail under chapter 4.  

 

3.3.3 Transfection of specific miRNAs 

 The cells were transfected with artificial analogues of miRNAs 498 and 1288 

(Qiagen). Transfection was performed like the above mentioned RNAi experiment. The 

extracted miRNA and protein from the treated and control samples were  used for the 

real time PCR and ICC experiments for checking GAEC1 protein expression following 

miR transfection.  
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3.4 Detecting the structure of GAEC1 protein and its interactions (Aim 5) 

 

3.4.1 X-ray crystallography 

 Purified GAEC1 protein as well as purified protein complexes (from 3.2.2) 

containing GAEC1 were subject to x-ray crystallography using a ProteumR (Bruker 

AXS, Madison, WI, USA) diffractometer with a MacScience M06XCE rotating anode 

generator equipped with a SMART6000 CCD detector in order to determine the 

structure of the GAEC1 protein. 

 

3.5 Analysis:  

 Quantitative data was analysed using t-tests and ANOVA as required. This 

included cell proliferation tests, GAEC1 protein and mRNA quantitation and certain cell 

morphology data. Categorical data was analysed using Chi-square and related non-

parametric methods as needed for some cell morphology data, cell cycle information and 

any cell behavioural sub-populations.  

 

3.6 Outcome: 

 Once completed, the data derived from this project will provide solid preliminary 

information concerning how GAEC1 functions, what pathways it influences and what 

genes and proteins it interacts directly with. This information will prove extremely 

valuable in filling in our knowledge of this oncogene and its significance in cancer 

development and progression. With this information, we may be able to develop novel 

treatment and detection strategies focussed on GAEC1. 
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Chapter 4: Results- GAEC1 and colorectal cancers 

 

4.1 Rationale 

At present, there is no fundamental information concerning the molecular roles 

of GAEC1 in colorectal cancers. Also, GAEC1 protein has not been detected or 

quantified in normal human colorectal tissues. Detailed study on GAEC1 at the DNA, 

mRNA and protein level will help in better understanding of the role of GAEC1 in 

cancer development and progression. Thus, in this study, we examined the DNA copy 

number variation and expression pattern of GAEC1 mRNA and protein in a large cohort 

of patients with colorectal cancers. Results from these assays were compared with non-

neoplastic tissues and adenomas. A purified murine monoclonal antibody was raised for 

the first time against the human GAEC1 protein (ProMab Biotechnologies, Richmond, 

CA, USA). The GAEC1 monoclonal antibody was raised from protein produced by the 

plasmid (pcDNA3.1-GAEC1) which was used for localising GAEC1 protein in previous 

studies on the gene. Correlation of GAEC1 copy number variation and expression with 

various clinicopathological features was also analysed. 

 

4.2 Materials and Methods (in detail) 

 

4.2.1 Patient selection 

Australian patients who were chosen for this study had resection for primary 

colorectal carcinomas, colorectal adenomas and non-neoplastic colorectal tissue between 

January 2004 and December 2010, in Queensland, Australia. Japanese patients who 

were chosen for this study had resection for primary colorectal carcinomas in Osaka 

City University Hospital in Japan between July, 2001 and December, 2002. Ethical 
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approval of this study has been obtained from the Griffith University Human Research 

Ethics Committee (GU Ref No: MED/05/06/HREC). The patients were consecutively 

chosen with no selection bias. 

The age, gender, clinical presentation, management and survival data of these 

patients were prospectively collected in a computerized database. The actuarial survival 

rate of the patients was calculated from the date of surgical resection of the colorectal 

carcinomas to the date of death or last follow-up. Management was by a pre-agreed 

standardized multidisciplinary protocol supervised by a senior specialist colorectal 

surgeon. None of the rectal cancer patients had undergone neoadjuvant radiotherapy or 

chemotherapy prior to surgery.  Lymph node metastases at the time of surgery were also 

recorded.  

The site and size (maximum length in millimetres) of lesions were recorded. 

The resected tissues were fixed in 10 percent formalin and embedded in paraffin wax. 

Histological sections were cut and stained for haematoxylin and eosin for light 

microscopic examination. These sections were reviewed by the authors to ensure 

concordance between database information and sample identity. The carcinomas were 

graded according to the World Health Organization (WHO) criteria (Hamilton et al., 

2000).  Only adenocarcinomas were included in the study.  

The pathologic features of patients with colorectal adenocarcinoma were 

analysed. These included the histological variants and pathologic grades by assessing the 

cellular morphology and extent of mucin production. The carcinoma were staged 

according to International Union against Cancer (UICC) TNM classification (Hamilton 

et al., 2000). The carcinomas were also divided into 2 groups with respect to their site of 

origin.  Carcinoma in proximal colorectum (PC) was categorised as carcinoma arising 

either from caecum, ascending colon, transverse colon (including hepatic and splenic 
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flexures).  Carcinoma in distal colorectum (DC) was defined as carcinoma arising either 

from descending colon, sigmoid colon and rectum. 

After review, 364 tissues from 313 patients (184 men; 129 women) were selected 

for the study. The selected tissues included 210 patients (119 men; 91 women) with 

primary colorectal adenocarcinomas, 37 patients (22 men; 15 women) with colorectal 

adenomas, 50 patients (32 men; 18 women) with non-neoplastic/inflammatory colon 

diseases and 17 patients (11 men; 6 women) with inflammatory bowel disease (IBD). 

The mean age of the patients was 66 years (Median age = 70; range, 15 to 92). For the 

colorectal adenocarcinomas and colorectal adenomas, the site and size (maximum length 

in mm) were recorded.  Among the 210 cases studied, 50% (n=105) of the colorectal 

adenocarcinomas had lymph node metastasis and 50% (n=105) had no lymph node 

metastasis. To assess GAEC1 mRNA and protein expression patterns in metastatic 

cancers, 51 metastatic lymph node cancers were included and the expression patterns 

were compared against matched primary colorectal cancers. One tissue block from each 

of these samples were chosen for mRNA extraction and for protein studies. The tissue 

block was checked to ensure that it contained a representative cancer area.  

 

4.2.2 DNA extraction 

 From the chosen tissue block, 4μm sections were stained with hematoxylin and 

eosin to identify the area of interest for DNA extraction. For DNA extraction, five 10μm 

sections were cut. The previously identified tumour tissue was microdissected away 

from adjacent non-tumour tissues, which were discarded in order to prevent the dilution 

effect of non-tumour colorectal tissue.  

 



Investigating the role of the GAEC1 oncogene in Human Cancers 

 

Vinod Gopalan (s2684840) 71 School of Medicine 

The sections were suspended in 1200mL xylene and centrifuged, followed by 2 

washes of 1200mL absolute ethanol. Then, they were incubated with proteinase K for 24 

hours at 56
o
C for digestion of proteins. Further DNA extraction was performed 

according to the manufacturer’s protocol for Qiagen DNA extraction kits (Qiagen). 

DNA content was quantified by spectrophotometric absorption at 260 nm and evaluation 

of A260/A280 ratio (Nanodrop Spectrophotometer, BioLab, Scoresby, VIC, Australia).  

The extracts were stored at 4
o
 C until assayed.  

 

4.2.3 RNA extraction 

Tissue blocks from the selected samples were sectioned into 7 micron slices for 

RNA extraction. For each selected block, additional sections were taken for 

haematoxylin & eosin staining, for later reference to immediately surrounding histology 

as in the DNA study above. H&E stained slides were used to distinguish tumour from 

surrounding morphologically normal tissue. Paraffin was then removed with xylene, 

followed by centrifugation to move cellular contents to the bottom of the tube and allow 

removal of the xylene and dissolved paraffin. Total RNA was purified with Qiagen 

miRNeasy FFPE Kits (Qiagen Pty. Ltd., Hilden, NRW, Germany), which were specially 

designed for purifying total RNA and miRNA from formalin-fixed, paraffin-embedded 

tissue sections. RNA quality was assessed by using a Bio-Rad Experion 

electrophoretogram instrument (Bio-Rad, Hercules, CA). Integrity of RNA was assessed 

by observing total size of RNA transcripts along with 18S and 28S peaks (see 

Appendix).  Purity of RNA was obtained by checking the optical density (OD) 260/280 

ratio. Concentration of RNA was also noted in ng/µl. 

 

 



Investigating the role of the GAEC1 oncogene in Human Cancers 

 

Vinod Gopalan (s2684840) 72 School of Medicine 

4.2.4 cDNA preparation 

 Reverse transcription reactions were performed using 1 µg total RNA in a final 

reaction volume of 20 µl. RNA was converted to cDNA using miScript Reverse 

Transcription kit according to the manufacturer's instructions (Qiagen, Hilden, NRW, 

Germany).  Master Mix and 1 µg of total RNA were incubated for 60 minutes at 37ºC 

and then heated up for 5 min at 95ºC to inactivation of reverse transcriptase mix. Each 

cDNA sample was diluted to 30 ng/µl for providing uniformly concentrated samples for 

RNA and miRNA qRT-PCR respectively. Samples were stored in a -20ºC freezer. 

 

4.2.5 Primer design for qRT-PCR 

Primers were designed for the target gene – GAEC1 and for housekeeping genes- 

haemoglobulin delta (HBD) and GAPDH for DNA and mRNA studies, respectively.  

The primer sets for amplification of GAEC1 (GenBank accession number AC005088), 

HBD (GenBank accession number NM_000519) and GAPDH (GenBank accession 

number NM_002046) genes were selected using Primer3plus interface 

(http://frodo.wi.mit.edu/).  The primers designed specifically for GAEC1 and control 

genes (HBD and GAPDH) were also used for detecting DNA copy number variations 

and mRNA expression levels in oesophageal cancers and thyroid cancers. The list of 

chosen primer sets are summarized in Table 1.  
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Table 1: Details of the primers designed for qRT-PCR 

Target Genes 

(GenBank 

number) 

Primers      Amplicon size 

        (base pairs) 

 

GAEC1 

(AC005088) 

5′-CCTCAGGGAAGAAGCAAGTT-3 

5′-TCTTGCATGGTGCCAGTT-3′ 

121 

HBD 

(NM_000519) 

5′-TGGATGAAGTTGGTGGTGAG-3′ 

5′-CAGCATCAGGAGTGGACAGA-3′ 

225 

GAPDH 

(NM_002046) 

5'- TGCACCACCAACTGCTTAGC-3' 

5'-GGCATGGACTGTGGTCATGAG -3' 

88 

 

Optimal primer sequences and appropriate primer conditions (annealing 

temperature and primer concentration) are essential for the maximal specificity and 

efficiency in PCR. In this study, the optimum temperatures for the annealing step in 

polymerase chain reactions for these primers were identified after multiple experiments 

using gradient PCR techniques with conventional PCR methods. Too high primer 

concentration can increase the chance of mispriming. Subsequent extension of 

misprimed molecules can result in nonspecific PCR products. To avoid this, different 

primer concentrations (0.1 µM to 0.5 µM) were tested for indentifying the optimum 

concentration. All PCR optimisation reactions were performed in triplicates. After 

multiple experiments, the optimum temperature for primer annealing was identified as 

60°C and optimum primer concentration was detected as 0.25µM. The optimum 

annealing temperature and primer concentrations were confirmed by the Gel 

electrophoresis following PCR reactions. The amplification sizes of each primer were 

also confirmed by gel electrophoresis using a 100 base pair ladder (Bio-Rad).    
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4.2.6 Real-time quantitative PCR 

Detection of GAEC1 copy number changes and mRNA expression  

 

Real-time quantitative polymerase chain reaction was performed for detecting 

GAEC1 gene copy number changes and expression. An IQ5 Multicolour Real-Time 

PCR Detection system (Bio-Rad) was used to run real-time quantification PCR. For 

comparing the GAEC1 copy number changes and expression, different house keeping 

genes were used. Delta haemoglobulin (HBD) and Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) were used for DNA and RNA studies respectively. Delta 

haemoglobulin was chosen as it is a gene whose copy number is very rarely altered in 

cancers, so should provide a stable reference for changes to GAEC1 (Gopalan et al., 

2010; Lam et al., 2012). Likewise, GAPDH has been used extensively as a ubiquitous 

control for gene expression in multiple cancer studies and should also provide a stable 

control for GAEC1 gene expression (Barber et al., 2005). ∆∆Ct relative quantification 

assay was chosen to analyse gene amplification in GAEC1 (target) and HBD 

(endogenous control), in addition to the ratio of the ct values for target and control 

genes. The same was used to analyse the expression changes between GAEC1 and 

GAPDH (control).  

PCR was performed in a total volume of 20 μL using a reaction mixture 

containing iQ SYBR green supermix (Bio-Rad), gene specific primers, DNA at 50ng/μL 

and 0.1% diethylpyrocarbonate (DEPC) treated water. The concentrations of each used 

can be seen in Table 2.  
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Table 2: RT-PCR Protocol for GAEC1, HBD & GAPDH. 

Reagent Volume Final concentration 

iQ SYBR green supermix 10 µl N/A 

Primer Forward (5 µM) 1 µl 0.25µM   

Primer Reverse (5 µM) 1 µl 0.25µM   

0.1% DEPC treated water 6 µL  N/A 

Template DNA or cDNA 2 µl Varies (20-50 ng) 

Total 20 µl  

 

In the last tube of each PCR run, 2 µL of DEPC treated water was added instead 

of template DNA/RNA to act as a negative template control. All samples were run in 

duplicate and accompanied by a no template control. Thermal cycling conditions can be 

found in Table 3.   

 

Table 3: Thermal cycles for GAEC1, HBD & GAPDH Real time PCR. 

Cycle Type Temperature 

(Celsius) 

Cycle Time  Times Performed 

Initial Denaturation 95°C 3min 1 

Denaturation 95°C 10sec  

40 Annealing 60°C 30sec 

DNA Synthesis 72°C 30sec   

 

Melting curve analysis was also performed on the final products, using eighty 

one cycles of 30 seconds increasing from 55°C. The melting curves of all final real-time 

PCR products were analysed. The pattern of melting temperature of real-time PCR 
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products allowed us to distinguish genuine products from nonspecific products and 

primer dimers. To ensure that the correct product was amplified in the reaction, all 

samples were also separated on 20 g/L agarose gel electrophoresis. All real-time PCR 

conditions and primers were optimized to produce a single product of the correct gene 

fragment as outlined below. 

 

4.2.7 Standard curve 

 A standard curve was constructed from a known concentration of cDNA samples 

generated from universal human reference RNA (Stratagene, Cedar Creek, TX, USA) 

for determination of PCR efficiency. Dilution series of 120, 100, 80, 60, 40, 20 and 10 

ng/ µL were used. The comparative Ct method requires that the target and endogenous 

controls have relatively similar efficiencies – but the efficiencies do not have to be 

100%. Comparison of PCR efficiency for both target gene (GAEC1) and housekeeping 

genes (HBD and GAPDH) was done by using cDNA from Universal Human Reference 

RNA (UHRR). The differences in Ct values (∆Ct) are plotted against log template 

amount. The differences in PCR efficiency are determined by calculating the absolute 

slope of the line. If the slope of the resulting straight line is <0.1, amplification 

efficiencies are comparable (Dorak. 2007). In order to test this in the experimental 

population, ∆Ct for GAEC1, HBD and GAPDH was determined and the slope was 

calculated from a plot with ∆Ct on the Y axis and the log of total cDNA on the X axis. 

Efficiencies for the GAEC1 and control genes were found to be sufficiently comparable 

to allow analysis.   

For analysis, copy number for GAEC1 was normalized in each sample by 

dividing obtained GAEC1 Ct by the Ct obtained for HBD (normalization = Ct GAEC1 

(sample) / Ct HBD (sample)). Expression analysis was done using the same method 
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using GAPDH instead of HBD. An example of normal probability plot for measuring 

PCR efficiency can be seen below (Fig.15 a&b). 

 
Fig.15.a: Normal probability plot for GAEC1 and HBD. Slope of the plot was less 

than 0.1 and R
2
 near to 1 showing the comparative efficiency of the two real time PCRs 

at multiple concentrations of cDNA.  

 

 
Fig.15.b: Normal probability plot for GAEC1 and GAPDH. Slope of the plot was 

less than 0.1 and R
2
 near to 1 showing the comparative efficiency of the two real time 

PCRs at multiple concentrations of cDNA.  

 

 

4.2.8 Immunohistochemistry (IHC) 

 For IHC, 5 μm thick sections were cut from all selected tissues blocks from 

colorectal cancers, adenomas and non-neoplastic lesions. After sectioning, slides were 

dried overnight at 37° C. The sections were then de-paraffinized in xylene and were 

immediately rehydrated in graded alcohol series (100% to 70% ethanol) to water. For 
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antigen retrieval, slides were boiled in citrate buffer (pH=6) for 15 minutes by using a 

microwave at lowest pressure. After cooling down, the slides were rinsed with 

phosphate buffered saline (PBS) and ready for immunostaining. The optimal time for 

antigen retrieval was obtained after initial optimisation steps.  

Immunochemical staining for GAEC1 protein was performed by using 

automated staining machine Autostainer 360 (Lab vision, Suffulk, UK). The IHC was 

performed using the Novolink polymer detection system, according to manufacturer 

instructions (Novocastra Laboratories, Newcastle upon Tyne, UK). After antigen 

retrieval, sections were washed with PBS and were treated with peroxidase block for 5 

minutes. Sections were then incubated with protein block for another 5 minutes to block 

the non-specific staining of the antibody.  

Then, slides were incubated with diluted primary antibody for GAEC1 for 3 

hours. A purified mouse monoclonal antibody was raised against GAEC1 protein of 

human origin (ProMab Biotechnologies, Richmond, CA, USA). After initial 

optimisation, the best dilution for GAEC1 antibody in colorectal tissues was confirmed 

as 1:100. After incubation, the slides were again incubated with post-primary block for 

30 minutes. Finally, the slides were incubated with NovoLink polymer (anti-

mouse/rabbit IgG-poly- horseradish peroxidase (HRP) containing 10% animal serum) 

for 30 minutes. Brown positive staining was obtained by developing the peroxidase 

activity with freshly prepared 3, 3’-diaminobenzidine (DAB) and substrate chromogen 

solution (Novocastra Laboratories). The slides were washed afterwards briefly in 

running tap water. Sections were then counter-stained with haematoxylin for 10 minutes, 

dehydrated through graded alcohol, cleared in xylene, and mounted. A known case of 

colorectal carcinoma strongly positive for GAEC1 was used a positive control. A 
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negative control was also performed without any primary antibody. A brown nuclear 

stain was regarded as positive stain for GAEC1 protein.  

 

 

4.2.8 Data analysis 

Data was obtained as Ct values according to the manufactures guidelines and 

∆Ct value (∆Ct = Ct of the target gene – Ct of control gene). The fold change in the 

target gene for the results of quantitative amplification was calculated for each sample 

using 2
-∆∆Ct 

(Livak and Schmittgen. 2001), where ∆∆Ct = (Ct Target gene – Ct Control gene) 

CANCER - (Ct Target gene – Ct Control gene) NORMAL. Normalised values for each duplicate 

sample were averaged to give the ct data used for each sample. Quantitative 

amplification data obtained for target gene was analysed by expressing it as a ratio of the 

Ct for GAEC1 to HBD for DNA and to GAPDH for RNA, which had been carried out 

on the same experimental run for each tumour and control sample.  

Ratios were then expressed as inverse ratios (1/Ratio) in plotting charts and other 

visual representations in order to reorient changes in ratio to reflect actual behaviour of 

GAEC1 (i.e. increased ratio = increase in GAEC1 expression and copy number). A fold 

change of more than 1 was considered as gain of GAEC1 numbers (amplification) and a 

fold change of less than 1 was considered as loss of GAEC1 copies (deletion). A fold 

change of more than 1.5 was considered as high expression of GAEC1 mRNA and a 

fold change less than 1 was considered as low expression of GAEC1 mRNA.  

All clinical, pathological, follow-up and DNA copy number variations and mRNA 

and miRNA expression levels were computerized.  Statistical analysis was performed 

using the Statistical Package for Social Sciences for Windows (version 17.0, SPSS Inc., 

Chicago, IL, USA).  Chi-square test or likelihood ratio was used for categorical 

variables.  Pearson correlation test was used for continuous variables. Independent t-test 
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and ANOVA was performed for the analysis of continuous variables in categories.  

Survival analysis was tested using Kaplan-Meier and Cox regression.  Significance level 

of the tests was taken at p <0.05.  
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4.3 Results 

 

4.3.1 DNA Study 

4.3.1.1 Australian Population 

 

Identification of GAEC1 in colorectal tissues 

 GAEC1 showed copy number variation in all samples for quantification.  After 

performing real time PCR a 122-bp fragment was observed for GAEC1 and a 225-bp 

fragment was observed for HBD (Fig. 16). In colorectal adenocarcinomas  

79% (n=114) showed increased GAEC1 copies (relative to control tissue) and 15% 

(n=21) showed loss of GAEC1 copies. 6% (n=9) of the adenocarcinoma did not show 

any change in copies compared with the control tissues. The characteristics of the 

colorectal adenocarcinoma and adenoma patients and their relationship with GAEC1 

copy number variations have been described in Table 4.  

 

 

 

 

 

 

 

 

 

 

Fig. 16:  Amplified PCR products of GAEC1 (122bp) and HBD (225bp) in 2% 

agarose gels GAEC1 and HBD was present in all the samples (A-E) except for the 

water control (F). One hundred-base pair DNA ladder was used for comparison. 
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Table 4:  Clinicopathological features and GAEC1 genetic changes  

 

Characteristics   Number Amplification Deletion No change    P value 

--------------------------------------------------------------------------------------------------- 

Age 

 ≤ 60   43 (30%) 32 (74.4%)      7 (16.3%)     4 (9.3%)    0.22 

 >60   101 (70%) 82 (81.3%)     14 (13.7%)      5 (5.0%) 

 

Gender   

Male  80 (55.6%) 67 (83.7%)      8 (10.0%)     5 (6.3%)    0.07                                                                

Female  64 (44.4%) 47 (73.4%)     13 (20.3%)      4 (6.3%)  

 

Size  

≤ 50 mm 114 (79.2%) 92 (80.7%)     15 (13.2%)      7(6.1%)          0.46 

> 50 mm 30 (20.8%)  22 (73.3%)      6 (20%)     2 (6.7%) 

 

Site 

PC   50 (34.7%) 37 (74.0%)      9 (18.0%)     4 (8.0%)    0.03 

DC 94 (65.3%) 77 (82.0%)          12 (12.7%)      5 (5.3%)  

         

Histological Subtypes 

CA  125 (86.8%) 98 (78.4%)     19 (15.2%)      8(6.4%)    0.83 

MA  19 (13.2%) 16 (84.2%)      2 (10.5%)     1(5.3%)   

 

Histological Grade 

Well  14 (9.7%)  9 (64.3%)       4 (28.6%)     1(7.1%)    0.66 

Moderate 112 (87.5%)    91 (81.2%)          14 (12.5%)      7(6.3%)  

Poor 18 (12.5%)      14 (77.8%)          3 (16.7%)      1(5.5%)  

 

Stage 

Stage 1  38 (26.4%) 31 (81.6%)      4 (10.4%)      3 (8.0%)    0.72 

Stage 2 57(39.6%)       45 (79.0%)           8 (14.0%)        4 (7.0%) 

Stage 3  44 (30.6%) 36 (81.8%)      7 (16.0%)      1 (2.2%) 

Stage 4  5 (3.5%) 2 (40.0%)      2 (40.0%)      1 (20.0%) 

------------------------------------------------------------------------------------------------ 

PC= Proximal Colon; DC= Distal Colon 

CA= Conventional Adenocarcinoma; MA= Mucinous Adenocarcinoma  
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Gain of GAEC1 copy number in colorectal cancers 

In colorectal adenocarcinomas, 79 % (n=114) showed some degree of 

amplification (relative to control tissue) and 15 % (n=21) showed loss of GAEC1 copies 

or deletion. 6 % (n=9) of the adenocarcinoma did not show any change in copies 

compared to the control tissues. The copy number level of DNA in adenocarcinomas 

was higher in comparison to control tissue (p < 0.0001) and colorectal adenomas (p < 

0.0001). Comparison of amplification levels has been illustrated in Table 5. GAEC1 

copy number in colorectal adenocarcinomas was 3.5 fold higher than that of control 

tissues and approximately 48 fold high than that of adenomas (Fig.17). 

 Higher DNA copy number of GAEC1 was noted in colorectal adenocarcinomas 

from men compared to those from women.  However, the difference was not statistically 

significant (mean ratio= 1.08 versus 1.05, p = 0.07).  GAEC1 copies were significantly 

higher in adenocarcinomas located in distal colon (including descending colon, sigmoid 

colon and rectum) compared with proximal colon (mean ratio= 1.07 versus 1.04, p = 

0.03). The DNA copy number of GAEC1 in the cancer population was found to have no 

relationship with the age, size, grade, histological subtypes or TNM staging of the 

colorectal adenocarcinomas.  

 

 

Table 5:  Genetic changes of GAEC1 in colorectal tumours 

 

Type  N   Amplification  Deletion No Change   p value  

--------------------------------------------------------------------------------------------------- 

Carcinoma 144  114 (79.1%)  21(14.6%) 9 (6.3%) < 0.001 

Adenoma 31  0 (0.0%)  28(90.3%) 3 (9.7%) < 0.001

  

---------------------------------------------------------------------------------------------------- 

P-value: compared with non-neoplastic colorectal tissue 
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Fig. 17: GAEC1 amplification levels in different colorectal samples. Higher level of 

amplification ratio (inverse ratio) was obtained for cancer samples compared to the 

adenoma and non-tumour samples.  

 

Loss of GAEC1 copy number in colorectal adenomas 

 The copy number of GAEC1 DNA in colorectal adenomas was lower (i.e. 

showing deletion) in comparison with control tissues (p = < 0.0001). The data generated 

from adenomas in this study showed that GAEC1 has reduced copy number in the 

majority of adenomas. Of the 31 adenomas, 90% (n=28) showed reduced and 10% (n=3) 

showed no change in GAEC1 copies compared to control tissues. A 13.7 fold decrease 

of GAEC1 copy number was noted in adenoma compared to control tissues. The copy 

number of GAEC1 in adenoma population was found to have no relationship with the 

age and gender of the patient, nor with the site and size of adenoma.  
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4.3.1.2 Japanese population 

 

Copy number variation of GAEC1 in CRC 

 GAEC1 was detectable in all samples used for quantification. GAEC1 copy 

number was significantly higher in colorectal adenocarcinomas compared to the non-

cancer control tissues (p < 0.0001).  In colorectal adenocarcinomas, 94% (n=66/70) 

showed increased GAEC1 copies (relative to control tissue) and 4% (n=3) showed loss 

of GAEC1 copies. 1% (n=1) of the adenocarcinoma did not show any change in copies 

compared with the control tissues.  Average GAEC1 copy number in colorectal 

adenocarcinomas was 12 fold higher than that of control tissues.  

 

Correlation of GAEC1 amplification with clinical and pathological features 

 In addition to the basic relationship between cancer and GAEC1 amplification, 

several relationships between GAEC1 and various clinical and pathological features 

were detected in analysis of real time PCR results.  Higher GAEC1 copy number was 

noted in distal colorectum (DC) compared to proximal colorectum (PC) (Mean GAEC1 

fold change = 13.8 versus 7.4, p=0.02). Also, the mean GAEC1 copy number fold 

change was significantly higher in CRC with grade 1 or 2 (well or moderately 

differentiated adenocarcinomas) compared to grade 3 (poorly differentiated 

adenocarcinomas) (Mean fold change = 13.4 versus 5.8, p=0.03).  Conventional 

adenocarcinomas showed higher gain of GAEC1 copies than mucinous adenocarcinoma, 

however, the difference did not reach statistical significance (12.4 versus 5.9, p=0.09). 

However, these correlations (via Anova) of GAEC1 copy number with site, grade and 

histological sub types could not reach statistical significance when analysed with Chi-

Square (Table 6). The DNA copy number of GAEC1 was found to have no relationship 
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with the age or gender of the patients as well as the size, histological subtype or TNM 

staging of the colorectal adenocarcinomas (p>0.05) (Table 6).  

 

Table 6:   Correlations between clinical and pathological features of patients with 

colorectal carcinoma with GAEC1 copy number variation 

 

Characteristics Number    Amplification   Deletion/No change   P-value  

------------------------------------------------------------------------------------------------ 

Age 

<60  18(25.7%) 17(94.4%) 1(5.6%)    0.18  

>60  52(74.3%) 49(94.2%) 3(5.8%) 

 

Gender 

Male  41(58.6%) 38(92.7%) 3(7.3%)    0.45 

Female  29(41.4%) 28(96.6%) 1(3.4%) 

 

Size (mm) 

<50  51(72.9%) 49(96.1%) 2(4.9%)    0.41 

>50  19(27.1%) 17(89.4%) 2(10.6%) 

 

Site 

PC   20(28.6%) 20(100%)  0(0.0%)    0.428 

DC 50(71.4%)     46(92.0%)    4(8.0%)    

        

Pathological variants 

CA  66(94.3%) 63(95.5%) 3(4.5%)    0.09 

MA   4(5.7%) 3(75.0%) 1(25.0%) 

 

Pathological Grade 

Well/Mod 64(91.4%) 61(93.9%) 3(6.1%)    0.323 

Poor 6(8.6%)          5(83.3%)        1(16.7%) 

 

Stage 

Stage 1  16(22.9%) 15(93.8%) 1(6.2%)    0.27 

Stage 2 23(32.9%)       23(100%)        0(0.0%) 

Stage 3  29(41.4%) 26(89.7%) 3(10.3%) 

Stage 4  2(2.8%) 2(100%) 0(0.0%) 

PC Proximal colon, DC Distal colon and rectum, CA Conventional adenocarcinoma,  

MA Mucinous adenocarcinoma  
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Survival analysis 

 The median follow-up period for the patients with CRC was 5 years. During the 

follow-up period, 43 patients survived, 21 died and 6 were lost to follow-up.  Kaplan-

Meier analysis indicated that the mean survival of patients with CRC was strongly 

dependant on the pathological stage of the cancer (p< 0.0001).  Kaplan-Meier analysis 

also showed that patients with high GAEC1 copy number had longer survival times 

compared to the patients with loss or normal GAEC1 copies (60 months versus 30 

months, p=0.02) (Fig. 18).  Among the 4 patients who showed loss of GAEC1 copies, 3 

patients were dead (1 died of local recurrence and 2 died of distant metastases).  On Cox 

multivariate regression for the effects of all clinical and pathological parameters on 

patient survival, survival only depended on the pathological staging whereas the GAEC1 

copy number status achieved a p value of 0.07.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.18: The relationship between patients’ survival and GAEC1 copy number of 

the colorectal carcinoma.   
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Comparison of GAEC1 gene copy variation between Japanese and Australian patients 

with CRC 

 The results of the current study on Japanese patients with CRC were compared 

with our previous study on 144 Australian patients with CRC (9).  Clinical and 

pathological parameters of the 2 CRC populations (age, gender, size, site, grade and 

stage) did not show significant difference (p>0.05).  The percentage of CRC with 

GAEC1 amplification was, however, slightly higher in Japanese population compared to 

Australian population (94% versus 79%).  When subjected to analysis, the difference in 

GAEC1 copy number distribution was significant, with GAEC1 copy number being 

higher amongst Japanese cancers compared to Australian (p=0.02) (Table 7).  In 

addition, the mean fold change of GAEC1 was higher in Australian population with 

colorectal adenocarcinoma (31.6 versus 11.9, p < 0.0001).  

 

Table 7:  GAEC1 copy number variation in Japanese and Australian patients with 

colorectal adenocarcinoma.  

 

Populations Amplification Deletion No change P-value 

-------------------------------------------------------------------------------------- 

Japan  66 (94%) 3 (4%)  1 (2%)  0.02 

Australia 114 (79%) 21 (15%) 9 (6%) 

-------------------------------------------------------------------------------------- 
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Fig. 19: GAEC1 copy number variation in Japanese and Australian patients with 

colorectal adenocarcinoma.  
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4.3.2 mRNA and protein Study 

4.3.2.1 Australian Population 

 

GAEC1 mRNA expression in colorectal tissues 

 GAEC1 mRNA was expressed in all tumour samples (Fig. 21). The level of 

GAEC1 mRNA expression in tumour tissues was statistically significant (p < 0.0001) in 

comparison with normal colorectal (control) tissues, inflammatory bowel disease (IBD) 

and adenomas (Fig. 20). The mean expression level of GAEC1 mRNA was noted as 

high in IBD samples followed by adenoma and cancer tissues  

(p < 0.0001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20: Altered levels of GAEC1 expression at mRNA level (p <0.0001). 

Inflammatory bowel disease (IBD) showed high level of GAEC1 mRNA compared to 

other tissues. Both cancer and normal tissues showed a wide range of variation of 

GAEC1 mRNA levels.  
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Fig. 21: GAEC1 mRNA expression in colorectal cancer tissues. GAEC1 was 

expressed in all selected colorectal tissues. GAPDH was used as control gene. 

 

In colorectal adenocarcinomas 29% (n=61) showed high GAEC1 mRNA 

expression (relative to control tissue) and 62% (n=130) showed low expression of 

GAEC1 (Fig.22). Nine percent (n=19) of the adenocarcinoma did not show any change 

in GAEC1 mRNA expression compared with the control tissues. The mRNA expression 

pattern of GAEC1 in different colorectal tissues has been illustrated in Table 8.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 22: Altered GAEC1 mRNA expression levels in pre-cancerous and cancerous 

tissues. Alteration was noted high among cancer population.  
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Table 8:  GAEC1 mRNA expression pattern in different colorectal tissues 

----------------------------------------------------------------------------------------------------- 

     GAEC1 mRNA Expression 

Type  N  High  Low  Normal  p value

  

----------------------------------------------------------------------------------------------------- 

IBD  17(6.4%) 16(94.1%) 1(5.9%) 0(0.0%) 0.000  

Adenoma 37(14.0%)  19(51.4%) 15(40.5%) 3(8.1%)   

Cancer 210(79.5%). 61(29.0%) 130(61.9%) 19(9.0%)   

----------------------------------------------------------------------------------------------------- 

P-value: compared with non-neoplastic/inflammatory colorectal tissues.  

 

GAEC1 protein expression in colorectal tissues 

GAEC1 protein was expressed in all selected colorectal tissues. GAEC1 protein 

expression was noted in the nucleus of non-tumour tissues (Fig. 23) and in nucleus and 

cytoplasm of colorectal adenomas and adenocarcinomas (Fig. 24). Intensity of GAEC1 

protein was higher in colorectal cancer tissues compared to non-tumour tissues and 

adenomas (Fig. 25). The bulk of the colorectal tissues showed 100% GAEC1 protein 

expression.   

Fig. 23: GAEC1 protein expression in normal colorectal tissues. Nuclear localisation 

of GAEC1 protein was noted in normal colorectal tissues 
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 GAEC1 protein expression was also tested on metastatic lymph nodes to assess 

the role of GAEC1 in angiogenesis. GAEC1 protein expression was also noted in 

metastatic lymph nodes. The intensity GAEC1 protein staining found to have no 

difference in primary colorectal cancer tissues and metastatic lymph node tissues.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.24: GAEC1 protein expression in colorectal cancer tissues. Protein was 

expressed in both nucleus and cytoplasm of the cancer tissues. The intensity of staining 

was also noted in cancer tissues compared with normal tissues.  
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Fig. 25: Difference in the intensity of GAEC1 staining between cancer (left) and 

normal (right) colorectal tissues. Cancer tissues showed high intensity of GAEC1 

staining compared to adjacent normal tissues.  

 

GAEC1 protein expression was not significantly different among different 

colorectal cancers. Thus, no statistical analysis was performed for GACE1 protein 

staining and its clinicopathological correlation.  

 

Correlation of GAEC1 mRNA and protein expression in primary tumours and lymph 

node metastasis 

 

GAEC1 mRNA and protein expression were analysed between 51 primary 

colorectal cancer and matched lymph node metastatic tumours. GAEC1 protein 

expression was consistently expressed in all primary tumours and metastatic lymph 

nodes. Intensity and percentage of GAEC1 protein expression was the same between 

each tumours and their metastatic lymph nodes (Fig. 26).  
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Fig. 26: GAEC1 protein expression in metastatic lymph node. Intensity of GAEC1 

protein found has no change in primary cancer tissues and metastatic lymph node 

tissues.  

 

GAEC1 mRNA showed significant reduction of expression in metastatic lymph 

nodes compared to primary tumours (mean fold change 1.17 over 0.77, p = 0.015) (Fig. 

27). Eighty five percent (n=17 of 20) of the high GAEC1 mRNA expressed primary 

tumours showed reduced mRNA expression in metastatic lymph nodes. This trend of 

expression was also noticed in low GAEC1 mRNA primary tumours. Eighty percent 

(n=24 of 30) of reduced GAEC1 mRNA expressed tumours showed low expression in 

metastatic lymph nodes. However, these differences did not show any statistical 

significance (p=0.959). This expression variation of GAEC1 mRNA has been detailed in 

Table 9.  
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Fig. 27: GAEC1 expression levels in primary tumours and metastatic lymph nodes. 

A slight reduction in mean GAEC1 mRNA expression was noted between primary and 

metastatic colorectal tissues (p=0.015).  

 

 

Table 9: GAEC1 mRNA expression patterns in primary tumours and metastastic 

lymph nodes 

GAEC1 mRNA expression Lymph nodes Total 

H L N 

Primary Tumours 

H Count 2 17 1 20 

L Count 3 24 3 30 

N Count 0 1 0 1 

Total Count 5 42 4 51 
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Correlation of GAEC1 mRNA and protein expression with clinical and pathological 

features 

The percentage or intensity of GAEC1 protein expression did not vary with any 

of the clinical or pathological parameters of patients with colorectal adenomas or 

adenocarcinomas.  

The mean GAEC1 mRNA expression level was higher in classical 

adenocarcinomas compared to mucinous adenocarcinomas (Inverse ratio 0.84 over 0.78, 

p < 0.0001). Almost 3 fold high expression of GAEC1 mRNA was noted in classical 

adenocarcinomas compare to mucinous subtypes (Fold change: 1.33 over 0.47). The 

percentage of GAEC1 mRNA over-expression was also higher (95%, n=58) in classical 

adenocarcinomas compared to mucinous subtypes (5%, n=3). This change in mRNA 

expression pattern was also statistically significant (p= 0.043)   

Expression levels of GAEC1 mRNA were significantly altered in different levels 

of tumour invasion (T staging) (p= 0.031). Prevalence of GAEC1 over-expression was 

noted in cancers with advanced tumour staging (30% in T3 and 32% in T4) whereas 

cancers with less advanced tumour staging showed low prevalence (25% in both T1 and 

T2) of GAEC1 over-expression.   

Colorectal adenocarcinomas with distant metastasis showed high GAEC1 mRNA 

expression compare to CRCs with no distant metastasis (Fold change: 2.63 over 1.03, 

p=0.001). Both inverse ratio and fold change of GAEC1 mRNA also showed significant 

variation of expression between CRCs with and without lymph node metastasis 

(p=0.013). CRCs with lymph node metastasis showed high GAEC1 mRNA expression 

compared to adenocarcinomas without lymph node metastasis (Fold change 0.88 over 

1.53 & Inverse ratio 0.82 over 0.85) 
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GAEC1 mRNA expression pattern was significantly varied among colorectal 

cancers with different pathological stages. Prevalence of GAEC1 over-expression was 

noted high in adenocarcinomas with advanced stages (Stage 3&4) compared to low 

stage (Stage 1&2) adenocarcinomas (p=0.012) (Fig. 28). Mean fold change of GAEC1 

mRNA was also noted to rise as stage of cancers advances (p=0.004).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 28: Prevalence of GAEC1 expression in colorectal cancers with early (Stage 

I&II) and advanced (Stage III&IV) pathological stages. Prevalence of GAEC1 over 

expression was noted high in tumours with advanced tumour stages. No difference was 

noted in GAEC1 down regulated tumours (p=0.012).  

 

 

The mRNA expression levels GAEC1 in the cancer population were found to 

have no relationship with the age, sex, size, site and grade of the colorectal 

adenocarcinomas. These and previous results are outlined in Table 10 below. 
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Table 10:  Correlations between clinical and pathological features of patients with 

colorectal carcinoma with GAEC1 mRNA expression 
------------------------------------------------------------------------------------------------------- 

 Number High Low No change P-value 

------------------------------------------------------------------------------------------------------- 

Age 

<60  40(19.0%) 15(37.5%) 22(55.0%) 3(7.5%) 0.422  

>60  170(81.0%) 46(27.1%) 108(63.5%) 16(9.4%)   

Gender        

Male  119(56.7%) 39(32.8%) 69(58.0%) 11(9.2%) 0.311 

Female  91(43.3%) 22(24.2%) 61(67.0%) 8(8.8%) 

Size (mm) 

<50  158(75.2%) 46(29.1%) 98(62.0%) 14(8.9%) 0.987 

>50  52(24.8%) 15(28.8%) 32(61.5%) 5(9.6%) 

Site   

PC   92(43.8%) 26(28.3%)  58(63.3%) 8(8.7%) 0.955 

DC 118(56.2%)     35(29.7%) 72(61.0%) 11(9.3%)  

    

Pathological variants 

CA  180(85.7%) 58(32.2%) 107(59.4%) 15(8.3%) 0.043 

MA  30(14.3%) 3(10.0%) 23(76.7%) 4(13.3%) 

Pathological Grade 

Well  57(27.1%) 16(28.1%) 33(57.9%) 8(14.0%) 0.536 

Mod  118(56.2%) 33(28.0%) 77(65.3%) 8(6.8%) 

Poor 35(16.7%) 12(34.3%) 20(57.1%) 3(8.6%) 

T staging 

T1  6(2.9%) 3(50.0%) 2(33.3%) 1(16.7%) 0.031 

T2  42(20.0%) 9(21.4%) 24(57.1%) 9(21.4%) 

T3  134 (63.8%) 40(29.9%) 88(65.7%) 6(4.5%)  

T4  28(13.3%) 9(32.1%) 16(57.1%) 3(10.7%)  

LN Metastasis 

Absent 105(50.0%) 24(22.9%)  68(64.8%) 13(12.4%) 0.013 

Present 105(50.0%) 37(35.2%) 62(59.0%) 6(5.7%) 

Distant Metastasis 

Absent  187(89.0%) 50(26.7%) 119(63.6%) 18(9.6%) 0.001 

Present  23(11.0%) 11(47.8%) 11(47.8%) 1(4.3%) 

Pathological staging 

I  39(18.6%) 8(20.5%) 22(56.4%) 9(23.1%) 0.012 

II  62(29.5%) 15(24.2%) 43(69.4%) 4(6.5%) 

III  86(41.0%) 27(31.4%) 54(62.8%) 5(5.8%)  

IV  23(11.0%) 11(47.8%) 11(47.8%) 1(4.3%)  

------------------------------------------------------------------------------------------------------- 

PC Proximal colon, DC Distal colon and rectum, CA Conventional adenocarcinoma,  

MA Mucinous adenocarcinoma  
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 4.3.2.2 Japanese Population 

  

 GAEC1 mRNA was expressed in all tumor samples. The level of GAEC1 

expression in tumor tissues was statistically significant (p<0.001) in comparison with 

matched non-neoplastic tissue (Inverse ratio 0.94 over 0.85) (Fig. 29). In colorectal 

adenocarcinomas (n=47), 70% (n=33) showed high GAEC1 mRNA expression (relative 

to control tissue) and 24% (n=11) showed low expression of GAEC1. 6% (n=3) of the 

adenocarcinoma did not show any change in GAEC1 mRNA expression compared with 

the control tissues.  

Fig. 29: Expression levels of GAEC1 mRNA in cancer tissues from Japanese 

patients. The mean GAEC1 expression ratio was high in comparison with non-tumour 

samples (p <0.001).  

  

The level of GAEC1 expression in Japanese population was found to have no 

relationship with the age and sex of the patient, grades, histological subtypes, sites, size 

and staging of the tumors. 
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Comparison of GAEC1 mRNA expression levels between Japanese and Australian 

patients with CRC 

 

 The mean mRNA expression level of GAEC1 was higher in Japanese patients 

compared to Australian patients (Fig. 30) (Inverse ratio 0.94 over 0.84, p<0.001). 

Clinical and pathological parameters of the 2 CRC populations (age, gender, size, site, 

grade and stage) did not show significant differences (p>0.05). The percentage of CRC 

with GAEC1 over expression was higher in Japanese population compared to Australian 

population (70% versus 27%).  When subjected to analysis, the difference in GAEC1 

mRNA expression levels was significant, with high GAEC1 mRNA expression in 

Japanese cancers compared to Australian (Table 11) (p=<0.001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 30: GAEC1 mRNA expression levels in Japanese and Australian patients with 

colorectal adenocarcinoma. The mean expression level of GAEC1 was higher in 

Japanese patients compare to Australian patients (p<0.001).  
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Table 11:  GAEC1 mRNA expression levels in Japanese and Australian patients 

with colorectal adenocarcinoma.  

 

Populations   High    Low  No change    P-value 

----------------------------------------------------------------------------------- 

Japan  33(70.2%) 11(23.4%)    3(6.4%)      <0.001 

Australia 53(27.5%) 21 (54.4%)   35(18.1%) 

------------------------------------------------------------------------------------- 

P-value: compared with non-neoplastic colorectal tissue 
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Chapter 5: Results-  

Knock-down effects of GAEC1 in human colon cancer cell line 

5.1 Rationale 

These experiments will allow the accurate tracking of those genes related to 

GAEC1 and whether the relationships seen in our preliminary research are universal 

across cell lines from different tissue origins. We will also gain insight into the kinds of 

phenotypic changes resulting from GAEC1 alteration and ways in which changes to the 

pathways GAEC1 mediates affects the development of cancer cells. These experiments 

will thus provide the initial data filtering for the next phase of experiments. 

 

5.2 Materials and Methods (in detail) 

5.2.1 Cell lines 

The human colon cancer cell lines SW480 and SW48 were obtained from 

American Type Culture Collection (ATCC) and cultured in RPMI 1640 medium 

(containing 10% fetal bovine serum and 1% penicillin/streptomycin) and Leibovitz’s 

medium (containing 1% 1% penicillin/streptomycin) respectively. A normal colon 

epithelial cell line FHC (obtained from ATCC) was used as a control and the cells were 

cultured in 1:1 mixture of Ham F-12 medium and DMEM medium supplemented with 

25 mmol/L HEPES (N-(2-hydroxyethyl) piperazine-N′(2-ethanesulfonic acid)) 10 

ng/mL cholera toxin, 0.005 mg/mL insulin, 0.005 mg/mL transferrin, 100 ng/mL 

hydrocortisone and 10% fetal bovine serum. SW480 and FHC cell lines were cultured at 

37
o
C in a humidified atmosphere containing 50 mL/L CO2. SW48 cell lines were 

cultured in 37
o
C in a humidified atmosphere without CO2. 
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5.2.2 Cell transfection 

The cancer cell line was transfected with a siRNA designed to target GAEC1 

exclusively, with an appropriate scrambled control. Four different siRNA sequences 

against GAEC1 were designed and the transfection efficiency of these siRNAs was 

assessed by calculating the effect of maximum knock down. The different siRNA 

sequences used were detailed below.  

 

siRNA 1: aagaacaaguuccaggagccugg 12/21 = GC = 57% 

 

siRNA 2: aaguuccaggagccuggacuuuu 11/21 = GC = 53% 

 

siRNA 3: aacuggcaccaugcaagagagac 12/21 = GC = 57% 

 

siRNA 4: aaguggcuucuggauuaauuauu 6/21 = GC = 29% 

 

Scrambled siRNA: aauguacuuagacgcugagac (needs 9/21) 

 

 

To maximize the transfection efficiency and minimize toxicity, cultured cells 

was treated with siRNA at different concentrations (nM) at different ratios of siRNA to 

HiperFect transfection reagent (µg/µl). Cultured cells were passaged at 2-8 × 10
4
 

cells/cm
2
 into 24 well plates in recommended media, and they were transfected by 

siRNAs specifically designed for GAEC1 at different concentrations (10nM, 5nM, 

1nM). Each concentration of siRNA was treated with different volumes of HiperFect 

reagent (1.5ul, 3ul, 4.5ul) for making complexes. These complexes were transfected 

over the cells after 24 hours of seeding. Transfection efficiency was done by measuring 

the mRNA reduction. Trypan blue exclusion test was performed for checking the cell 

viability. The cells were also treated with transfection reagent alone or with the non-

silencing siRNA for RNAi experiments.  
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5.2.3 Extraction of mRNA and cDNA conversion  

Changes in response to siRNA treatment were tracked with mRNA at 12, 24, 36, 

48 and 72 hour intervals. The mRNA was purified from the harvested cells using a 

miRNeasy Mini kit (Qiagen Pty. Ltd.). mRNA quality was assessed by using a Bio-Rad 

Experion electrophoretogram instrument (Bio-Rad, Hercules, CA, USA) (See 

Appendix). Purity of mRNA was determined by checking the optical density (OD) 

260/280 ratio by using a nanodrop spectrophotometer.  Concentration of mRNA was 

also noted in ng/µL.  

 Reverse transcription reactions were performed using 1 µg total RNA in a final 

reaction volume of 20 µl. RNA was converted to cDNA using miScript Reverse 

Transcription kit according to the manufacturer's instructions (Qiagen, Hilden, NRW, 

Germany).  Master Mix and 1 µg of total RNA were incubated for 60 minutes at 37ºC 

and then heated up for 5 min at 95ºC to inactivation of reverse transcriptase mix. Each 

cDNA sample was diluted to 30 ng/ µl for providing uniformly concentrated samples for 

mRNA qRT-PCR respectively.  

 

5.2.4 Purification of protein from cell lines  

Harvested cells were collected in ice cold PBS by detaching manually using cell 

scraper. Cell pellets were obtained after centrifugation and then incubated with protein 

extraction buffer (Invitrogen), 20X proteinease inhibitor and PMSF 

(phenylmethylsulfonyl fluoride) for 30 minutes in ice. Then it was centrifuged again and 

total protein were collected from the supernatant and stored in -80 ºC for western blot 

experiment.   
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Concentration of the protein extracted was detected by using a Protein 

Quantification Assay (MACHEREY-NAGEL, Duren, Germany) and an absorbance base 

plate reader, spectrophotometry (Infinite M200, Grodig, Austria). A standard curve was 

generated each time and regression coefficient was calculated at the same time of protein 

quantification (Fig. 31).  

Fig. 31: A standard curve generated during quantification of protein.  

 

5.2.5 Primers  

Primers were designed for the target gene – GAEC1, a ubiquitous control gene- 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH).  The primer sets for 

amplification of GAEC1 and GAPDH genes were selected using Primer3plus interface 

(http://frodo.wi.mit.edu/).   
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5.2.6 Quantitative real-time polymerase chain reaction (qRT-PCR) 

Real-time quantitative polymerase chain reaction (PCR) was performed for 

detecting GAEC1 m RNA expression levels in the transfected and control cells. An IQ5 

Multicolour Real-Time PCR Detection system (Bio-Rad) was again used to run real-

time quantification PCR. The real time PCR assay was performed as mentioned in the 

previous chapter.  

 

5.2.7 Immunocytochemistry (ICC)  

ICC was performed to localise GAEC1 protein in cells and also to confirm the 

mRNA expression. Cells were fixed with 70% ice cold ethanol for 10 minutes and 

permeabilised with 0.1% Triton X-100 for 5 minutes. Cells were then treated with 5% 

BSA (bovine serum antigen) for 30 minutes for blocking the protein. Then cells were 

incubated with primary antibody for GAEC1 for 12 hours at 4˚C and with secondary 

antibody (NovaLink polymer) at 37˚C for 1 hour. After washing with PBS, cells were 

treated as those used in IHC and visualized under light microscopy. Each staining was 

run in triplicate on a 24 well plate and repeated 3 times.   

 

5.2.6 Western blot analysis 

Total protein (30mg) was loaded in Laemmli buffer onto a 15% polyacrylamide 

stacking gel, run at 40 V, then at 100 V through a 15% separating gel by using a Mini 

Cell (Bio-Rad). The proteins were transferred to nitrocellulose membranes (Bio-Rad no. 

162-0146) for 1 hr by using a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad). 

The membrane was then blocked with 5% non-fat milk for 2 hours at room temperature. 

After two washes in 13 PBS 0.005% Tween 20, GAEC1 monoclonal antibody was 

added and incubated overnight at 4˚Celsius. Afterwards, membranes were washed twice 
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and incubated with secondary antibody (NovoLink polymer) at room temperature for 2 

hours. Protein bands were detected by developing the peroxidise activity with freshly 

prepared 3, 3’-diaminobenzidine (DAB) and substrate chromogen solution (Novocastra 

Laboratories). Total protein content loaded was then normalized by the GAPDH signal. 

 

5.2.7 Cell proliferation Assay 

MTT calorimetric assay was performed for detecting cell proliferation. Both 

control and GAEC1 siRNA treated cells were used for this experiment. The cells were 

seeded in flat-bottom 96-well plates at 1 × 10
4
 cells/well. At 12, 24, 36, 48 and 72 hours 

after siRNA transfection, 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO) was added to each 

well. After cells were incubated at 37 °C for another 4 h, the medium was removed and 

150 μl dimethyl sulfoxide (DMSO, Sigma–Aldrich Co.) was added, and the cells were 

agitated for 10 min with protection from light. Absorbance was determined by 

spectrophotometry (Infinite M200, Grodig, Austria) using a wavelength of 570 nm with 

630 nm as a reference. 

 

5.2.8 Cell Cycle Analysis  

To determine the RNAi effect on cell cycle regulation, control and GAEC1 

siRNA–treated cells were harvested by trypsinization and fixed in 70% ethanol for 1 

hour at 4
0
C. Then cells were washed in PBS and treated with 5ul of 10mg/ml Rnase A. 

After1 hour of incubation at 37
0
C 10ul of 1mg/ml propidium iodide was added and kept 

it in darkness until the analysis was performed. Analysis was performed with a flow 

cytometry by reading on cytometer at 488 nm. To determine the significant difference 
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between control and treatments, the analysis was repeated with triplicate samples for 

each treatment. 

 

5.2.9 Regulation of stem cell factors 

To assess the role of GAEC1 in regulating stem cell factors, a real time PCR 

assay was performed on both GAEC1-siRNA treated and control cell groups. Primer 

assays for stem cell markers including Oct4 (Catalogue no: PPH66786A-200), SOX2 

(Catalogue no: PPH02471A-200) and NANOG (Catalogue no: PPH17032E-200) were 

used for the real time PCR quantification. GAPDH (Catalogue no: PPH00150E-200) 

was used as a control gene for normalising the effects of these stem cell markers in 

GAEC1 treated and control cells. All these primer assays were purchased from 

SABiosciences, and were specifically designed for SYBR Green real-time PCR 

applications.  

All the samples were run in triplicate and accompanied by a non template control 

for each target and control genes. Thermal cycling conditions included initial activation 

in 1 cycle of 10 minutes at 95°C (This is required to activate the HotStart DNA 

polymerase), followed by 40 cycles of 15 seconds at 95°C and 1 minute at 60.0°C. 

Melting curve analysis was also performed using eighty one cycles of 30 seconds 

increasing from 55°C. 

 

5.2.10 SuperArray screening 

The control and GAEC1-siRNA transfected cells were subjected to mRNA 

expression arrays to identify the large scale consequences of reduced GAEC1 expression 

in cancer cells. Real time PCR was performed using RT
 2

 Profiler
TM

 PCR array system, 

Super Array (SABiosciences, Doncaster VIC. Catalogue no: PAHS-075A-02). This was 
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a human transcription factors PCR array which profiles the expression of 84 genes that 

directly control when, where and the extent to which genes are expressed. The array 

included transcription factors downstream of signalling from cytokines and chemokines 

and growth factors like EGF, IGF, TGFβ, and VEGF etc. This array also included target 

transcription factors in signal transduction pathways like JAK/STAT, NFB, MAP 

Kinases, and WNT. Target transcription factors in signal transduction pathways like 

JAK / STAT, JNK and other MAP Kinases, NF B, Notch, and WNT are also included 

in this array 

Thermal cycling parameters were 95°C for 10 minutes, followed by 40 cycles of 

amplifications at 95°C for 15 seconds, 55°C for 30 seconds, 72°C for 30 seconds, and 

72°C for 5 minutes as the final elongation step. Relative levels of mRNA expression 

were normalized in all the samples with expression levels of housekeeping genes. The 

PCR array experiments for both GAEC1-siRNA treated and control cells were repeated 

thrice and the mean Ct values from three different experiments were used for the data 

analysis. Data analysis was performed using a web based PCR array data analysis tool 

from SABiosciences. (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php)  

 

 

http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
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5.3 Results 

5.3.1 Expression of GAEC1mRNA and protein in CRC cell lines 

The colon cancer cell lines (SW480 and SW48) showed reduced expression of 

GAEC1 mRNA compared to normal colonic epithelial cell line (FHC) (Fig. 32a). 

GAEC1 mRNA was higher in SW480 compared to SW48 (fold change: 1.2 versus 

0.16). The alteration of GAEC1 expression in colon cell lines can also be seen in gel 

electrophoresis results following qPCR (Fig. 32b).  

 

 

Figure 32: Altered 

expression of 

GAEC1 mRNA in 

different colorectal 

cancer cell lines  
 

(A) The expression 

levels of GAEC1 in 

colorectal cancer 

(SW480 & SW48) 

and normal colonic 

epithelial cell lines 

(FHC). Cancer cell 

lines showed low 

expression of 

GAEC1 mRNA 

compared to normal 

epithelial cell line.  

 

Expression ratio was 

calculated as the 

inverse ratio of (Ct 

GAEC1/Ct GAPDH) 

 

 

 

 

(B)  Detection of GAEC1 expression by qRT-PCR in SW480 and SW48 using FHC as a 

control. The GAPDH transcript was probed for normalising the mRNA amount in each 

cell line.      
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GAEC1 protein was expressed in both SW480 and SW48 cell lines. Protein 

expression was localised in the nucleus of these colorectal cell lines (Fig. 33). 

 

Fig. 33: Strong nuclear staining of GAEC1 protein in the nucleus of colon cancer 

cell lines.  

 

5.3.2 siRNA induced knock down of GAEC1 in SW480 cell line 

 Significant reduction of GAEC1 mRNA was noticed after transfection of 5nM 

(75ng) GAEC1 siRNA with 3ul of transfection reagent. Trypan blue exclusion test 

revealed around 65% viable colon cells after the transfection with this condition. Cell 

viability was also measured for all different concentrations of siRNA and transfection 

reagent (Fig. 34).   
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Fig. 34: Measurement of cell viability in the post transfected cells. Trypan blue 

exclusion test was performed to assess the cell viability after transfecting the cells with 

siRNA and HiPerfect transfection reagent. 

 

Levels of GAEC1 mRNA expression in transfected and non transfected SW480 

cells were compared with those in FHC. GAEC1 mRNA levels in cells transfected with 

scrambled siRNA were also used to compare the reduction in GAEC1 expression. 

Among different siRNAs, siRNA-1 showed better efficiency in reducing the level of 

GAEC1 mRNA (Fig. 35). Further post transfection analysis was performed with 

transfection of this GAEC1-siRNA sequence.  
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Fig. 35: Detecting the transfection efficiency of different siRNAs targeting GAEC1. 

Among those designed, siRNA-1 seems to have better efficiency in suppressing 

GAEC1.   

 

Both GAEC1 mRNA and protein was reduced significantly in the siRNA 

transfected cells compared to control and cells transfected with scrambled siRNA.  

Reduction in GAEC1 expression was also analysed over a time period of 12hrs, 24hrs, 

36hrs and 48hrs after transfection (Fig. 36). A 6 fold reduction of GAEC1 expression 

was noticed in siRNA transfected cells compared to non transfected cells.     

 

 

 

 

 

 

 

 

 

 

Fig. 36: GAEC1 mRNA reduction in different time intervals.  

Relative to FHC 

Relative to FHC 
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 There was no morphological alteration of SW480 cells detected after 

transfection with GAEC1-siRNA (Fig. 37) compared with control and cells transfected 

with scrambled siRNA.  

 

Fig. 37: Post transfection effects of GAEC1-siRNA in SW480 cell lines. No 

significant alteration of cellular morphology was obtained after transfection.  

 

5.3.3 Western blot findings 

In addition to ICC, GAEC1 antibody was validated by its detection with western 

blot. GAEC1 protein was detected at the size of 15kD in SW480 cells. The size detected 

was the same as predicted by Law et al in the previous publication (Law et al., 2007). To 

detect the transfection efficiency with knock down cells, GAEC1 protein reduction was 
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determined in cells treated with two siRNAs targeting GAEC1, one scrambled siRNA 

and control cells (transfection reagent only). Both cells treated with GAEC1 siRNAs 

(siRNA1&2) showed reduction GAEC1 protein levels compared to control and cells 

treated with scrambled siRNA (Fig. 38). This indicates the efficiency of transfection 

methods (including transfection reagent and specificity of siRNAs) in knocking down 

GAEC1 protein in addition to mRNA.    

 

 

 

 

 

 

 

Fig. 38: Confirmation of GAEC1 knock down at protein levels by western blot. 

Both siRNA treated cells showed reduction in GAEC1 protein levels compared to 

control and cells treated with scrambled siRNA.   

 

5.3.4 Reduced cell proliferation in GAEC1-siRNA transfected cells  

To assess the biological activity of GAEC1 in terms of cell growth, SW480 cells 

were treated with 5nM GAEC1 siRNA at various time points. Cell proliferation assays 

were then performed on transfected SW480 cells with GAEC1 siRNA, scrambled 

siRNA and Hi-Perfect reagent (control) respectively (Fig. 39). The cells transfected with 

GAEC1 siRNA showed reduced proliferation compared to control cells and cells 

transfected with scrambled siRNA. Among various time points, significant reduction in 

cell proliferation was noticed after the 2
nd

 day of transfection with GAEC1 siRNA. 

However, this difference in cell growth pattern was evident in GAEC1 siRNA 
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transfected cells after 12hrs of transfection. Both control and cells transfect with 

scrambled siRNA showed similar proliferation pattern at various time points.  

 

 

Fig. 39: MTT calorimetric assay for assessing the effects of GAEC1 in cell 

proliferation. Results were plotted on different time intervals (Day 1, Day 2 and Day 3) 

with mean value of absorbance. Over different time points, reduced rate of absorbance 

was noticed in GAEC1-siRNA transfected cells compared to control cells. Significant 

reduction in cell proliferation after GAEC1 knock down was observed after day 2.  

 

 

5.3.5 Alteration of cell cycle events (Fig. 40)  

Flow cytometry analysis of cells transfected with GAEC1 siRNA showed 

reduced numbers of cells at the G0-G1 phase compared with the control. A significant 

increase in the number of cells in the S phase of the cell cycle could be seen. Also, the 

number cells identified in G2-M phase were slightly reduced in miR-1288 transfected 

cells compared to control group. Similar to cell proliferation analyses, control cells were 

incubated with Hi-Perfect reagent only.  
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Fig. 40: GAEC1 induced changes in cell cycle events: G0-G1, S and G2-M phases were 

obtained after flow cytometry analysis. Debris/dead cells were highlighted as dark 

green.  Compare to control cells, GAEC1 knock down cells showed accumulation of 

cells at S phase and reduced cells in the G0-G1 phases of the cell cycle.  

 

5.3.6 GAEC1 induced alteration in stem cell markers 

All the three stem cell markers (Oct4 (POU5F), Nanog and Sox2) showed 

significant alteration of expression in GAEC1-siRNA transfected cells and control cells. 

These markers showed significant reduction of mRNA expression in GAEC1 knock 

down cells compared with the control cells. Around a 5 fold reduction in expression of 

these stem cell markers was noticed in the GAEC1 knock down cells (Fig. 41). 
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Fig. 41: Alteration of stem cell markers in GAEC1 knock down cells. Stem cell 

markers, POU5F (p=0.003), SOX-2(p=0.001) and NANOG (p=0.025) showed 

significant reduction in its mRNA expression in GAEC1 knock down cells.  

 

5.3.7 Influence of GAEC1 expression in the regulation of other genes 

To identify the transcription factors that may be involved in the regulation of 

GAEC1 expression, a SuperArray of 84 transcription factors (including a set of 

housekeeping genes as controls) were screened. SW480 cells were treated with an 

siRNA targeting GAEC1 for 24 hours and total RNA was isolated was used as template 

for array screening by real-time PCR and data obtained was analysed by a web based 

data analysis tool, as described in methods.  

 

PCR array experiments revealed altered expression of a broad cross-section of 

genes in GAEC1 knockdown treated SW480 colon cancer cells (Fig. 42). These genes 

are mostly involved in the control of cellular growth and differentiation, though some 

genes show links to immune, apoptosis and other functions. They include STAT6, NF , 

GATA2, STAT4, PPAR , TGIF1, HDAC1, FOXO1, ID1, FOS and MYC (Fig. 42c).  
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Fig. 42: Altered expression of genes following GAEC1 knock down (A) List of major 

transcription factors up- and down-regulated after GAEC1 knock down. (B) Magnitude 

of gene expression differences (Green-Low; Red-High) in siRNA treated and control 

cells. The majority of genes showed low magnitude of expression (down-regulation) in 

GAEC1 knock down cells. (C) Fold change difference in genes which showed altered 

expression.  

C 

A B 
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Chapter 6: Results- 

GAEC1 expression in Oesophageal cancer tissues 

 

6.1 Oesophageal cancers 

 Oesophageal cancer has been reported to be the ninth most common malignancy 

worldwide (McCabe and Dlamini, 2005; Siersema, 2008). The most common type of 

oesophageal carcinoma is squamous cell carcinoma and adenocarcinoma (Kumar et al., 

2010). Squamous cell carcinomas, tumours of epithelial origin which arise from 

squamous dysplasia, are found in the middle third, lower third, and upper third of the 

oesophagus (50%, 30%, and 20% respectively). True adenocarcinoma of the oesophagus 

is located in the lower third of the oesophagus, and is characterized by its glandular 

appearance (Kumar et al., 2010).  

 

6.1.1 Aetiology and risk factors 

 It is thought that esophageal cancer is caused by dietary (vitamin and mineral 

deficiency, lack of leafy green vegetables), lifestyle (alcohol, tobacco, hot food and 

drinks), genetic predisposition (ethnicity, long-standing coeliac disease) and 

oesophageal disorders (oesophagitis, achalasia) with the most common being alcohol 

and tobacco use (Kumar et al., 2010; Lam, 2000; Lagergren, 2006; Siersema, 2008). It is 

known that persons with long-standing and severe symptoms of reflux have a greater 

risk of adenocarcinoma, and not surprisingly, Barrett’s oesophagus is often found to be 

the precursor to oesophageal adenocarcinoma (McCabe and Dlamini, 2005; Siersema, 

2008; Elton, 2005).  
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6.1.2 Clinical features 

Early oesophageal carcinoma is generally asymptomatic with incidental findings 

at endoscopy. Advanced oesophageal carcinomas clinically present with progressive 

dysphagia, weight loss, odynophagia and dyspnea (Elton, 2005). Oesophageal 

adenocarcinoma have the additional symptom of gastrointestinal reflux, regurgitation, 

and epigastric pain (Kumar et al., 2010; McCabe and Dlamini, 2005; Siersema, 2008; 

Elton, 2005). Patients may also experience iron-deficiency anaemia, overt 

gastrointestinal bleeding, chest discomfort, hoarseness, and cough (Elton, 2005). On 

examinations, findings are usually unremarkable in early disease, whereas one may find 

fixed axillary lymph nodes in advanced disease (Elton, 2005).  

 

6.1.3 Pathology and molecular genetics 

 In squamous cell carcinoma, many of the risk factors mentioned above (and in 

particular smoking and alcohol consumption) make the oesophageal mucosa more 

susceptible to injury by carcinogens like mycotoxins, and Ebstein Barr virus (Kumar et 

al., 2010). They may appear as verrucous, spindle, and basaloid, and typically are 

moderate- to well- differentiated in appearance (Kumar et al., 2010). Genetic variants 

that have a higher risk of oesophageal squamous cell carcinoma are CYP1A1, CYP2E1, 

and GSTM1, while ADH2 and ALDH2 are associated with increased risk (Lam, 2000). 

Tylosis, a rare autosomal-dominant genetic disorder, increases the risk of developing 

oesophageal squamous cell carcinoma by 90% by 65 years of age (Elton, 2005; Devita 

et al., 2008).  

 As mentioned before, Barrett’s oesophagus (as a result of gastroesophageal 

reflux disease) is thought to be a precursor to oesophageal adenocarcinoma (Siersema, 

2008; Elton, 2005). Research has suggested that it is a multistep process with genetic 



Investigating the role of the GAEC1 oncogene in Human Cancers 

 

Vinod Gopalan (s2684840) 123 School of Medicine 

changes (overexpression of p53, nuclear translocation of b-catenin, c-ERB-B2) from low 

grade to high grade dysplasia in Barrett’s oesophagus and then onto adenocarcinoma 

(Kumar et al., 2010; McCabe and Dlamini, 2005).  

 Overexpression of epidermal growth factor receptor, a family of receptor 

tyrosine kinases implicated in proliferation, differentiation, survival, migration and 

adhesion of cells, have been found in early oesophageal cancer (McCabe and Dlamini, 

2005). Similarly, cyclin D1 overexpression and cyclin D1 mutation disrupts regulation 

of cell cycle and has been found in premalignant (Barrett’s oesophagus and squamous 

dysplasia) and malignant cases (oesophageal adenocarcinoma and squamous cell 

carcinoma) (McCabe and Dlamini, 2005). In addition, p53 mutations promoting 

genomic instability from loss of cell-cycle checkpoints have been found in Barrett’s 

oesophagus, adenocarcinoma, and squamous cell carcinoma (Devita et al., 2008). As 

implied by its name, GAEC1 was originally identified in an amplified region on 

oesophageal cancer, and its later identified oncogenic role warrants further examination 

of its role in the development and progression of this disease. 
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6.2 Materials and Methods 

 

6.2.1 Selection of patients 

 

The patients who were chosen for this study had resections for primary 

oesophageal cancers and non-neoplastic lesions in the oesophagus during the period 

between 1991 and June 1998 at Queen Mary Hospital, Hong Kong. The surgically 

resected tissues were obtained as formalin fixed (10%) paraffin embedded tissues. The 

study only included primary oesophageal squamous cell carcinomas (ESCC) from 

patients with an ethnic back ground of Hong Kong Chinese. Patients who underwent 

pre-operative chemo and radiotherapy were not included in this study.  

 

6.2.3 Clinicopathological characteristics  

 

Prior to DNA and RNA extraction, histological sections were made for the 

diagnosis of the cancer and non-neoplastic tissues. Histopathology of all the specimens 

used in this study was reviewed and graded by an experienced pathologist (Prof Alfred 

Lam). Histological types and grades were assessed using WHO histological typing of 

gastric and oesophageal tumours. Criteria from the Manual of Staging of Cancer were 

used for the clinical staging of ESCC. Patient’s age, sex, site and size of the tumour and 

pathological staging were recorded systematically. The actuarial survival rate of the 

patient was measured from the date of resection of the oesophageal cancers to the date of 

last follow-up or death.  

 After the review, 105 patients (89 men; 16 women) with resections of primary 

oesophageal tumours were studied. Thirty non-neoplastic tissues from oesophagus were 

also recruited to act as a control population. Clinicopathological data for this study were 

available from 88 patients. The mean age of these patients was 63 years (ranging from 

39 to 83). The major histological subtype among these oesophageal tumours were 
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squamous cell carcinomas (96%, n=101 of 105) and the remaining were mucinous 

carcinomas (4%, n=4). The oesophageal cancers comprised of 35% (n=37 of 95) well 

differentiated, 46% (n=48 of 95) moderately differentiated, and 19% (n=20 of 95) poorly 

differentiated oesophageal carcinomas.  Eight percent (n=8 of 105) of the tumours were 

in the upper oesophagus, 51% (n=54 of 105) was in the middle oesophagus and 41% 

(n=43 of 105) was in the lower oesophagus. The size of the tumours ranged from 5 mm 

to 120 mm (mean 50 mm). The majority (87%, n=73 of 84) of the patients with 

pathological data included in this study had stage III lesions (T3, N1, M0 or T4, any N, 

M0). Among cases in which the pathological staging was available (n=84), the majority 

(75%, n=63) of patients had lymph node metastasis along with their primary 

oesophageal carcinomas. Also, only one patient was reported with distant metastasis.  

 The methods used (including mRNA extraction, cDNA conversion, real time 

PCR, immunochemical staining and data analysis for detecting GAEC1 mRNA and 

protein expressions were the same for the same experiments as mentioned in previous 

chapters.  

 

6.2.4 Cell lines and culture conditions 

Six oesophageal cancers (ESC-1, ESC-4, KYSE 150, KYSE 510, KYSE 70 and 

SLMT-1) and one normal oesophageal epithelial cell line (NE1) was used to quantify 

GAEC1’s expression at mRNA and protein levels. The KYSE 510 and KYSE 70 cell 

lines were cultured in RPM1 1640 medium (containing 10% fetal bovine serum and 1% 

penicillin/streptomycin). The KYSE 150 cell line was cultured in 45% RPMI 1640 

medium containing 45% Ham’s F12 nutrient mixture, 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin. ESC-1 and ESC-4 cells were culture in 90% MEM-

alpha medium containing 10% FBS and 1% 1% penicillin/streptomycin. The other 
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ESCC cell line SLMT-1 was cultured in 80% MEM- alpha medium containing 20% 

FBS and 1% penicillin/streptomycin. The normal oesophageal epithelial cell line, NE1 

was cultured in defined keratinocytes serum free media.  
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6.3 Results 

6.3.1 GAEC1 mRNA expression in oesophageal cancer cell lines 

GAEC1 mRNA was detectable in all oesophageal cancer cell lines tested. All 

cancer cell lines except ESC-1 showed increased expression of GAEC1 mRNA in these 

cancer cell lines compared to normal oesophageal epithelial (NE1) cell line. Among the 

cancer cell lines, SLMT-1 showed the highest GAEC1 mRNA expression followed by 

ESC4 and KYSE70 (Fig. 43a).  Detection of GAEC1 mRNA in cell lines was done by 

gel electrophoresis (Fig. 43b). 

 

Fig. 43a: GAEC1 mRNA expression pattern in oesophageal cancer cell lines. 

GAEC1 mRNA expression was compared to normal oesophageal epithelial cell line 

(NE1).  

 

Fig. 43b: Detection of GAEC1 

mRNA expression by qRT-PCR in 

ESC-1, ESC-4 and KYSE150. The 

GAPDH transcript was probed for 

normalising the GAEC1 mRNA 

amount in each cell line (not shown).   

 

Relative to NE1 
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6.3.2 GAEC1 mRNA expression in oesophageal cancer tissues 

  

GAEC1 mRNA was detectable in 56% (n=59 of 105) of the cancer tissues tested. 

In the remaining 44% (n=46 of 105) of the cancers, GAEC1 mRNA was too low to be 

detected by the real time PCR. In oesophageal carcinomas, 22% (n=23) showed high 

GAEC1 mRNA expression (relative to control tissue), 71% (n=75) showed low or no 

expression of GAEC1 and 7% (n=7) showed no change in GAEC1 expression at the 

mRNA level (Fig. 44).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 44: Altered GAEC1 mRNA expression patterns in oesophageal cancer tissues. 

The majority of the tissues showed low or no expression of GAEC1 mRNA (blue and 

white segments). 22% of oesophageal cancers showed overexpression (red segment) and 

the remaining 7% cancers showed expression levels like those of non-malignant tissue 

(green segment). 
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The mean expression ratio (ctGAEC1/ctGAPDH) showed reduced expression of 

GAEC1 mRNA in oesophageal cancer tissues compared with control tissues (Fig. 44). 

There was almost a 2 fold drop in low expression noticed in cancer tissues and this 

difference was statistically significant (Inverse ratio 0.504 vs. 0.907, p < 0.0001). The 

statistical difference and data characteristics have been illustrated in Table 12.   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 44: mRNA expression levels of GAEC1 in oesophageal cancers. The mean 

GAEC1 expression inverse ratio showed significant reduction of mRNA levels in cancer 

tissues compared to normal oesophageal tissues (p < 0.0001). Expression ratio was 

calculated as the inverse ratio of (Ct GAEC1/Ct GAPDH) 

 

 

Table 12:  GAEC1 mRNA expression difference between cancer and normal 

oesophageal cancer tissues 

Tissue Type N (%) 

Mean Expression Ratio 

(SD) 

Median  

(Min-Max) 

Significance  

(P value) 

Normal 18 (14.6%) 0.907 (0.03) 0.916 (0.83-0.96) 

<0.0001 

Cancer 105 (85.4%) 0.504 (0.45) 0.817 (0.00-1.05) 
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6.3.3 GAEC1 protein expression in oesophageal cancer cell lines and tissues 

GAEC1 protein was expressed in all oesophageal cancer cell lines. Intensity of 

GAEC1 protein stain was high in the nucleus (Fig. 45). Nuclear localisation of GAEC1 

protein was consistent with that of colorectal cancer cell lines.  

 

Fig. 45: Strong nuclear staining of GAEC1 protein in the nucleus of colon cancer 

cell lines.  

 

GAEC1 protein was expressed in majority of the oesophageal tissues selected. 

GAEC1 protein expressed was noted in the nucleus of non-tumour tissues, dysplasia and 

in nucleus, nuclear membrane and cytoplasm of oesophageal carcinomas (Fig. 46). 

Intensity of GAEC1 protein was higher in oesophageal cancer tissues compared to non-

tumour tissues.  

Fig. 46: Nuclear 

localisation of 

GAEC1 protein. 

Protein was 

expressed in the 

nucleus of 

normal 

oesophageal 

squamous cell 

epithelium.  
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Compared to colorectal cancers an altered level of GAEC1 protein expression 

was noted in oesophageal cancer tissues. The majority of the tissues (67.0%, n=59 of 88) 

expressed GAEC1 protein in 50-100% of cells, while 11.4% (n=10 of 88) and 14.8% 

(n=13 of 88) tumours showed expression of GAEC1 protein in 30-50% and 5-30% of 

cells, respectively. Seven percent (n=6 of 88) oesophageal cancer tissues showed less 

than 5% of cells expressing, or no expression of GAEC1 protein.  

As mentioned earlier localisation of GAEC1 protein was different in oesophageal 

cancer tissues compared with dysplasia and non tumour oesophageal tissues (in which 

GAEC1 protein expression was limited in the nucleus). Nuclear staining of GAEC1 

protein was noted in 68.2 %( n=60 of 88) of cancer tissues (Fig. 47), while 9.0% (n=8 of 

88) showed GAEC1 protein expression either in the nuclear membrane (Fig.48) or in the 

cytoplasm (Fig. 49). The remaining cancer tissues (n= 20 of 88) showed a combination 

of GAEC1 protein expression in nucleus, nuclear membrane and cytoplasm.  

Fig. 47: Immunochemical staining GAEC1 protein in oesophageal cancer tissue. 

Staining shows the nuclear localisation of GAEC1 protein in cancer cells. Localisation is 

primarily nuclear.
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Fig. 48: Change in the localisation of GAEC1 protein. Immunochemical staining 

shows the spread of expression of GAEC1 protein to cell cytoplasm.  

Fig. 49: Change in the localisation of GAEC1 protein. Immunochemical staining 

shows the cell membrane staining of GAEC1 protein. 
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 Fig. 50: Focal expression (> 0.5%) of GAEC1 protein in oesophageal cancer 

tissues.  

Among the high GAEC1 protein expressing cancers, 79.7% (n=47 of 59) 

expressed GAEC1 protein in the nucleus. Fifty percent (n= 4 of 8) of the reduced protein 

expressed (< 5%) tumours showed GAEC1 protein only in nuclear membrane or in 

cytoplasm of the cancer cells. These differences were statistically significant (p < 

0.0001). The correlation between GAEC1 protein localisation and percentage of 

expression has been illustrated in Table 13.  

 

Table 13: Distribution of GAEC1 protein localisation and % of expression  

(p < 0.0001) 

 Protein Expression % Total 

< 5% 5-30% 30-50% 50-

100% 

Protein 

Location 

Nuclear  1 7 5 47 60 

Nuclear+ 

Cytoplasmic/Membrane 
 1 6 4 9 20 

Membrane/Cytoplasm  4 0 1 3 8 

Total  6 13 10 59 88 



Investigating the role of the GAEC1 oncogene in Human Cancers 

 

Vinod Gopalan (s2684840) 134 School of Medicine 

6.3.4 Correlation of GAEC1 mRNA and protein expression with clinical and 

pathological features 

 

GAEC1 mRNA expression showed significant variation of expression between 

oesophageal cancers with and without lymph node metastasis (p=0.002). A reduction in 

GAEC1 mRNA expression was noted in oesophageal tumours with lymph node 

metastasis (79.4%, n=50 of 63) compared with tumours without lymph node metastasis 

(42.9%, n=9 of 23). GAEC1 mRNA expression ratio (inverse) also showed a significant 

reduction of expression of around 2 fold in tumours with lymph node metastasis (p= 

0.001, Inverse ratio 0.445 over 0.838).  

The mRNA expression levels GAEC1 in the oesophageal cancer population was 

found to have no relationship with the age, sex, size, site or grade of the oesophageal 

carcinomas (Table. 14).  

The percentages of GAEC1 protein expression did not show any statistically 

significant difference among the clinicopathological parameters of oesophageal 

carcinomas (Table 15).  However, the altered staining pattern of GAEC1 protein showed 

significant difference with the pathological grade of the tumours. All poorly 

differentiated oesophageal cancers (100%, n=16 of 16) showed staining of GAEC1 

protein in the nucleus. Both well and moderately differentiated tumours showed altered 

localisation of GAEC1 expression from nucleus to cytoplasm and cell membrane. In 

well differentiated oesophageal cancers 50% (n=16 of 32) showed nuclear and rest of 

the well differentiated cancers showed either a combination of nuclear, cytoplasmic and 

membranous staining or staining only in cytoplasm of membranous staining. Moderately 

differentiated tumours also showed similar trend of expression of GAEC1 protein (Table 

16). These differences were statistically significant (p=0.006).   
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 The median follow-up period for the patients with oesophageal carcinoma was 5 

years. During the follow-up period, 14 patients survived, 68 died and 23 were lost to 

follow-up.  Kaplan-Meier analysis indicated that the mean survival of patients with 

oesophageal carcinoma was dependant on the pathological stage of the cancer (p = 

0.05).  Kaplan-Meier analysis also showed that patients with low GAEC1 mRNA 

expression levels had longer survival times compared to the patients with high or normal 

GAEC1 mRNA expression (46 months versus 32 months, p=0.05) (Fig. 51).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 51: The relationship between patients’ survival and GAEC1 mRNA expression 

levels in oesophageal carcinoma. Patients with high GAEC1 mRNA expression levels 

in their oesophageal cancer tissue had reduced survival period than patients with low 

GAEC1 mRNA levels (p=0.05). 
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Table 14:  Correlations between clinical and pathological features of patients with 

oesophageal carcinoma with GAEC1 mRNA expression 

------------------------------------------------------------------------------------------------------- 

 Number High Low No change P-value 

------------------------------------------------------------------------------------------------------- 

Age 

<60  36(34.3%) 5(13.9%) 29(80.6%) 2(5.6%) 0.309  

>60  69(65.7%) 18(26.1%) 46(66.7%) 5(7.2%)   

Gender        

Male  89(84.8%) 20(22.5%) 63(70.8%) 6(6.7%) 0.940 

Female  16(15.2%) 3(18.8%) 12(75.0%) 1(6.2%) 

Size (mm) 

<50  65(61.9%) 14(21.5%) 47(72.3%) 4(6.2%) 0.953 

>50  40(38.1%) 9(22.5%) 28(70.0%) 3(7.5%) 

Site   

L   43(41.0%) 7(16.3%)  32(74.4%) 4(9.3%) 0.495 

M 54(51.4%)      15(27.8%) 36(66.7%) 3(5.6%) 

U 8(7.6%)          1(12.5%)  7(87.5%) 0(0.0%)    

Pathological variants 

MU  4(3.8%) 1(25.0%) 2(50.0%) 1(25.2%) 0.304 

SQ  101(96.2%) 22(21.8%) 73(72.3%) 6(5.9%) 

Pathological Grade 

Well 37(35.2%) 8(21.6%) 27(73.3%) 2(5.4%) 0.856 

Mod  48(45.7%) 9(18.8%) 35(72.9%) 4(8.3%)  

Poor  20(19.0%) 6(30.0%) 13(65.5%) 1(5.0%) 

T staging 

T1  5(6.0%) 0(0.0%) 5(100.0%) 0(0.0%) 0.682 

T2  0(0.0%) 0(0.0%) 0(0.0%) 0(0.0%) 

T3  58(69.0%) 13(22.4%) 40(69.0%) 5(8.6%)  

T4  21(25.0%) 5(23.8%) 14(66.7%) 2(9.5%)  

LN Metastasis 

Absent 21(25.0%) 10(47.6%)  9(42.9%) 2(9.5%) 0.002 

Present 63(75.0%) 8(12.7%) 50(79.4%) 5(7.9%) 

Distant Metastasis 

Absent  83(98.8%) 18(21.7%) 58(69.9%) 7(8.4%) 0.378 

Present  1(1.2%) 0(0.0%) 1(100.0%) 0(0.0%) 

Pathological staging 

I  3(3.6%) 0(0.0%) 3(100.0%) 0(0.0%) 0.411 

II  6(7.1%) 3(50.0%) 2(33.3%) 1(16.7%) 

III  73(86.9%) 15(20.5%) 52(71.2%) 6(8.2%)  

IV  2(2.4%) 0(0.0%) 2(100.0%) 0(0.0%)  

------------------------------------------------------------------------------------------------------- 

SQ: Squamous cell carcinoma, MU: Mucinous carcinoma  
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Table 15:  Correlations between clinical and pathological features of patients with 

oesophageal carcinoma (n=88) with GAEC1 protein expression 

------------------------------------------------------------------------------------------------------- 

 Number < 5% 5-30% 30-50% 50-100%     P-value 

------------------------------------------------------------------------------------------------------- 

Age 

<60 30(34.1%) 3(10.0%) 4(13.3%) 2(6.7%) 21(70.0%)    0.641 

>60 58(65.9%) 3(5.2%) 9(15.5%) 8(13.8%) 59(67.0%)  

Gender        

Male 74(84.1%) 4(5.4%) 11(14.9%) 9(12.2%) 50(67.6%)    0.649 

Female 14(15.9%) 2(14.3%) 2(14.3%) 1(7.1%)  9(64.3%) 

Size (mm) 

<50 56(63.6%) 5(8.9%) 6(10.7%) 6(10.7%) 39(69.6%)    0.402 

>50 32(36.4%) 1(3.1%) 7(21.9%) 4(12.5%) 20(62.5%) 

Site   

L  36(40.9%) 2(5.6%)  5(13.9%) 3(8.3%) 26(72.2%)    0.822 

M 44(50.0%)      4(9.1%)  7(15.9%) 5(11.4%) 28(63.6%) 

U 8(9.1%)          0(0.0%)  1(12.5%) 2(25.0%) 5(62.5%) 

   

Pathological variants 

MU 3(3.4%) 0(0.0%) 0(0.0%) 0(0.0%) 3(100.0%)    0.676 

SQ 85(96.6%) 6(7.1%) 13(15.3%) 10(11.8%) 56(65.9%) 

Pathological Grade 

Well 32(36.4%)       2(6.2%)            5(15.6%) 4(12.5%) 21(65.6%)    0.829 

Mod 40(45.5%) 4(10.0%) 6(15.0%) 5(12.5%) 25(62.5%)  

Poor 16(18.2%) 0(0.0%) 2(12.5%) 1(6.2%) 13(81.2%) 

T staging 

T1 4(5.7%) 0(0.0%) 0(0.0%) 0(0.0%) 4(100%)       0.802 

T2 0(0.0%) 0(0.0%) 0(0.0%) 0(0.0%) 0(0.0%) 

T3 50(71.4%) 4(8.0%) 10(20.0%) 4(8.0%) 32(64.0%)  

T4 16(22.9%) 2(12.5%) 3(18.8%) 2(12.5%) 9(56.2%)  

LN Metastasis 

Absent 14(20.0%)       0(0.0%)     3(21.4%) 2(14.3%) 9(64.3%)      0.523 

Present 56(80.0%)  6(10.7%)    10(17.9%) 4(7.1%) 36(64.3%) 

Distant Metastasis 

Absent   69(98.6%) 6(8.7%) 13(18.8%) 5(7.2%) 45(65.2%)    0.112 

Present    1(1.4%) 0(0.0%) 0(0.0%) 1(100.0%) 0(0.0%) 

Pathological staging 

I 2(2.9%) 0(0.0%) 0(0.0%) 0(0.0%) 2(100.0%)    0.667 

II 4(5.7%) 0(0.0%) 1(25.0%) 0(0.0%) 3(75.0%) 

III 62(88.6%) 5(8.1%) 12(19.4%) 6(9.7%) 39(62.9%)  

IV 2(2.9%) 1(50.0%) 0(0.0%) 0(0.0%) 1(50.0%)  

------------------------------------------------------------------------------------------------------- 

SQ: Squamous cell carcinoma, MU: Mucinous carcinoma  

 

 



Investigating the role of the GAEC1 oncogene in Human Cancers 

 

Vinod Gopalan (s2684840) 138 School of Medicine 

Table 16:  Correlations between GAEC1 protein location and pathological 

parameters 

------------------------------------------------------------------------------------------------------- 

 Number          Nuclear Nuclear/Cytoplasmic/ Cytoplasmic/     P-value 

  Membranous                   Membranous   

------------------------------------------------------------------------------------------------------- 

Pathological variants 

MU   3(3.4%) 3(100.0%) 0(0.0%)  0(0.0%) 0.484 

SQ   85(96.6%) 57(67.1%) 20(23.5%)  8(9.4%) 

Pathological Grade 

Well   32(36.4%)       16(50.0%)       13(40.6%)  3(9.4%) 0.006 

Mod   40(45.5%) 28(70.0%) 7(17.5%)  5(12.5%)  

Poor   16(18.2%) 16(100.0%) 0(0.0%)  0(0.0%) 

T staging 

T1   4(5.7%) 4(100.0%) 0(0.0%)  0(0.0%) 0.641 

T2   0(0.0%) 0(0.0%) 0(0.0%)  0(0.0%) 

T3   50(71.4%) 32(64.0%) 12(24.0%)  6(12.0%)  

T4   16(22.9%) 11(68.8%) 4(25.0%)  1(6.2%)  

LN Metastasis 

Absent  14(20.0%)      10(71.4%)      3(21.4%)  1(7.1%) 0.902 

Present  56(80.0%)      37(66.1%)     13(23.2%)  6(10.7%) 

Distant Metastasis 

Absent   69(98.6%) 47(68.1%) 15(21.7%)  7(10.1%) 0.466 

Present   1(1.4%) 0(0.0%) 0(0.0%)  0(0.0%) 

Pathological staging 

I   2(2.9%) 2(100.0%) 0(0.0%)  0(0.0%) 0.514 

II   4(5.7%) 3(75.0%) 1(25.0%)  0(0.0%) 

III   62(88.6%) 41(66.1%) 15(24.2%)  6(9.7%)  

IV   2(2.9%) 1(50.0%) 0(0.0%)  1(50.0%)  

------------------------------------------------------------------------------------------------------- 

SQ: Squamous cell carcinoma, MU: Mucinous carcinoma  
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Chapter 7: Results- 

Detection of GAEC1 in peripheral blood 

 

7.1 Rationale 

 

The aim of this experiment is to detect the GAEC1 mRNA expression and copy 

number variations in blood samples from patients with oesophageal squamous cell 

carcinoma to determine if amplification or expression changes can be detected. 

 

7.2 Materials and methods 

EDTA-blood samples from patients diagnosed with oesophageal squamous cell 

carcinoma (ESCC) were obtained from 1996 to 1997 at Queen Mary Hospital, Hong 

Kong. Blood samples were then subjected to Ficoll-Plaque gradient centrifugation. The 

upper layer containing mononucleated cells were obtained for DNA and RNA isolation. 

Blood samples were also collected from 12 healthy volunteers having no previous 

history of any cancers or inflammatory diseases in the gastrointestinal tract to act as 

controls.  

 

7.2.1 Clinicopathological characteristics 

Twenty five patients (23 men; 2 women) diagnosed with ESCC were recruited 

for the analysis of GAEC1 copy number and expression changes in peripheral blood 

samples. Mean age of the patients was 61 (ranging from 45-86). The ethnic background 

of the patients was Hong Kong Chinese.  After operation for their cancer, the size, grade 

and staging of the tumour tissues were assessed by a pathologist (Prof Alfred Lam). 

Information regarding pre- and postoperative treatment including chemo- and 

radiotherapy was also obtained. Survival periods for these patients were obtained 

between follow-up periods of 1 to 155 months.  
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Average size of the tumour excised from these patients was 40mm (ranging from 

5mm to 60mm). The majority (63%, n=16) of the patients were in stage III, followed by 

stage I, II and IV. Seventy two percent (n=18 of 25) patients had lymph node metastasis 

and the remaining 28% (n=7 of 25) did not present with any lymph node metastasis. 

Only 2 patients reported with distant metastasis along with their primary cancer in the 

oesophagus. Among 25 cancer patients, 13 (48%) underwent chemo and radiotherapies 

and the remaining patients (52%, n=16) did not receive any chemo and radiotherapies. 

The mean survival period of these patients was 29 months (ranging from 1 to 155 

months). During the follow-up period, 2 patients survived, 16 patients died directly due 

to cancer, 3 died due to other causes and 4 were lost to follow-up.  

 

7.2.2 DNA extraction 

Among 25 patient’s Ficoll-Plaque isolated nucleated cell fragments, only 20 

were available for DNA extraction. DNA purification was performed by using QIAamp 

DNA Blood Mini Kit (Qiagen) which was specifically designed for isolating DNA from 

blood and related body fluids with fast spin-column or vacuum procedures. Quality 

assessment for the qRT-PCR experiments were performed as mentioned for the tissue 

based methods. DNA extraction was also performed from all 12 healthy controls using 

the same techniques. After quality assessment, these DNAs were stored at 4
0 

Celsius.  

 

7.2.3 RNA extraction and cDNA conversion 

All 25 blood samples collected from cancer patients and 6 blood samples 

collected from healthy controls were available for RNA purification. The PAXgene 

Blood RNA system (Qiagen) was used for the RNA purification from the Ficoll-Plaque 

isolated nucleated cell fragments. This kit was specific for silica-membrane-based RNA 
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isolation and purification in a spin-column format. Purification was carried our 

manually, using a microcentrifuge. Purity and integrity of the purified RNA and cDNA 

conversion was performed as mentioned before for tissue based RNA extraction. After 

extraction, these RNAs were stored at -80
0 

Celsius and cDNA made from these RNA 

were stored at -20
0 

Celsius. 
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7.3 Results  

 

 

7.3.1 GAEC1 DNA copy number variations 

 

There were 32 DNA samples (20 cancer; 12 healthy controls) available for the 

comparison. Mean GAEC1 amplification ratio (Inverse ratio) did not show any 

statistically significant difference in cancer patients blood compared to healthy controls 

(Inverse ratio 0.89 over 0.92; p=0.340) (Fig. 52). Among 20 cancer patients, 20 %( n=4) 

showed high GAEC1 copies (amplification), 60% (n=12) showed low GAEC1 copies 

(deletion) and the remaining 20% (n=4) showed no change in GAEC1 copy numbers 

compared to healthy controls.  

 

 

Fig. 52: 

GAEC1 DNA 

copy number 

variations in 

blood samples 

from patients 

with ESSC.  

Expression 

ratio was 

calculated as 

the inverse ratio 

of (Ct 

GAEC1/Ct 

HBD) 

 

 

 

Clinicopathological parameters were available from only 16 patients. Patients 

who underwent radiotherapy during their course of cancer treatment showed high 

prevalence of GAEC1 deletion (87.5%, n=7 of 8). On the other hand, patients who 

didn’t receive any radiotherapy showed high prevalence of GAEC1 amplification 

P=0.340 
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(44.4%, n=4 of 10). This difference was statistically significant (p=0.024). The similar 

pattern of GAEC1 copy number variation was noticed between patients with and without 

chemotherapy treatment (Table 17). This difference was close to statistical significance 

(p=0.056). Preliminary analysis showed no correlation of GAEC1 copy numbers with 

patient’s age, site and stage of tumour.  

 

Table 17:  GAEC1 copy number variation in blood samples from patients with 

ESCC and correlation with clinicopathological parameters.  

------------------------------------------------------------------------------------------------------- 

 Number High Low No change P-value 

------------------------------------------------------------------------------------------------------- 

Age 

<60  8(47.1%) 3(37.5%) 4(50.0%) 1(12.5%) 0.421  

>60  9(52.9%) 1(11.1%) 6(66.7%) 2(22.2%)   

Site   

L   4(25.0%) 0(0.0%)  3(75.0%) 1(25.0%) 0.479 

M 10(62.5%)      3(30.0%)  6(60.0%) 1(10.0%) 

U 2(12.5%)         0(0.0%)  1(50.0%) 1(50.0%)  

   

Radiotherapy      

Yes  8(47.1%) 0(0.0%) 7(87.5%) 1(12.5%) 0.024 

No  9(52.9%) 4(44.4%) 3(33.3%) 2(22.2%) 

Chemotherapy 

Yes  7(41.2%) 0(0.0%) 6(85.7%) 1(14.3%) 0.056 

No  10(58.8%) 4(40.0%) 4(40.0%) 2(20.0%) 

T staging 

T1  3(18.8%) 0(0.0%) 2(66.7%) 1(33.3%) 0.552 

T2  1(6.2%) 1(100.0%) 0(0.0%) 0(0.0%) 

T3  9(56.2%) 2(22.2%) 5(55.6%) 2(22.2%)  

T4  3(18.8%) 1(33.3%) 2(66.7%) 0(0.0%)  

LN Metastasis 

Absent 3(18.8%) 0(0.0%)  2(66.7%) 1(33.3%) 0.353 

Present 13(81.2%) 4(30.8%) 7(53.8%) 2(15.4%) 

Distant Metastasis 

Absent  15(93.8%) 4(26.7%) 8(53.3%) 3(20.0%) 0.548 

Present  1(6.2%) 0(0.0%) 1(100.0%) 0(0.0%) 

Pathological staging 

I  3(18.8%) 0(0.0%) 2(66.7%) 1(33.3%) 0.448 

II  1(6.2%) 1(100.0%) 0(0.0%) 0(0.0%) 

III  11(68.8%) 3(27.3%) 6(54.5%) 2(18.2%)  

IV  1(6.2%) 0(0.0%) 1(100.0%) 0(0.0%)  

------------------------------------------------------------------------------------------------------- 

Other parameters like size and grade of the tumours were not available for analysis.  
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7.3.2 GAEC1 mRNA expression levels 

 

Mean expression ratio of GAEC1 mRNA showed over expression in cancer 

blood samples compared to those of healthy controls (Fig. 53). GAEC1 mRNA 

expression (mean) in cancer blood samples showed 4 times higher expression compared 

to the control samples (Inverse ratio 0.869 over 0.292, p < 0.0001 (Table 18). All cancer 

patients (100%, n=25 of 25) showed over expression of GAEC1 mRNA in their 

peripheral blood.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 53: Results of GAEC1 in blood samples collected from patients with 

oesophageal squamous cell carcinoma (ESCC). (A) Detection of GAEC1 copy 

number variation in DNA extracted from peripheral blood. (B) Significant alteration of 

GAEC1 mRNA expression in ESSC patients compared to normal healthy individuals 

(p= < 0.0001). Expression ratio was calculated as the inverse ratio of (Ct GAEC1/Ct 

GAPDH) 

 

P=0.000 
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Table 18:  GAEC1 mRNA expression difference between cancer and normal 

oesophageal cancer blood samples.  

Tissue 

Type 
N (%) 

Mean Expression 

Ratio 

(SD) 

Median  

(Min-Max) 

Significance  

(P value) 

Normal 6 (19.4%) 0.292 (0.04) 0.274 (0.25-0.37) 
0.000 

Cancer 25 (80.6%) 0.869 (0.24) 0.870(0.82-0.91) 

 

 

 

7.3.3 Clinicopathological correlation 

 

GAEC1 mRNA expression was higher in patients with early tumour stages 

(T1&T2) compared to patients who had advanced tumour stages (T3&T4) (fold change 

13.24 over 6.61, p=0.004). GAEC1 mRNA expression levels also showed significant 

difference between patients with and without lymph node metastasis. High GAEC1 

mRNA expression fold change was noticed in patients without lymph node metastasis 

compared to patients with lymph node metastasis (fold change 13.39 over 6.96, 

p=0.017). Similar trends of GAEC1 mRNA expression were noticed in patients without 

and with distant metastasis (fold change 8.36 over 3.26). But these differences did not 

reach statistical significance (p=0.128).  

Patients with different pathological stages showed a significant difference of 

GAEC1 mRNA in their peripheral blood (p=0.046). The mean expression showed 

decline in GAEC1 mRNA levels as pathological stage advances (13.39 in stage I; 12.81 

in stage II; 6.74 in stage III and 4.59 in stage IV). Also, patients with early stage 

tumours (stage I and II) showed higher GAEC1 mRNA levels compared to patients with 

advanced stage tumours (stage III and IV) (fold change 13.24 over 6.61, p=0.004) (Fig. 

54).  
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Fig. 54: GAEC1 mRNA expression levels in tumours with early and advanced 

pathological stages. Early stage (I and II) cancers show increased expression of GAEC1 

compared to later stage (III and IV) cancers. 

 

 

 

 

GAEC1 mRNA expression levels in the peripheral blood of patients with ESSC 

found to have no relationship between patients age, chemo/radiotherapy, site and grade 

of the tumours.   

 

P=0.004 
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Chapter 8: Results- 

GAEC1 expression in Thyroid cancer tissues 

 

8.1 Rationale 

The exact of role of GAEC1 gene in endocrine cancers has not been investigated 

before. However GAEC1 expression was detected in various normal endocrine tissues 

like pancreas, testes and ovary at various levels (Law et al., 2007). The level of GAEC1 

mRNA expression in these endocrine tissues was different from that of tissues from 

lung, spleen and peripheral leukocytes. This finding by Law et al lead this study to 

investigate the genetic alteration of GAEC1 in the most common endocrine tumour, that 

of the thyroid.  The aim of this study is to identify the genetic alterations of GAEC1 at 

the DNA, mRNA and protein level in different thyroid tumours.  The finding may give 

some clues to the pathogenesis and diagnostic implications of GAEC1 in thyroid 

tumours. Also the varied expression and copy number patterns can be compared with 

other cancers investigated in the study.  

 

8.2 Thyroid cancer 

Thyroid cancer is the most common endocrine tumour in the world.
 
 It is not a 

single disease entity and is composed of different histological entities with variable 

biological behaviour (Lam et al., 2005). There are two common types of well-

differentiated thyroid carcinomas. These are papillary and follicular carcinomas. Well-

differentiated thyroid carcinoma (papillary thyroid carcinoma and follicular thyroid 

carcinoma) are the most common forms of thyroid cancer (Lam et al., 2005).  Papillary 

thyroid cancer (PTC) is by far the most common thyroid malignancy and represents 80-

90% of all thyroid malignancies (Zitzelsberger et al., 2010).  
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The most common clinical manifestation is as a painless, palpable, solitary 

thyroid nodule. Usually discovered during routine palpation of the neck, most nodules 

represent benign disease, however it is estimated that 5-10% of solitary thyroid nodule 

are malignant (Sharma, 2011). Also, the palpable and non-palpable nodules of similar 

size have the same risk of malignancy. With regards to pain, malignant nodules are 

usually painless where a sudden onset of pain is more strongly associated with benign 

disease. When the cancer involves surrounding structures, certain clinical features may 

be observed. Where the recurrent laryngeal nerve is involved, patients may present with 

hoarseness or vocal cord paralysis. Impingement of the oesophagus may manifest as 

dysphagia. There is a lack of rigid objective diagnostic criteria, leading to low consensus 

between pathologists in making a histological diagnosis of some types of thyroid 

tumours (Lloyd et al., 2004).  Thus, molecular biology would be a useful tool in the 

management of thyroid cancer.   

 

8.2.1 Epidemiology 

       The incidence of papillary thyroid cancer appears to be increasing both in 

Australia and worldwide (Burgess, 2002). The multifactorial aetiology of thyroid cancer 

is the result of an interaction of complex factors including genetic and environmental 

factors and possession of major risk factors. Major risk factors include gender, age and 

ethnicity. Although the frequency of thyroid cancer in women is 2-4 times greater than 

men, it is the women who appear to have a better prognosis. The incidence of thyroid 

cancer also appears to increase with age and it is therefore rare in patients under the age 

of 16 years (Burgess, 2002; Guisti et al., 2010). 
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8.2.2 Pathology 

Histopathology 

As mentioned before PTC is the most common histological variant of thyroid 

carcinoma. Microscopically these cancers present with papillary and follicular structures 

without any capsule. Cancer cells also shows over lapping nuclei with ground glass 

appearance and longitudinal grooves (with invaginations of cytoplasm into nuclei) 

(Hedinger C et al., 1988; DeLellis et al., 2004). Another histological feature which is 

often present with these cancers is psomoma bodies (calcified structures). The 

histological variants of PTC include follicular, tall-cell, columnar-cell, clear cell and 

diffuse sclerosing carcinomas. These tumours generally spread through lymphatics to 

the regional lymph nodes and, often to the lungs (Hedinger C et al., 1988; DeLellis et 

al., 2004).      

The next commonest histological variant, follicular carcinoma is an encapsulated 

cancer with follicular differentiation. The nuclear changes in this carcinoma are not 

characteristic like those of papillary carcinoma. According to the pattern of invasion, 

follicular carcinomas can be categorised into minimally invasive and widely invasive 

carcinomas. Lymphatic spread and involvement of lymph nodes are less common in 

follicular carcinomas compared to PTC. The usual way of metastasis for follicular 

carcinoma is haematological spread and common sites for metastasis are lungs and bone 

stem (Hedinger C et al., 1988; DeLellis et al., 2004).    

There is a lack of rigid objective diagnostic criteria, leading to low consensus 

between pathologists in making a histological diagnosis of some types of thyroid 

tumours (Lloyd et al., 2004).  Thus, molecular biology would be a useful tool in the 

management of thyroid cancer.   
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8.2.3 Molecular genetics of thyroid cancer (Fig. 55) 

The mitogen-activated protein kinase system is a serine/threonine 

phosphorylation signalling cascade that is involved in cell differentiation, proliferation 

and survival. Activation of the system is frequently involved in the initiation of thyroid 

carcinogenesis. Activation can occur via mutations or rearrangement of growth factor 

receptors (e.g. RET) or mutations of intermediate molecules within the pathway (e.g. 

RAS, BRAF and GAEC1) (Cassol and Asa, 2010). 

    

 

  

Fig. 55. MAPK pPathway Signalling. 

Normal signaling through the MAPK 

pathways is triggered by binding of growth 

factors to their tyrosine kinase receptor, 

which dimerize and initiate a 

phosphorylation cascade activating RAS, 

BRAF, MEK and ERK. Mutations in 

thyroid carcinoma that constitutively 

activate the MAPK signaling pathway are 

depicted above as explosion signs and 

abrogate the necessity of growth factors 

binding (dashed lines). MEK: mitogen-

activated protein kinase (MAPK) kinase; 

ERK: extracellular-signal-regulated kinase 

(Cassol and Asa, 2010) 
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Role of BRAF  

BRAF is a proto-oncogene located on chromosome.7q24. There are three 

isoforms of RAF threonine kinases (i.e. ARAF, BRAF, CRAF) (Delellis, 2006).  BRAF 

encodes a serine/threonine kinase from the family of RAS kinases which play a central 

role in the transduction of signals along the RAS/RAF/MEK/ERK pathway regulating 

cell growth, differentiation and apoptosis.  It is now thought that a mutation in BRAF is 

the most common mutation in PTC. 95% of cases involve the BRAF mutation V600E, 

which induces genomic instability thus facilitating the acquisition of secondary genetic 

events that promote tumour progression) (Cassol and Asa, 2010). Numerous studies 

have shown that BRAF V600E is associated with negative clinical features such as 

extra-thyroridal invasion, lymph node metastasis, advanced tumour stage at presentation 

and cancer recurrence ) (Cassol and Asa, 2010; McLeod, 2010). 

 

Role of RET  

Located on chromosome 10q11.2, the proto-oncogene RET encodes for a 

transmembrane tyrosine kinase that is normally expressed at very low levels in thyroid 

follicular cells. In papillary thyroid cancer, RET related carcinogenesis occurs through 

the action of fusion proteins generated by rearrangements of RET. The tyrosine kinase 

encoded by RET plays a role in cell growth, differentiation, and survival (Lodish and 

Stratakis, 2008). Activation of this kinase induces cell proliferation (Guisti et al., 2010). 

 

RAS mutations 

RAS oncogenes synthesize a group of proteins that play an important role in 

tumorigenesis and tumour progression. These proteins are members of a large family of 

GTP-binding proteins that regulate cell growth through the MAPH and PIK3 pathways 
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among others. RAS mutations activate RAS proteins which lead to genomic instability, 

additional mutations and malignant transformation (Segev et al., 2003). 

As described above, alterations to oncogenes, including BRAF, RAS and 

RET/PTC have been commonly reported in papillary thyroid carcinoma (Lam et al., 

2002; Salajegheh et al., 2008). Studies also reported the distribution and roles of other 

genetic alterations in genes such as VEGF, p16, hTERT and COX-2 in thyroid tumours 

(Yu et al., 2005; Lam et al., 2007; Lo et al., 2005; Lo et al., 1999).  However, some 

thyroid lesions have no known genetic alterations.  It is likely other genes will be 

involved in thyroid carcinogenesis and development and these will likely interact with 

the known genetic alterations in thyroid tumours. Identification and characterisation of 

these genes may be helpful in the diagnosis and molecular targeted therapies of thyroid 

tumours.    
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8.3 Materials and methods 

 

8.3.1 Cell culture 

One thyroid cancer (K1) and one normal thyroid cell line was used to quantify 

GAEC1 mRNA and protein. K1 cell line was also used for localising GAEC1 protein. 

K1 cell line was cultured in DMEM: Ham’s F12: MCDB (2:1:1) media containing 1mM 

Glutamine and 10% FBS. 

 

8.3.1 Selection patients 

The patients who were chosen for this study had resection for primary thyroid 

tumours and benign thyroid goitre. The resected thyroid tissues were fixed in 10 percent 

formalin and embedded in paraffin wax.  Histological sections were cut and stained for 

haematoxylin and eosin for light microscopic examination. These sections were 

reviewed by an experienced endocrine pathologist (Prof. Alfred Lam).  Only thyroid 

lesions with unequivocal diagnostic histological features were included in the study.  For 

thyroid tumours, papillary thyroid carcinoma, follicular thyroid carcinoma and follicular 

adenoma were recruited.  Benign thyroid goitre was recruited to act as control tissue.  

Only goitre tissue with mild nodular hyperplasia was recruited for the study, to keep 

control data as homogenous as possible.  The thyroid tumours were graded according to 

the World Health Organization (WHO) criteria (DeLellis and Williams, 2004).   

The pathological features of patients with these papillary thyroid carcinomas 

were analysed. These included the histological variants and presence of psammoma 

bodies, calcification and metaplastic bone formation. Also, any lymph node metastases 

were recorded at the time of surgery. The thyroid cancers were staged according to the 

American Joint Committee on Cancer (AJCC)/International Union Against Cancer 
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(UICC) tumour-node-metastasis (TNM) staging system for thyroid tumours (Sobin and 

Wittekind, 2006). 

 

8.3.1.1 Patients for DNA copy number analysis 

 After review of the tissue samples, 127 patients (33 men; 94 women) with 

thyroid tissues were selected for detecting GAEC1 copy number variation.  The mean 

age of the patients was 48 (range 20 to 89).  The thyroid tumours comprised 23 nodular 

hyperplasia and 104 thyroid tumours (17 follicular adenomas, 31 minimally invasive 

follicular carcinomas, 12 widely invasive follicular carcinomas and 44 papillary thyroid 

carcinomas).  The 44 papillary thyroid carcinomas consisted of 20 conventional 

papillary thyroid carcinomas (CPTCs) and 24 follicular variant papillary thyroid 

carcinomas (FVPTCs).   

 

8.3.1.2 Patients for mRNA and protein expression 

Tissues samples used for detecting GAEC1 copy number variations were 

unavailable for mRNA and protein expression experiments. Another set of tissue 

samples were recruited these experiments. After review, 120 patients (41 men. 79 

women) diagnosed with papillary thyroid (PTC) cancer were selected for detecting 

GAEC1 mRNA and protein expression. The mean age of the patient was 43 (range: 17 

to 87).  The 120 PTCs consisted of 78 conventional papillary thyroid carcinomas 

(CPTCs) and 42 follicular variant of papillary thyroid carcinomas (FVPTCs). Thyroid 

tissues (n=7) with no cancer morphology were recruited as controls.   
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 The methods used (including mRNA extraction, cDNA conversion, real time 

PCR, immunochemical staining and data analysis for detecting GAEC1 copy number 

variation, mRNA and protein expression were the same mentioned for the previous 

chapters.  
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8.4 Results 

8.4.1 GAEC1 copy number variations  

DNA Copy number variations in thyroid tissues 

GAEC1 and HBD were amplified in all samples for quantification.  After 

performing real time PCR a 122-bp fragment (Fig. 57) was observed for GAEC1 and a 

225-bp fragment was observed for HBD.  

 

Detection of GAEC1 and its copy number variations 

GAEC1 showed varied copy number levels in different thyroid tissues (cancer, 

adenoma and non tumour tissues). Nodular hyperplasia (NH) was used as a control for 

assessing the GAEC1 copy number changes. Among different histological sub types, 

thyroid follicular carcinoma (FCA) showed significant alteration of GAEC1 copy 

numbers (p=0.0001). Compare to NH majority of thyroid cancers and adenomas showed 

loss of GAEC1 DNA copy numbers.  The relative copy number change of GAEC1 in 

different thyroid lesions is noted in Table 19.  

 

Table 19:  DNA Copy number variations of GAEC1 in thyroid tissues 

--------------------------------------------------------------------------------------------------- 

Type  N (%)   Amplification  Deletion Normal range   p value 

----------------------------------------------------------------------------------------------------- 

NH   23 (18% 0 (0%)  0 (0%)  23 (100%) - 

FA  17 (13%) 0 (0%)  9 (53%)  8 (47%) 0.024 

Minimally invasive  

FCA 31 (24%) 11 (35%) 4 (13%) 16 (52%) 0.474 

Widely invasive  

FCA  12 (9%) 0 (0%)  10 (83%)   2 (17%) 0.0001 

Papillary CA 44 (35%) 10 (23%) 21 (47%) 13 (30%) 0.034  

  CPTC 20 (45%) 5 (25%) 10 (50%) 5 (25%)  

  FVPTC 24 (55%) 5 (21%) 11 (46%) 8 (33%)    

--------------------------------------------------------------------------------------------------- 

p value: p value as compared with nodular hyperplasia; NH: Nodular hyperplasia; FA: 

Follicular adenoma; FCA: follicular carcinoma; CPTC: Conventional papillary thyroid 

carcinoma; FVPTC: follicular variant of papillary thyroid carcinoma 
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 The inverse ratio of the Ct for GAEC1 to HBD is shown in Fig. 56.   Using 

ANOVA analysis, there is a generalised, highly significant difference, in copy number 

for the GAEC1 oncogene between all tested subtypes (p < 0.0001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 56.  The copy number levels of different thyroid lesions. NH: nodular 

hyperplasia; FA: follicular adenoma; mFCA: minimally invasive follicular carcinoma; 

FCA: widely invasive follicular carcinoma; CPTC: conventional papillary thyroid 

carcinoma; FVPTC: follicular variant of papillary thyroid carcinoma.  Inverse ratio of 

GAEC1 (target gene) versus HBD (housing keeping gene) was used to present the data.  

 

 

 

 

 

Fig. 57: Detection of GAEC1 

DNA in thyroid cancers. Gel 

electrophoresis was performed 

following real time PCR. The 

samples selected for GAEC1 

detection was papillary thyroid 

cancers.   
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Correlation of GAEC1 copy number variation and clinicopathological parameters 

 

In follicular neoplasms, the difference in copy number of GAEC1 was significant 

between follicular adenoma, minimally invasive follicular carcinoma and widely 

invasive follicular carcinoma (p < 0.05).  In follicular adenoma, slightly more than half 

of the tumours showed deletion of GAEC1 (9 of 17; 53%) and there was no 

amplification of GAEC1.  In minimally invasive follicular carcinoma, 13% (4 of 31) 

showed deletion and 35% (11 of 31) showed amplification of GAEC1.  The difference 

between follicular adenoma and minimally invasive follicular carcinoma was significant 

(p=0.003).  In follicular carcinoma, majority of the lesions (83%; 10 of 12) revealed 

deletion and none showed amplification of GAEC1.  The difference between follicular 

carcinoma and minimally invasive follicular carcinoma was highly significant 

(p=0.0001).   

In papillary thyroid carcinomas, 47% (21 of 44) showed deletion and 23% (10 of 

44) showed amplification of GAEC1.  There was no statistically significant difference in 

GAEC1 copy number between the variants (CPTC versus FVPTC) (p=0.224).  There 

was no relationship between the copy number of GAEC1 with the age, gender, 

pathological features (presence of calcification, psammoma bodies and bone) in 

papillary thyroid carcinoma (p>0.05) (Table 20).  In early stage cancers (stage 1 and 2), 

amplifications were noted in 27% (10 of 37), deletion in 41% (15 of 37) and normal 

range in 32% (12 of 37).  However, in stage 3 cancers, all except one cancer showed 

deletion, and that one non-deleted cancer was in the normal range (86%; 6 of 7).  The 

difference was statistically significant (p=0.04).     
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Table 20.  Clinicopathological features and GAEC1 copy number levels of papillary 

carcinoma patients.  

-------------------------------------------------------------------------------------------------------- 

Characteristics  Number  Deletion Amplification Normal Range  P-value  

-------------------------------------------------------------------------------------------------------- 

Age    

< 45   26 12 (46%) 6 (23%) 8(31%) 

≥45   18 9 (50%) 4 (22%) 5(28%)  0.97 

Gender        

Male   14 9 (64%) 1 (07%) 4(29%)            

Female   30 12 (40%) 9 (30%) 9 (30%) 0.18                 

Calcification 

Yes  20 9 (45%) 5 (25%) 6(30%)  

No   24 12 (50%) 5 (21%) 7(29%) 0.93 

Psammoma bodies  

Yes   17 7 (41%) 5 (29%) 5(30%) 

No   27 14 (52%)         5 (19%) 8(29%) 0.67  

Bone   

Yes   2 2 (100%)        0 (00%) 0 (00%)  

No 42 19 (45%)        10 (24%) 13(31%) 0.32   

T  

1              20 7 (35%) 6 (30%)  7 (35%)    

2  13 6 (46%) 2(15%)  5 (39%)    

3  11 8 (73%) 2(18%)   1 (9%)  0.28 

LN  

Yes  14 9 (64%) 3 (22%) 2 (14%) 

No  30 12 (40%) 7 (23%) 11(37%) 0.25  

Stage 

Stage 1 &2  37 15 (41%) 10 (27%) 12 (32%) 

Stage 3   7 6 (86%) 0 (0%)  1 (14%) 0.04  

----------------------------------------------------------------------------------------------- 

T: T staging; LN: presence of lymph node metastases.  
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8.4.2 GAEC1 mRNA and protein expression in thyroid cancers 

 

GAEC1 mRNA expression in thyroid cancer and normal cell lines 

 

Thyroid cancer cell line (K1) showed over expression of GAEC1 mRNA 

compared to normal epithelial (NE1) cell line. GAEC1 mRNA showed around three fold 

high in its expression in the thyroid cancer cell line compared with the normal thyroid 

cell line.  GAEC1 mRNA in cell lines were visualised by gel electrophoresis. 

 

GAEC1 mRNA expression in thyroid cancer tissues (Fig. 58 a&b) 

 GAEC1 mRNA was expressed in 29% (n=35 of 120) of the selected papillary 

thyroid cancer (PTC) tissues. GAEC1 mRNA levels were too low to be detected in rest 

of the PTC tissues all tumour samples. Over all 7% (n=8 of 120) showed high GAEC1 

expression and 22 %( n=27 of 120) showed reduced expression of GAEC1 mRNA (Fig. 

58a).  

 

Fig. 58: (a) Altered GAEC1 

mRNA expression patterns in 

thyroid cancer tissues. Majority 

of the tissues showed low or no 

expression of GAEC1 mRNA.  

Note: H-High expression; L-Low 

expression; ND-Not detected.  

(b) Detection of GAEC1 by gel 

electrophoresis following real 

time PCR.  

 

 

A 

B 
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The difference in level of GAEC1 mRNA expression in thyroid cancer tissues 

was statistically significant in comparison with normal thyroid (control) tissues (p < 

0.0001). There was almost 5 fold reduction of GAEC1 mRNA was noted in PTC tissues 

compared with control tissues (Fig. 59). Also, GAEC1 mRNA was detectable in all 

selected normal thyroid tissues (n=7).  The mRNA expression pattern of GAEC1 in PTC 

and normal thyroid tissues has been illustrated in Table 21.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 59: mRNA expression levels of GAEC1 in oesophageal cancers. The mean 

GAEC1 expression inverse ratio showed significant reduction of mRNA levels in 

thyroid cancer tissues compared to normal thyroid tissues (p < 0.0001).  
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Table 21:  GAEC1 mRNA expression difference between cancer and normal 

thyroid tissues.  

Tissue 

Type 
N (%) 

Mean Expression Ratio 

(SD) 

Median  

(Min-Max) 

Significance  

(P value) 

Normal 7 (5.5%) 0.887 (0.03) 0.890 (0.84-0.92) 

<0.0001 

Cancer 120 (94.5%) 0.180 (0.35) 0.817 (0.00-1.04) 

 

 

GAEC1 protein expression in thyroid cancer cell lines and tissues 

GAEC1 protein was expressed in both thyroid cancer and normal cell line.  

As seen in colorectal and oesophageal cell lines, GAEC1 protein was located in the 

nucleus of thyroid cell lines (Fig. 60).  

 

 

 

 

 

 

 

 

 

 

Fig. 60: Nuclear localisation of GAEC1 protein in the thyroid cancer (K1) cell line.   

 

GACE1 protein expression was also noted in the nucleus of thyroid normal (Fig. 

61) and cancer tissues (Fig. 62 a&b). Altered expression of GAEC1 protein was noted in 

the thyroid cancer population. The percentage of GAEC1 protein staining varied from 0-
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100% of cells in the cancer population. GAEC1 protein was expressed mostly in the 

nucleus of thyroid cancer cells. Cytoplasmic staining was also noticed in some thyroid 

cancer tissues (especially in those cases with strong GAEC1 protein staining) along with 

the nuclear staining. 

 

The majority of thyroid cancer tissues (47%, n=43 of 91) expressed 50-100% 

GAEC1 protein, while 17% (n=15 of 91) and 11% (n=10 of 91) tumours showed 30-

50% and 5-30% of GAEC1 protein expression. Twenty five percent (n=23 of 91) thyroid 

cancer tissues showed less than 5% or no expression of GAEC1 protein.  

 

 

Fig. 61: GAEC1 protein expression in normal thyroid tissue. Nuclear localisation of 

GAEC1 protein was detected in the follicular cells of normal thyroid tissue.  
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Fig. 62a: GAEC1 protein expression in papillary thyroid carcinoma.   

 

 

 

Fig. 62b: Papillary thyroid carcinoma showing nuclear localisation of GAEC1 

protein.   
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There was no positive correlation between GAEC1 mRNA expression and 

protein expression. The majority (40 of 91) of thyroid cancer tissues showing either low 

or no detectable GAEC1 mRNA expression showed a high percentage (50-100) of 

GAEC1 protein expression (Table 22). However, a portion (31 of 91) of thyroid cancers 

which showed low or no GAEC1 mRNA expression also showed reduced GAEC1 

expression at the protein level. This correlation between GAEC1 mRNA and protein 

expression did not show any statistical significance.  

 

Table 22: Correlation of GAEC1 mRNA expression and protein expression 

 

 

Correlation of GAEC1 mRNA and protein expression with clinical and pathological 

features 

The expression levels of GAEC1 mRNA was significantly altered in different 

levels of tumour invasion (T staging) (p= 0.002). An increased prevalence of GAEC1 

over expression was noted in thyroid cancers with advanced tumour staging (T3&4). 

Five out of eight (62%) of the tumours showing GAEC1 mRNA overexpression were 

either T3 or T4 stages. Also, the frequency of GAEC1 mRNA downregulated tumours 

were reduced in advanced tumours (T3&T4) compared to thyroid cancers with early 

tumours stages (T1&T2). Only five out of 27 thyroid cancers with reduced GAEC1 

mRNA levels were found to have advanced T stage.  

 GAEC1 mRNA Expression Total 

H L ND 

GAEC1 Protein 

Expression 

0-5% Count 2 8 13 23 

>5-30% Count 0 2 8 10 

>30-50% Count 2 6 7 15 

>50-100% Count 1 7 33 41 

Total Count 5 23 61 89 
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 The majority of papillary thyroid carcinomas (91%, n=52 of 57) with lymph 

node metastasis showed either low or no expression of GAEC1 mRNA. The differences 

in GAEC1 mRNA expression pattern between PCAs with and without lymph node 

metastasis was statistically significant (p=0.038). The mRNA expression levels for 

GAEC1 in the cancer population was found to have no relationship with the age, sex, 

size, site and grade of the papillary thyroid carcinomas (Table 23).  

GAEC1 protein expression showed significant variation in different thyroid 

papillary carcinoma subtypes. A high percentage (66%, n=37 of 56) of increased 

GAEC1 protein expression was noted in classical papillary thyroid carcinomas (CPTC) 

compared to the follicular variant of papillary thyroid carcinoma (FVPTC) (17%, n=6 of 

35). These differences show high statistical significance (p < 0.0001). Also GAEC1 

protein expression was noted to be high in thyroid tumours presenting with psammoma 

bodies compared to tumours without any psammoma bodies. Sixty one percent of (n=23 

of 38) of thyroid tumours with psammoma bodies showed 50-100% GAEC1 protein 

expression compared with 38% of tumours without psammoma bodies (n=20 of 45). 

These differences were close to statistical significance (p=0.054). GAEC1 protein 

expression was found to have no correlation with age, sex, size of the tumour, metastasis 

and pathological staging of the tumours (Table 24).     
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Table 23.  Altered GAEC1 mRNA expression and its clinicopathological 

correlation in thyroid papillary carcinoma patients (n=120)  

------------------------------------------------------------------------------------------------------- 

 Number High Low Not detected P-value 

------------------------------------------------------------------------------------------------------- 

Age 

<45  67(55.8%) 5(7.5%) 17(25.4%) 45(67.2%) 0.610  

>45  53(44.2%) 3(5.7%) 10(18.9%) 40(75.5%)   

Gender        

Male  41(34.2%) 3(7.3%) 7(17.1%) 31(75.6%) 0.590 

Female  79(65.8%) 5(6.3%) 20(25.3%) 54(68.4%) 

Pathological variant 

CPTC  78(65.0%) 6(7.7%) 15(19.2%) 57(73.1%) 0.456  

FVPTC 42(35.0%) 2(4.8%) 12(28.6%) 28(66.7%) 

Size (mm) 

<40  98(81.7%) 6(6.1%) 21(21.4%) 71(72.4%) 0.703 

>40  22(18.3%) 2(9.1%) 6(27.3%) 14(63.6%) 

Calcification 

Absent  59(49.2%) 5(8.5%) 15(25.4%) 39(66.1%) 0.502 

Present  61(50.8%) 3(4.9%) 12(19.7%) 46(75.4%) 

Psammoma bodies  
Absent 68(57.7%) 4(5.9%) 19(27.9%) 45(66.2%) 0.261 

Present  52(43.3%) 4(7.7%) 8(15.4%) 40(76.9%)  

Lymphatic Infiltration 

Absent  81(67.5%) 4(4.9%) 18(22.2%) 59(72.8%) 0.531 

Present  39(32.5%) 4(10.3%) 9(23.1%) 26(66.7%) 

Bone  

Absent  114(95.0%) 8(7.0%) 27(23.7%) 79(63.3%) 0.272 

Present  6(5.0%) 0(0.0%) 0(0.0%) 6(100.0%) 

T staging 

T1  44(36.7%) 2(4.5%) 11(25.0%) 31(70.5%) 0.002 

T2  32(26.7%) 1(3.1%) 11(34.4%) 20(62.5%) 

T3  43(35.8%) 4(9.3%) 5(11.6%) 34(79.1%)  

T4  1(0.8%) 1(100.0%) 0(0.0%) 0(0.0%)  

LN Metastasis 

Absent 60(51.3%) 3(5.0%)  19(31.7%) 38(63.3%) 0.038 

Present 57(48.7%) 5(8.8%) 7(12.3%) 45(78.9%) 

Pathological staging 

I  74(61.7%) 6(8.1%) 16(21.6%) 52(70.3%) 0.164 

II  11(9.2%) 0(0.0%) 6(54.5%) 5(45.5%) 

III  32(26.7%) 2(6.2%) 5(15.6%) 25(78.1%)  

IV  3(2.5%) 0(0.0%) 0(0.0%) 3(100.0%)  

------------------------------------------------------------------------------------------------------- 

CPTC: Classical papillary thyroid carcinoma; FVPTC: Follicular variant of papillary 

thyroid carcinoma.  
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Table 24.  Altered GAEC1 protein expression and its clinicopathological 

correlation in thyroid papillary carcinoma patients (n=91)  

------------------------------------------------------------------------------------------------------- 

 Number 0-5% 5-30% 30-50% 50-100% P-value 

------------------------------------------------------------------------------------------------------- 

Age 

<45 53(58.2%) 13(24.5%) 5(9.4%) 8(15.1%) 27(50.9%)    0.844 

>45 38(41.8%) 10(26.3%) 5(13.2%) 7(18.4%) 16(42.1%)  

Gender        

Male 27(30.3%) 3(11.1%) 4(14.8%) 4(14.8%) 16(59.3%)    0.154 

Female 62(69.7%) 20(32.3%) 6(9.7%) 11(17.7%) 25(40.3%) 

Pathological variant 

CPTC 56(61.5%) 8(14.3%) 2(3.6%) 9(16.1%) 37(66.1%)    0.000 

FVPTC 35(38.5%) 15(42.9%) 8(22.9%) 6(17.1%) 6(17.1%) 

Size (mm) 

<40 75(82.4%) 16(21.3%) 10(13.3%) 12(16.0%) 37(49.3%)    0.086 

>40 16(17.6%) 7(43.8%) 0(0.0%) 3(18.8%) 6(37.5%) 

Calcification 

Absent 45(49.5%) 13(28.9%) 3(6.7%) 9(20.0%) 20(44.4%)    0.425 

Present 46(50.5%) 10(21.7%) 7(15.2%) 6(13.0%) 23(50.0%) 

Psammoma bodies  
Absent 53(58.2%) 17(32.1%) 5(9.4%) 11(20.8%) 20(37.7%)    0.054 

Present 38(41.8%) 6(15.8%)  5(13.2%) 4(10.5%) 23(60.5%)  

Lymphatic Infiltration 

Absent 63(69.2%) 17(27.0%) 7(11.1%) 10(15.9%) 29(46.0%)    0.950 

Present 28(30.8%) 6(21.4%) 3(10.7%) 5(17.9%) 14(50.0% 

Bone  

Absent 88(96.7%) 23(26.1%) 9(10.2%) 15(17.0%) 41(46.6%)    0.399 

Present 3(3.3%) 0(0.0%) 1(33.3%) 0(0.0%) 2(66.7%) 

T staging 

T1 35(38.5%) 7(20.0%) 6(17.1%) 4(11.4%) 18(51.4%)    0.412 

T2 28(30.8%) 10(35.7%) 2(7.1%) 6(21.4%) 10(35.7%)  

T3 27(29.7%) 5(18.5%) 2(7.4%) 5(18.5%) 15(55.6%)  

T4 1(1.1%) 1(100.0%) 0(0.0%) 0(0.0%) 0(0.0%)  

LN Metastasis 

Absent 53(58.2%) 15(28.3%)   6(11.3%) 11(20.8%) 21(58.2%)    0.328 

Present 38(41.8%) 8(21.1%)  4(10.5%) 4(10.5%) 22(57.9%) 

Pathological staging 

I 58(63.7%) 14(24.1%) 7(12.1%) 9(15.5%) 28(48.3%)    0.821 

II 11(12.1%) 4(36.4%) 1(9.1%) 3(27.3%) 3(27.3%) 

III 22(24.2%) 5(22.7%) 2(9.1%) 3(13.6%) 12(54.5%)  

------------------------------------------------------------------------------------------------------- 

CPTC: Classical papillary thyroid carcinoma; FVPTC: Follicular variant of papillary 

thyroid carcinoma.  
 

Note: There was no stage IV tumours included in this study.   
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Chapter 9: Results- 

Regulation of micro RNAs in GAEC1 expression  

 

9.1 Micro RNA (miRNA) 

MicroRNAs (miRNA) are short (20-24 nt) non-coding RNAs that regulate gene 

expression in multicellular organisms by affecting both the stability and translation of 

mRNAs (Lai, 2003).  This repression is based on complimentary sequence to target 

mRNAs, allowing one miRNA to potentially affect many hundreds or thousands of 

mRNAs to varying degrees (Slattery et al., 2011).  Thus, miRNAs can possess both 

oncogenic and tumour suppressor properties. miRNAs have been found to have impact 

on cell proliferation, apoptosis, stress response, maintenance of stem cell potency and 

metabolism (Michael et al., 2003). Altered expression of miRNAs in CRCs was reported 

for the first time in 2003 by Michael et al. (Michael et al., 2003). Since then, the 

involvement of more than 100 miRNAs in CRCs has been reported (Yang et al., 2009).   

Results derived from earlier in this study show that GAEC1 amplification is not 

directly related to expression. This would indicate that there are other factors controlling 

GAEC1 expression, presumably transcription factors or other mechanisms similar to 

those seen in other genes. It is for this reason that we are including potential GAEC1 

interacting miRNAs in this research project.  In this study, colon cancer cells will be 

transfected with artificial analogues of miRNAs which have considerable sequence 

homology to the GAEC1 mRNA and may modulate its expression in vivo. In addition, 

the patterns of expression of potentially interacting miRNAs will be examined in select 

populations of tissue already interrogated for GAEC1 activity. 
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9.1.1 Selection specific miRNAs regulating GAEC1 

The functional role of miRNAs in the regulation cancer has not been yet 

addressed in any previous studies. To investigate whether microRNAs regulate GAEC1 

expression levels, we scanned the 3'-UTR of GAEC1 for miRNA targeting sites using a 

target miRNA prediction program, and found that it contains seeding sites for hsa-mir-

498 and hsa-mir-1288, which were chosen for further examination. Micro RNAs 498 

and 1288 were chosen using the prediction program at www.microrna.org based on 

match to the GAEC1 mRNA as the micro-RNAs with the lowest free energy. 

 

 

9.1.2 Micro RNA 1288 

 

miR-1288 is located in 17p11.2 and has only been previously investigated in 2 

studies, one on colorectal cancer and another on ovarian cancer (Slattery et al., 2011; 

Gorringe et al., 2009). In colorectal cancer, miR-1288 was reported in cancers with CpG 

island methylator phenotype positive (CIMP) and TP53 mutation using an miRNA 

microarray (Slattery et al., 2011). The study in ovarian cancer by Gorringe et al. 

indicated that the region containing miR-1288 was a site for loss of heterozygostity in 

67% of ovarian cancers (Gorringe et al., 2009). Despite these two studies, miR-1288 has 

not been studied in isolation from other miRNAs in cancer, nor have its cellular effects, 

clinical and pathological implications been investigated. Thus, in this study, we 

examined miR-1288 expression in a large cohort of patients with CRCs and pre- and 

non-neoplastic lesions. The implications of miR-1288 expression to clinicopathological 

features and its direct cellular effects were also analysed.    
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9.1.3 Micro RNA 498 

  

Hsa miR-498 is a non coding RNA located intergenically in 19q13.41. Schepeler 

et al reported the down regulation of miR-498 in stage 2 colon cancers (recurrence vs 

non recurrence) and its role in cancer prognosis (Schepeler et al., 2008). The study 

showed significant difference in survival length among the stage 2 colon cancer patients 

with high and low expression levels of miR-498. Stage 2 colon cancer patients with high 

miR-498 expressions had long survival time (Schepeler et al., 2008). Garzon et al 

reported miR-498 down regulation in acute myeloid leukemia with cytoplasmic 

nucleophosmin (Garzon  et al., 2008). High expression of miR-498 reported in 

retinoblastoma (Zhao et al., 2009). Down regulation of miR-498 was also reported by Li 

et al, but in CD4+T cells of rheumatoid arthritis patients (Li et al., 2010).     
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9.2 Materials and Methods 

 

 

9.2.1 Selection of patients 

 

Eighty seven cases of colorectal adenocarcinomas were selected for comparing 

the expressing patterns of miR-1288, miR-498 and GAEC1. Comparative analysis of 

GAEC1 mRNA and protein expression was performed with miR-1288 and miR498 

levels in these tissues. The data obtained from GAEC1 expression analysis (chapter 1) 

were used for the comparative analysis. All these selected cases were diagnosed with 

colorectal adenocarcinoma.  

 

9.2.2 Cell culture 

One human colon cancer cell line SW480 was obtained from American Type 

Culture Collection (ATCC) and cultured in RPMI 1640 medium (containing 10% fetal 

bovine serum and 1% penicillin/streptomycin).  

 

 9.2.3 Cell transfection 

 SW480 cells were passaged at 2-8 × 10
4
 cells/cm

2
 into 24 well plates in the 

recommended media, and they were transfected by miR-1288 and miR-498 mimics at 

different concentrations (5nM, 10nM, 15nM).  Each concentration of miRNA was 

treated with different volumes of HiperFect reagent (1.5ul, 3ul, 4.5ul) for making 

complexes. These complexes were transfected over the cells after 24 hours of seeding.  

To maximize the transfection efficiency and minimize toxicity, cultured cells were 

treated with miRNA mimic for miR-1288 at various concentrations (nM) at different 

ratios of miRNA mimic to HiperFect transfection reagent (µg/µl) by Fast-Forward 

transfection technique.  Transfection efficiency was calculated by measuring the amount 
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of miRNA in the transfected cells. Trypan blue exclusion test was performed for 

checking the cell viability. The cells were also treated with transfection reagent alone as 

negative controls. 

  

9.2.4 Extraction of miRNA  

Tissue blocks from the selected samples were sectioned into 7 micron slices for 

miRNA extraction.  H&E (Haematoxylin and eosin) stained slides were used to 

distinguish tumour from surrounding morphologically normal tissue. Paraffin was then 

removed with xylene, followed by centrifugation to move cellular contents to the bottom 

of the tube and allow removal of the xylene and dissolved paraffin. The miRNA were 

purified with Qiagen miRNeasy FFPE Kits (Qiagen Pty. Ltd., Hilden, NRW, Germany), 

which were specially designed for purifying total RNA and miRNA from formalin-

fixed, paraffin-embedded tissue sections.  miRNA was purified from the harvested cells 

by using miRNeasy Mini kit (Qiagen Pty. Ltd.).  miRNA quality was assessed by using 

a Bio-Rad Experion electrophoretogram instrument (Bio-Rad, Hercules, CA, USA). 

Purity of miRNA was obtained by checking the optical density (OD) 260/280 ratio by 

using a nanodrop spectrophotometer.  Concentration of miRNA was noted in ng/µL.  

 

 9.2.5 cDNA preparation from extracted miRNA 

 Reverse transcription reactions were performed using 1 µg miRNA in a final 

reaction volume of 20 µl. miRNA was converted to cDNA using miScript Reverse 

Transcription kit according to the manufacturer's instructions (Qiagen). Master Mix and 

1 µg of miRNA were incubated for 60 minutes at 37ºC and then heated up for 5 minutes 

at 95ºC to inactivation of reverse transcriptase mix. Each cDNA sample was diluted to 
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1.5 ng/ µl.  This was to provide uniformly concentrated sample for real-time PCR 

experiments.  

 

9.2.6 Primers  

Primers for detection of expression of miR-1288 and miR-498 (Hs_miR-1288_1 

and Hs_miR-498_1 miScript Primer Assay) were purchased from Qiagen.   RNU6B 

RNA (Hs_RNU6B_2 miScript Primer Assay, Qiagen) was chosen to be used as a 

ubiquitous control gene 

 

9.2.7 Quantitative real-time polymerase chain reaction (qRT-PCR) 

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed for 

the detection of miR-1288 and miR498 expression.  IQ5 Multicolour Real-Time PCR 

Detection system (Bio-Rad) was used to run real-time quantification PCR.  PCR was 

performed in a total volume of 20 μl reaction mixture containing 10µL QuantiTect 

SYBR Green PCR Master Mix (Qiagen), 1 μl of miScript Universal Primer, 1 μl 

miScript Primer Assay as mentioned before (Qiagen), and 4 μl of cDNA template at 1.5 

ng/μl concentration and 4 µL of RNase-free water.  In the last tube, 4 µL of deionized, 

diethylpyrocarbonate (DEPC) treated water was added as a non-template control.  All 

the samples (unknown and standard) were run in duplicate and accompanied by a non 

template control.  Thermal cycling conditions are mentioned in Table 25.  

A melting curve was run after each PCR to verify amplification specificity. For 

each tissue sample, the PCR reactions were performed in triplicate and accompanied by 

a non template control to increase the reliability of the results.  Amplified PCR products 

were electrophoresed in 2% agarose gels and visualized by CyberSafe DNA gel stain 
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(Invitrogen, Carlsbad, CA, USA) using UV transilluminator (Bio-Rad) to confirm 

melting curve results. 

 

Table 25. Thermal cycles used for miR-1288 qRT-PCR assay. 

Target 

miRNAs 

                                       PCR Protocol No of Cycles 

miR-1288 

95°C for 15 minutes for initial denaturation 

94°C for 15 seconds, 55°C for 30 seconds and 72°C for 30 seconds 

Melt curve analysis performed at 55°C for30 sec 

1 

RNU6B 40 

81 

 
 

 

9.2.8 Data analysis for PCR-based experiments 

Expression levels of miR-1288 in different colorectal tissues were analysed as in 

the previous experiments.  2
–(delta)(delta)Ct

 (fold change) was chosen to represent the level 

of miRNA expression.  Non-neoplastic colon tissues were used as controls in assessing 

the fold changes expression in colorectal neoplastic tissues.  Inverse ratio of miR1288 

versus RNU6B (control miRNA) (expression ratio) was also used to represent the 

miRNA expression levels in different colorectal tissues and cell lines.  A fold change of 

more than 1.5 was considered as high miR-1288 expression.  The value of 1.5 fold 

change instead of 1 was used was to raise the threshold for objective interpretation of 

high expression.  A fold change of less than 1 was considered as low miR-1288 

expression.   
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9.3 Results 
 

9.3.1 In colorectal cancer tissues 

 

9.3.1.1 GAEC1 and miR-1288 

The majority of (90.5%, n=19 of 21) of GAEC1 over expressed tumours (at 

mRNA level) showed reduced miR-1288 expression (Table 26) (p < 0.0001). Also, all 

miR-1288 down regulated tumours showed high GAEC1 protein expression. However, 

all tumours which showed both GAEC1 mRNA and miR-1288 down regulation, had 

high GAEC1 protein expression (53.8%, n=28 of 52). In the 52 cancers selected, the 

mean fold change expression of GAEC1 mRNA was 3 times higher (Fold change 1.53 

over 0.56) compared to miR-1288 expression (p= 0.005). Correlation by using a paired 

sample t test showed no correlation of expression between the fold changes of both 

GAEC1 and miR-1288 (p= 0.07).  

 

Table  26- Correlation of GAEC1 mRNA-miR1288 expression patterns  

 miR-1288 Expression Total 

H L 

GAEC1 mRNA  

Expression 

H  2 19 21 

L  0 28 28 

N  2 1 3 

Total  4 48 52 

 

 

9.3.1.2 GAEC1 and miR-498 

 The expression of miR-498 was too low to be detected in the selected tissues for 

comparison. All colorectal cancers that showed expression of GAEC1 mRNA showed 

no detectable expression of miR-498. Also, GAEC1 protein was highly expressed in all 

tissues in which miR-498 was not detectable.  
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9.3.1.3 In colorectal cancer cell line 

 

To assess the effects of miR-1288 and miR-498 in modulating the expression of 

GAEC1, a basic quantification of these genes (at mRNA) were performed. The 

expression level of GAEC1 mRNA was higher in SW480 cell line compared to miR-

1288 and miR-498. Among the miRNAs, miR-498 showed lowest expression (Fig. 63).  

 
 

Fig. 63: Expression levels of GAEC1, miR-1288 and miR-498 in SW480 cell line, 

relative to control cells (FHC).  

 

 

9.3.1.4  Over expression induced by miR-1288 and 498 mimic in SW480 cell line 

 Elevated levels of miRs-1288 and 498 were noticed in the cancer cells after 

transfection of 10nM mimic miRs-1288 and 498 with 3ul of HiPerfect transfection 

reagent (Fig. 64A).  miRs-1288 and 498 levels were also analysed over a time period of 

12 hours, 24 hours and 48 hours after transfection ( increased miR1288 levels in Fig. 

64B).  Levels of miR-1288 were altered and at their highest at 48 hours of transfection 

with mimic miR-1288, perhaps indicating positive feedback for expression of the native 

form.  An equivalent fold expression of 13,000 was noticed in miR-1288 transfected 

cells compared to non transfected cells.    
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Fig. 64: miR-1288 transfection induced changes in expression in colon cancer cell 

line (SW480): (A) The miR-1288 expression levels in transfected and control cells. 

Significant difference in miRNA expression was noted in post transfect cells with miR-

1288 mimic. Expression levels were analysed in fold change and was compared with 

FHC.  (B) Expression levels of miR-1288 in different time intervals (12 hours, 24 hours 

& 48 hours) of transfection.  Expression levels were altered and the highest expression 

was noticed at 48 hours of transfection with miR-1288. The similar expression changes 

were also noticed for miR-498 transfected SW480 cells (not shown) 

 

 

Artificial analogues (miRNA mimics) of miR-1288 and miR-498 were used to 

effectively over-express these miRNAs in SW480 cell line. There was significant 

reduction of GAEC1 mRNA (Fig. 65) and protein levels (Fig. 66) in both transfected 

cells compared to the control. Of the miRNAs tested, miR-498 had a stronger effect in 

reducing GAEC1 mRNA and protein expression.  
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s 

Fig. 65: GAEC1 mRNA levels in SW480 cell lines after transfecting with the 

artificial analogues of miR-1288 and miR-498. In both miR-1288 and miR-498 over 

expressed cells showed reduced GAEC1 m RNA compared to the non transfected cells 

(control).  
 

 

 

 

 

Fig. 66: GAEC1 protein 

expression levels detected by 

western blot. GAEC1 protein 

expression was noted at the 

size of 15kD. Both miR498 

and miR1288 over expressed 

cells showed reduced 

expression of GAEC1 protein 

compared to control.   
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9.3.2 In esophageal cancer tissues 

  

 GAEC1 and miRs-1288 & 498 

 

To confirm the in-vitro evidence of miRNA regulation in GAEC1, correlation of 

their expression pattern was also performed in tissues from oesophageal squamous cell 

carcinomas (ESCC).  In ESSC, 70% (n= 46 of 66) of the GAEC1 (at mRNA) down 

regulated tumours showed high expression of miR-1288 (Table 27). This correlation of 

expression patterns did not reach statistical significance, however (p= 0.114). miR-498 

showed reduced or no expression all ESCC tissues in which GAEC1 protein showed 

expression. As there was no alteration in expression noted, miR498 was not used for 

analysis with GAEC1 mRNA or protein expression.  

 

Table  27- Correlation of GAEC1 mRNA-miR1288 expression patterns       

 

 miR-1288 Expression Total 

H L 

GAEC1 mRNA 

Expression 

H Count 9 11 20 

N Count 2 2 4 

L Count 46 20 66 

Total Count 57 33 90 

     

 

Similar to colon cancer cells, GAEC1 mRNA and miR-498, miR-1288 

expression levels also showed reciprocal expression levels in oesophageal cancer cell 

lines (ESC-1 and ESC-4) and thyroid cancer (K1) cells, indicating a similar trend of 

interaction of GAEC1 and these micro RNAs (Fig. 67).  
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Fig. 67: Alteration of GAEC1 mRNA and miR-1288, 498 expression patterns in 

oesophageal, colon and thyroid cancer cell lines.  

 

To confirm the role of these micro RNAs, GAEC1 protein expression was 

analysed against miRNA expression patterns.  In all selected ESCC tissues miR-498 

showed reduced or no expression. The majority of miR-1288 high expressing tumours 

showed more than 50% of cells staining for GAEC1 protein. However these differences 

did not show any statistical significance (p=0.281) (Table 28).  

 

 

 

 

 

Table 28- Correlation of GAEC1 protein and miR1288 expression in ESCC 

tissues 

 GAEC1 Protein Expression Total 

<30% 30-50% >50% 

miR1288 

expression 

High  6 11 40 57 

Low  7 5 18 30 

 

Total 
 13 16 58 87 
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Chapter 10: Results- 

GAEC1 protein structural analysis  

 

10.1 Proteins structure and X-ray crystallography 

Proteins are the largest macromolecules (others include nucleic acids and 

carbohydrates) present in living cells. To understand cellular processes/interactions, 

knowledge of the three dimensional structure of these macromolecules especially 

proteins is important (Drenth, 2007). X-ray crystallography is a widely using technique 

for the structural determination of proteins at atomic resolution and it can be applied to 

compounds with molecular weight up to 10
6
 Daltons (Drenth, 2007).  

X-ray crystallography is essentially a form of very high resolution microscopy. It 

enables us to visualize protein structures at the atomic level and enhances our 

understanding of protein function by identifying relative atomic positioning and domain 

structure. Also, X-ray diffraction plays an important role in identifying the best amino 

acid positions for modifications. In addition, this technique will also provide important 

information about the effect that changes in protein’s sequence will have on its three 

dimensional structure (Drenth, 2007). Protein structural determination is also important 

for designing drug compounds.    

In X-ray crystallography, the arrangement of atoms in various types of 

substances, and particularly in crystals, is deduced by studying the manner in which 

these substances scatter a beam of X-rays (Bragg. 1960). First, the rays were 

concentrated in a narrow beam by passing them through a fine hole, and this beam of 

rays were applied on a protein crystal and the x-rays will get scattered. The scattered 

rays were recorded by a photographic plate in which the properly diffracted rays will 

show a symmetrical pattern of spots (Fig. 68) (Bragg. 1960).  
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Fig. 68: A proper X-ray 

diffracted protein with 

uniform and more 

symmetrical distribution of 

scattered rays (Smyth et al., 

1993).   

 

 

 

 

 

 

 

 

In this study GAEC1 protein was purified and crystallised to identify GAEC1’s 

structure and its post translational modifications. Also, this experiment aimed to identify 

potential interaction sites for other protein molecules and peptides to predict the 

functional role of GAEC1 protein.  
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10.2 Methods and Results 

10.2.1 Production and purification of GAEC1 protein  

 

10.2.1.1 Cloning and GACE1 expression plasmid 

The complete coding region of GAEC1 containing a Kozak translation initiation 

sequence, an ATG start codon and a TGA stop codon, was amplified from the DNA-free 

RNA of a cancer cell line, HKESC2 (Hu et al., 2002). This full length mRNA sequence 

has been cloned into pGEM-T vector.  The cDNA insert was then subcloned into the 

expression vector pcDNA 3.1(–) (Invitrogen Corporation, Carlsbad, CA, USA) and its 

sequence confirmed. 

 

10.2.1.2 Expression and purification 

The GAEC1 protein has been expressed in Escherichia coli (E.coli) after 

transforming with GAEC1-pcDNA3.1 (-) expression plasmid using a his-tag vector.  

Cells were harvested after 4 hours of induction and later underwent purification of 

GAEC1 protein by using standard experimental procedures (ProMab, CA, USA). 

Confirmation of GAEC1 protein was done by using western blot (Fig. 69). The purified 

GAEC1 protein was tagged with His tag and Thioredoxin for proper expression and 

isolation of the protein from the E.coli.  

The amino acid sequence from the purified protein has been obtained and was 

confirmed with our previous sequence results (Fig. 70).  We have also developed a 

specific, sensitive mouse monoclonal antibody that has proven highly useful for 

localizing GAEC1 protein in tissues as in the previous chapters.   
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Fig. 69: SDS page gel separation of GAEC1 protein.                      

Lane A: protein molecular weight markers; Lane B: Cell lysate, 

His-tagged GAEC1 protein indicated by arrow.    

 

 

 

 

 

 

Fig. 70: GAEC1 DNA and protein/amino acid sequence. Confirmation of GAEC1 

DNA and protein acid sequence (highlighted) with the original sequence.  
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10.2.2 Determine the three dimensional crystal structure of GAEC1 

 

10.2.2.1 Protein crystallization  

The His-tagged GAEC1 protein was concentrated to 5 mg/ml (with 90% purity) 

and was dialyzed against 1x phosphate buffered saline (pH 8.7). Initial crystallization 

conditions were obtained by screening using a sparse-matrix approach (6) with Crystal 

Screen and Crystal Screen II (Hampton Research) at 293 K via the hanging-drop vapour 

diffusion technique.  Rhomboid shaped crystals (Fig. 71) formed within 48 hours from 

combination of an equal volume (1:1) of pre-mixed protein and reservoir solution 

comprising 0.2M calcium chloride, 0.1M sodium acetate, 30% PEG3000 and 20% 

propenol at a pH of 4.6.  Over time, substantial nucleation occurred, resulting in crystals. 

Macro-seeding was also performed to increase the rate of nucleation and crystal size.   

 

Fig. 71: GAEC1 protein crystals obtained from protein screening experiments. 

Rhomboid shaped crystals were obtained and were later used for X-ray diffraction.   
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10.2.2.2 X-ray diffraction analysis and structure determination 

Once a crystal of proper size was produced, the rhomboid-shaped GAEC1 

protein was be dipped into a cryoprotectant solution containing the actual reservoir with 

30% glycerol and flash-frozen in liquid nitrogen.  Then, the crystallised protein was 

subjected to X-ray crystallography using a Proteum R (Bruker AXS, Madison, WI, 

USA) diffractometer with a MacScience M06XCE rotating anode generator equipped 

with a SMART6000 CCD detector. This aimed to determine the structure of the GAEC1 

protein and allow determination of domains available for gene interaction.  The domains 

detected would be compared to known protein structures, especially resolved structures 

for known interacting domains for casein kinase II and protein kinase C.  

 

 

Fig. 72 .GAEC1 

protein crystal 
(suspended in 

cryoprotectant 

solution) in 

collection loop prior 

to synchrotron 

exposure. 

 

 

 

 

 

  

A rhomboid shaped GAEC1 protein was identified as proper sized protein for the 

X-ray diffraction. This GAEC1 protein crystal was suspended in cryoprotectant solution 

to prevent degradation in liquid nitrogen and was later collected in a collection loop for 

synchrotron exposure (Fig. 72). The diffracted X-ray data from the GAEC1 protein was 

collected for the structural analysis. There was, however, no symmetrical pattern of 

diffraction dots produced in the photographic plate. Also there were no indications for a 

regular pattern of atoms in the GAEC1 protein crystal, despite the emergence of minor 
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signals (Fig. 73). The experiment was repeated three times to confirm the diffraction 

results. Thus the final structural analysis was not able to be made for the GAEC1 crystal.  

 

 

 

 

 

 

 

 

Fig. 73. X-ray 

diffraction of 

GAEC1 crystal 

obtained from the 

synchrotron. There 

was no symmetrical 

pattern of x-ray 

diffraction was noticed 

for GAEC1 protein.  
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Chapter 11: Discussion 

11.1 GAEC1 and Colorectal cancers 

 

11.1.1 GAEC1 Copy number variations 

In the previous study, GAEC1 showed amplification and over expression in 

primary oesophageal tumours. Over-expression of GAEC1 in mouse fibroblasts also 

caused enhanced cell proliferation, foci formation and colony formation in soft agar, and 

was comparable to the transforming action of H-ras. Injection of GAEC1- transfected 

cells into athymic nude mice formed undifferentiated sarcoma, indicating the GAEC1 is 

a transforming oncogene (Law et al., 2007).   

This research has indicated that changes to GAEC1 copy number are a common 

event in colorectal cancers in both Australian and Japanese population.  The research 

also shows that high GAEC1 copy number correlates strongly with several clinical and 

pathological parameters, and may be a useful marker of survival in colorectal cancer 

patients. In this study, it has been demonstrated for the first time that colorectal 

adenocarcinomas have higher GAEC1 copy number than non-neoplastic tissues and 

adenoma, implying that the expression of the gene is also higher in colorectal 

adenocarcinoma. This reflects the previously observed transforming power of this 

oncogene in the development of oesophageal cancer and indicates that it may play a 

similar role in colorectal cancer.  

 The higher copy number of GAEC1 in cancers compared to those of control 

tissue and adenomas was highly significant in this study. The high prevalence of 

GAEC1 amplification in colorectal adenocarcinomas indicates that it may be an 

important part of the pathogenesis of many colorectal adenocarcinomas, perhaps in 

concert with other oncogenic mutations. It is possible, however, that as the cancer 
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develops, amplification of GAEC1 may occur simply as a side effect of other mutations 

associated with the progression, perhaps of other nearby genes. However, since GAEC1 

over-expression alone has been observed to increase cellular proliferation and colony 

formation in cell lines and its suppression by siRNA slows cellular proliferation, it is 

likely that amplification of GAEC1 offers a direct growth advantage to tumours and 

occurs as part of the overall progression of the disease, though it may not be involved in 

the early stages of pathogenesis.  

 In this study, there was a significant difference in GAEC1 copy number between 

the proximal and distal colon.  This difference was noted both in Australian and 

Japanese populations. A proximal shift in the sub-site distribution of colorectal cancer 

has occurred in Australia, Japan and in other Western countries in recent years (Takada 

et al., 2001). This rightward shift of colorectal cancer is due to the decreasing proportion 

of rectal cancer. The increasing proportion of older patients, especially females, and the 

advancements in colorectal screening may be contributing to the changing colon cancer 

sub-site distribution (Iacopetta. 2002).  Several studies have demonstrated that the 

molecular characteristics of cancers arising from proximal and distal colorectum are 

different, which provides a basis for the relationship between tumour site and GAEC1 

copy number as noted in this research (Lam et al., 2008; Lam et al., 2006; Saleh et al., 

2008; Iacopetta. 2002).  That the same result occurred both in Australian and Japanese 

cancer indicates that the difference in GAEC1 amplification between different CRC sub-

sites is likely to be an intrinsic characteristic that may be related to fundamental 

differences in aetiology and clinical characteristics of the cancer.  

The data generated from colorectal adenomas in this study showed that GAEC1 

has reduced copy number in most of the adenomas. The observed 13.7 fold deletion in 

adenomas compared to control tissues was highly significant (p = < 0.001). This 
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indicates that the role of GAEC1 may have significant differences in colorectal 

adenomas compared to adenocarcinomas, perhaps related to modulation of GAEC1 

action by interaction with regulatory genes.  

7q22 deletion has been reported in benign tumours, namely uterine leiomyoma 

(Vanharanta et al., 2007; Ptacek et al., 2007). It is possible that GAEC1 deletion (and 

related down-regulation) in colorectal adenomas may offer some initial advantage to 

further transformation. This may be due to the coincident loss of a gene with tumour 

suppressing properties nearby in 7q22, followed by re-amplification or overexpression 

of remaining GAEC1 later.  It may also be this loss is specific to certain tumour cells 

within the adenoma, and these provide some necessary support to those cells retaining 

full GAEC1 complement. In addition, adenomas that experience GAEC1 deletion may 

rarely or never progress to adenocarcinoma, representing a successful change to 

senescence.  

 In Australian CRC, there was no significant relationship between GAEC1 copy 

number change and the pathological parameters of CRC.  In contrast, in the study on 

Japanese patients with CRC, the amplification of GAEC1 was more often noted in CRC 

of lower histological grade and in non-mucinous adenocarcinoma (which is of lower 

grade than mucinous adenocarcinoma).  It is possible that the higher DNA copy number 

in well or moderately differentiated CRC may offer some initial advantage to cancer 

transformation.  Certainly the more aggressive forms of the CRC (poorly-differentiated 

or mucinous adenocarcinoma) show much lower levels of GAEC1.  The findings imply 

that GAEC1 was required in the early stage but not the later stages of cancer 

progression.  Previous work on GAEC1 has shown no evidence of mutation in the gene 

in 99 oesophageal primary cancers and 10 cancer cell lines (Law et al., 2007).  Thus, it 

is possible that the initial amplification is able to initiate cancer formation (as seen in 
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experimental work), but that GAEC1 action is capable of being reversed or modulated, 

perhaps by external factors such as immune cell stimulation. It is also possible that 

GAEC1 action represses certain functions more common to (or definitive of) advanced 

cancers, such as metastasis. Either of these would provide impetus for cancers to 

undergo deletion of GAEC1 and switching to other oncogenes for growth support while 

progressing to later grades.   

 This study is the first to investigate the role of GAEC1 in the prognosis of 

patients with CRC.  An increased GAEC1 copy number was correlated with a longer 

survival time of patients with CRC.  It may mean patients with low copy number of 

GAEC1 have more aggressive cancer, perhaps for the same reasons as the relationship to 

grade as seen in the Japanese patients.  This finding supports the previous notion that 

GAEC1 plays a role in cancer initiation rather than cancer progression.  Though these 

results are promising regarding the potential of GAEC1 as a prognostic indicator, the 

findings need to be confirmed in a larger cohort of patients with longer follow-up.   

Both Australian and Japanese patients with CRC showed high frequency of 

GAEC1 amplification.  Japanese patients with CRC revealed a higher percentage of 

GAEC1 amplification and fewer lower copy number samples than Australian patients 

with CRC.  This difference may reflect a real difference in characteristics or causes of 

CRC in the two populations. Further population studies on the environmental or genetic 

influences on the roles of GAEC1 may be helpful in identifying exactly what the driving 

forces behind these differences are.  
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11.1.2 GAEC1 mRNA expression 

 

The average mRNA expression level for GAEC1 was significantly reduced in 

majority of the colorectal cancer tissues compared to non-tumour control tissues (p < 

0.0001). GAEC1 over expression was noted in 29% of the colorectal cancers while rest 

of them were under expressed or remain unchanged. These study results closely align 

with findings of the previous study on GAEC1 by Law et al in which GAEC1 over 

expression was noted in 34% of the cancer population (Law et al., 2007). These 

alterations in GAEC1 expression in multiple cancers indicate the role of GAEC1 in 

cancer development and promoting tumour progression. It is also possible that GAEC1 

is active in certain phases of development and is permanently or cyclically inactivated 

by some of the factors present in tumorigenesis or progression. Thus whether GAEC1 is 

overexpressed or not may depend on what suite of activating mutations or other specific 

alterations a cancer possesses.  

This study shows that GAEC1 amplification is not directly related to expression. 

This would indicate that there are other factors controlling GAEC1 expression, 

presumably transcription factors, microRNAs or other mechanisms similar to those seen 

in other genes. Investigating these factors may help in understanding the unknowns 

about GAEC1, including its interactions with other genes and role in tumour 

development. The following paragraphs and chapters will consider possible factors that 

might be involved in GAEC1 expression.  

One of the possible reasons for lower expression can be down-regulation of 

GAEC1 mRNA by other genes. This down-regulation could be due to reduced exposure 

to transcription factors, or increased inhibitor proteins derived from stimulation of other 

pathways during cancer progression. Such changes may also include feed-back 
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mechanisms, where initial increases in GAEC1 activity following amplification lead to a 

reduction in mRNA production, a feature of many signalling systems. It is also possible 

that apparent loss of expression is a reflection of altered transcriptional identity of the 

GAEC1 mRNA into something undetectable by the primers used in this study, including 

truncation or previously unknown splicing of the GAEC1 exon in cancer tissues.  

GAEC1 is not the only gene that shows lower expression in colorectal cancers.  

Lorentzen et al reported the lower expression of N-myc Downstream Regulated Gene 2 

(NDRG2) in colon tumours (Lorentzen et al., 2007). Reduced expression of a novel 

mucin gene named MUC3 (also located in 7q22) in CRC samples has also been reported, 

which may indicate some region specific effect (Williams et al., 1999). Previous work 

shows that GAEC1 is an oncogene and the current results on expression are unexpected, 

as it would not usually be advantageous for a tumour to reduce expression of a growth 

promoting gene. A similar change in the expression of growth promoting genes has been 

seen before. A good example for this phenomenon is the role of estrogen receptors in the 

development of breast cancer. Estrogen receptors drive cell growth in cancers, but some 

advanced cancers no longer produce the protein, because it plays a role in hormonal 

feedback mechanisms that can slow down cellular growth (Frasor et al., 2003).   The 

observed down-regulation of GAEC1 may indicate a possible growth restricting function 

of GAEC1, such that a reduction in expression paradoxically promotes tumour growth, 

perhaps in the presence of some other factor. Although the action of GAEC1 is not well 

understood, it is possible that down regulation of the gene may increase the tumour 

sensitivity of the colon cells by stimulation by other cancer related genes or by 

interfering with apoptotic pathways, as has been observed in other genes and pathways 

(Tritz et al., 2009, Karasawa et al., 2009).  
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The current study also shows that GAEC1 mRNA is over expressed in some 

tumours of colorectum, while the majority show reduced expression. A similar pattern 

was also noted in oesophageal cancers, indicating that similar mechanisms may be 

involved (Law et al., 2007). The majority (80%, n=45) of the GAEC1 mRNA over 

expressing cancers were either from well or moderately differentiated adenocarcinomas. 

This trend of GAEC1 over expression in early pathological stage tumours indicates more 

distinct cellular involvement of GAEC1 in the early stages of cancer development and 

also corresponds (though not statistically significantly) with the incidence of increased 

copy number of GAEC1 in early stage cancers in the Japanese population. Conversely, it 

also indicates that a decrease of GAEC1 expression may be associated with more serious 

cancer phenotypes.    

 

11.1.3 GAEC1 protein expression in colorectal tissues 

 Expression of genes encoding specific proteins in colorectal cancers has been 

reported previously in an Australian population. These include hTERT, p21, p53, p16, 

aurora kinase, survivin, telomerase (Lam et al., 2008; Saleh et al., 2008; Lam et al., 

2006). To understand the exact function of GAEC1 protein in the above mentioned 

samples, a monoclonal antibody for GAEC1 has been raised for the first time in this 

study. To assess the correlation of mRNA and protein levels, the expression pattern of 

GAEC1 protein has been analysed in 364 tissues from 313 patients. The existence of 

GAEC1 protein expression in different colorectal tissues indicates its role in the 

pathogenesis of colorectal cancers.  

Nuclear staining in the non tumour tissues and nuclear and cytoplasmic staining 

in cancer tissues shows some likelihood of nuclear to cytoplasmic translocation of the 

GAEC1 protein in colorectal cancers. It also indicates that GAEC1 have a dual function 
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in human tissues and its cytoplasmic localisation may trigger specific events in the 

pathogenesis of cancer. High intensity of GAEC1 protein in cancerous areas compared 

to adjacent normal colonic epithelium indicates activation of GAEC1 protein in genesis 

of colorectal adenocarcinomas.       

Nuclear to cytoplasmic translocation of proteins in cancer is not a rare event and 

it can have direct or indirect effects on the function of other genes. Also, both nuclear 

and cytoplasmic localisations of proteins can activate many events in developing cancer. 

A good example for this phenomenon is the protein function of the BARD1 gene. Both 

nuclear and cytoplasmic localization has been observed for BARD1 protein and 

increased cytoplasmic localization of BARD1 protein was associated with apoptosis 

(Jefford et al., 2004). A similar mechanism may be attributed to GAEC1’s cytoplasmic 

localisation in human cancers. Further investigations like fluorescent and electron 

microscopy are needed for the verification of GAEC1 protein’s localisation. The 

changes in GAEC1 protein localisation of proteins may also modulate its own function 

in cancer cells and functional studies will be needed to confirm these as well.  

GAEC1 showed different genetic patterns at the DNA, mRNA and protein levels. 

Most of the tumours with amplified GAEC1 DNA showed reduced expression at the 

mRNA level indicating possible modulation of its transcription. Domingues et al 

reported the translocation of vascular endothelial growth factor receptor-2 (VEGFR2) 

protein and the regulation of its own transcription in human cancers (Domingues et al., 

2011).  The predicted GAEC1 amino acid sequence has target sites for casein kinase II 

(CKII), a potential regulator for oncoproteins and transcription factors (Litchfield and 

Luscher. 1993). Thus, the transcription modulation in GAEC1 could be due to the 

regulation of GAEC1 protein itself or due to the regulation of CK11.     
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GAEC1 protein staining showed distinct patterns of expression in cancer tissues 

with different pathological grades. Nuclear staining of GACE1 protein was mainly 

noticed in poorly differentiated cancer samples, while well and moderately differentiated 

cancers showed both nuclear and cytoplasmic staining. It is worth noting that in earlier 

studies, a GAEC1-GFP fusion protein was detected in the nucleus of human embryonic 

kidney (HEK) 293 cells (Law et al., 2007). The localisation was observed as aggregated 

foci in the inner nuclear region. In this study, similar nuclear localisation was observed 

in normal colorectal, oesophageal and thyroid tissues by immunohistochemical staining. 

Thus, it can be hypothesised that GAEC1 acts as an oncoprotein via activation or 

initiation of carcinogenesis by affecting gene expression, either as a transcription factor 

or as part of a transcription factor complex. There may be a secondary mechanism 

involving changing its sub-cellular localisation from the nucleus to cytoplasm. It may be 

that the activation of GAEC1 may pertain to its localisation in the nucleus and 

cytoplasm (in well and moderately differentiated tumours) and later reverts back to the 

nucleus (in poorly differentiated cancers). It is possible that extreme overexpression 

leads to a build-up of newly generated GAEC1 in the cytoplasm, or that at high 

concentration GAEC1 remains in the cytoplasm waiting for binding partners      

 

11.1.4 Clinicopathological significance of GAEC1 mRNA and protein expression  

 

Colorectal mucinous adenocarcinoma had distinctive clinicopathological features 

(lam et al., 2006). Previous studies have shown that this type of cancer had different 

molecular profiles when compared to colorectal non-mucinous adenocarcinoma.  For 

instance, mucinous adenocarcinoma had higher p53, higher p21 and lower aurora kinase 

expressions than non-mucinous adenocarcinoma (Lam et al., 2008a; Lam et al., 2008b).  

In this study, both GAEC1 mRNA expression and protein expression was found to be 
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low on average in the mucinous subtype compared to conventional adenocarcinomas (p> 

0.0001 and p=0.043 respectively). This trend of mRNA expression was analogous to the 

findings in GAEC1 DNA copy number changes in the Japanese population, in which 

high gain of GAEC1 DNA copy numbers were detected in mucinous adenocarcinoma 

compared to conventional adenocarcinomas (p=0.09). Altered GAEC1 mRNA 

expression in colorectal cancers with different mucinous subtypes indicates a 

relationship between GAEC1 and mucin production, possibly via effects on the recently 

discovered mucin gene that lies close to GAEC1.   

Mucins are produced from the goblet cells which are located in the mucous 

glands the epithelium of the large intestine. Mucin consists of glyco-proteins and o-

linked carbohydrate side chains (Williams et al., 1999). Increased extra-cellular 

production of mucin from secreted acini is associated with cancer (Williams et al., 

1999). Studies show that presence of mucus results in faster spreading of cancer cells 

and the mucopolysaccharide coating interfered with the immunological recognition of 

cancer cells (Okuyama et al., 2002). The biological behaviour of colorectal cancer is 

often worse in mucinous adenocarcinomas compared to classical adenocarcinomas 

(Minsky et al., 1987; Secco  et al., 1994;  Nozoe et al., 2000; Okuyama et al., 2002). 

The current study shows significant involvement of GAEC1 in mucin producing 

tumours. The more aggressive forms of the CRC (mucinous adenocarcinoma) show 

much lower levels of GAEC1 both at DNA and mRNA levels. The findings again imply 

that GAEC1 was required in the early stage but not the development of characteristics 

involved in later stages of cancer progression. Also, altered GAEC1 expression in these 

pathological subtypes of colorectal cancer supports the notion that these two subtypes of 

cancers are different entities and should be managed differently during clinical practise.  



Investigating the role of the GAEC1 oncogene in Human Cancers 

 

Vinod Gopalan (s2684840) 199 School of Medicine 

   Alterations in GAEC1 mRNA expression were highly correlated with 

pathological staging of colorectal cancers. In addition, all the parameters in TNM 

staging including, T-stage, lymph node metastasis and distant metastasis were highly 

correlated with GAEC1 mRNA expression.   

Pathological T-staging is calculated by level of invasion of cancer cells into the 

colorectum and adjacent tissue (Hamilton et al., 2000). Level of T-stage is important for 

determining the progression and aggressiveness of colorectal cancers. In this study, 

GAEC1 mRNA expression levels were correlated with T staging of colorectal cancers.  

Colorectal cancers with advanced tumour staging showed high GAEC1 mRNA 

expression compared to early T-stage cancers (p=0.032). These findings may suggest a 

role for GAEC1 in predicting tumour progression and aggressiveness, at least in some 

tumour contexts.  

Approximately 60% of CRC patients develop metastasis after surgical resection 

for their primary tumours (Abajo et al., 2012). Identifying metastasis in CRCs is 

important for determining the treatment plan and for predicting the progress of the 

cancer. CRCs with both lymph node and distant metastasis are considered as 

biologically aggressive tumours and typically result in worse prognosis for the patient. 

The tumour growth and metastasis in CRCs depends on an angiogenic complex 

(Carmeliet and Jain, 2000). Vascular endothelial growth factor (VEGF) is considered as 

the major pro-angiogenic factor (Ferrara. 2005). The altered expression of various 

VEGF isoforms and VEGF receptor (VEGFR) genes regulate the angiogenic process in 

cancers via the activation of VEGF/VEGFR pathway (Abajo et al., 2012). This study 

showed a more than two fold increase in GAEC1 mRNA expression in CRCs with 

distant metastasis compared to CRCs without any distant metastasis. Also, the 

prevalence of tumours showing GAEC1 over expression was high in tumours with 
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metastasis (48%, n=11 of 23 over 27%, n=50 of 187). These findings signify a potential 

role of GAEC1 for participation in or in the activation of VEGF/VEGFR pathways and 

thus the regulation if angiogenic processes in CRCs.  

In many carcinomas, clinical and pathological observations suggest that distant 

metastasis is not the initial step in tumour dissemination. The transport of cancer cells 

via lymphatics is the most common route of primary dissemination (Pepper. 2001). In 

lymphangiogensis, cancer cells metastasize to adjacent lymph nodes and these cells can 

pass directly into the blood vascular system through veno-lymphatic communications 

(Pepper. 2001). There are a lot of lymphatic endothelium-specific markers has been 

discovered in the area of lymphangiogensis. These markers include (1) podoplanin, a 

glomerular podocyte membrane mucoprotein (Breiteneder-Geleff et al., 1999); (2) Prox-

1, a homeobox gene product involved in regulating early lymphatic development (Wigle 

and Oliver. 1999); LYVE-1, a lymphatic endothelial receptor for the extracellular 

matrix/lymphatic fluid glycosaminoglycan, hyaluronan (Banerji et al., 1999). Increased 

expression of VEGF-C plays major role in initiating lymphangiogensis especially in 

spontaneously arising tumours (Pepper. 2001). These VEGF-C driven cancers show 

dissemination of tumour cells into regional or adjacent lymph nodes. In this study 

GAEC1 mRNA showed high expression in colorectal adenocarcinomas with lymph 

node metastasis compared to CRCs without lymph node metastasis (p=0.013). Also, the 

correlation of primary tumours and matched metastatic lymph node tissues showed 

reduced GAEC1 mRNA in the latter tissues. This indicates possible role for GAEC1 in 

the initiation of lymphangiogensis inside the primary tumour tissues in addition to any 

interaction of GAEC1 with VEGF and other lymphatic endothelium markers. Future 

studies should be undertaken to confirm the involvement of GAEC1 in vascular and 

lymphatic angiogenic mechanisms.    
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The relationship between GAEC1 mRNA expression with tumour invasion and 

metastasis are also reflected in the overall TNM stage. Tumours with high TNM stage 

(stage III and IV) showed high prevalence of GAEC1 over expression. The high 

correlation of GAEC1 expression with T- staging, lymph node metastasis, distant 

metastasis and overall TNM stages signify the role of GAEC1 in influencing cancer 

growth and progression and its potential use as a predictive tool. Future studies should 

be performed in the light of these findings for the further use of GAEC1 as predictive 

and prognostic marker in patients with CRCs.   
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11.2 Knock-down effects of GAEC1 in human colon cancer cell line 

The expression of GAEC1 in colon cell lines was also demonstrated for the first 

time in the current study.  Reduced expression of GAEC1 mRNA in colorectal cancer 

(SW480 and SW48) cells compared to FHC coincides with our findings of GAEC1 

expression in colorectal cancer tissues. The intensity of protein staining was noted high 

in the nucleus and low in cytoplasm. This would indicate that the loss of GAEC1 mRNA 

expression in tissues is a common and reproducible property that remains intact in viable 

cancer cells.  

This study is the first to report the impact of GAEC1 suppression in regulating 

cell proliferation and cell cycle events. Similar approaches of suppressing target 

oncogenes with RNAi method have been used in the direction of gene therapy 

development for many cancers (Burnett et al., 2011). Application of RNAi approach has 

also been accepted as a potential tool for the application of targeted cancer therapy 

(Vazquez-Vega et al., 2010). Recently, a similar study has been reported on the potential 

role of osteopontin, a phosphorylated glycoprotein, as a therapuitic target for colorectal 

cancers (Likul et al., 2011). Similarly, the effect of mTOR suppression has been tested 

in colon cancer by using the RNAi method and the study revealed reduced cell 

proliferation and increased apoptosis in a colon cancer cell line (Zhang and Zhang, 

2011). The use of siRNA itself can establish a platform for identifying novel therapeutic 

targets which can prevent tumour growth and metastasis (Lv et al., 2006). For example, 

inhibition of VEGF or its receptors has been shown to prevent both tumour growth and 

metastasis in various animal tumour models (Harper et al., 2005; Holash et al., 2002). 

This helped in the development of RNAi technology to target VEGF in human cancers 

and also contributed in the improvement of therapeutics (Lv et al., 2006). Thus this 

present study offers a new direction for investigating the application of siRNA/RNAi 
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method for inhibiting the oncogenic properties of GAEC1 and this application can be 

later used for targeted gene therapy in human cancers.      

In the present study, we determined that down regulation of GAEC1 using RNAi 

method reduces cell proliferation in colorectal cancer cell lines. This demonstrates the 

significance of suppressing GAEC1 as a target of reducing the malignant properties of 

colon cancers. It is worth noting that the previous study by Law et al found increased 

cell proliferation after the amplification of GAEC1 in 3T3 fibroblastic cells (Law et al., 

2007). These knock in and knock out experiments with GAEC1 resulted in increased 

and decreased cell proliferating respectively. This shows the reproducibility of GAEC1 

effects on viable cancer cells and also lays the pathway for future research for using 

GAEC1 as a target for treating cancer patients.  

Reduced accumulation of cells in G0-G1 and G2-M phase was noted in cells 

transfected with GAEC1 siRNA. By contrast, increased accumulation of cells was noted 

in the ‘S’ phase of the cells subjected to GAEC1 knock down. Increased accumulation 

of cells in the ‘S’ phase indicates that GAEC1 suppression blocks the progress of cells 

after initiating DNA replication and prevents entry into the mitotic phase. This in turn 

prevents these cells from entering in to G0-G1 phase of the cell cycle. These changes in 

the cell cycle events can be related back to the reduced cell proliferation following 

GAEC1 suppression.           

This study also invetigated the effect on the regulation of other genes when 

GAEC1 expression was suppressed in colon cancer. In GAEC1 siRNA treated cells 

showed alteration of a broad cross-section of genes which are mostly resposible for 

controlling cellular growth and differentiation. Some genes also show links to immunity 

and apoptosis. The RNAi-based suppression of GAEC1 resulted in significant 

upregulation of  ID1 (inhibitor of DNA binding 1) (~ 21 fold upregulation compared to 
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control cells), TGIF1 (~7 fold upregulation) and STAT6 (~5 fold upregulation). ID1 has 

no DNA binding activity and can inhibit the DNA binding and transcriptional activation 

abilities of some proteins (Benezra et al., 1990). This protein is also involved in the 

regulation of cell growth and differentiation (Ruzinova and Benezra, 2003; Perk et al., 

2005). TGIF1 is a transcription regulator involved in the transmission of nuclear signals 

during development (Bertolino et al., 1996; Shen and Walsh, 2005). STAT6 is another 

transcription factor which is involved in anti-apoptotic activity, cellular differentiation 

and in expression of cellular surface markers (Nelms et al., 1999; Ansel et al., 2006; 

Hebenstreit et al., 2006). Thus GAEC1 suppression and the resulting activation of these 

genes indicate a possible existence of a feedback mechanism between GAEC1 and these 

genes. Also, the GAEC1 down regulation seen in some of our tumour tissue samples 

could be due to an inhibitory effect of these markers on GAEC1.   

RNAi-based suppression of GAEC1 also resulted in significant down regulation 

of several genes. These include NFYB(~ 36 fold down regulation), NF  (~16 fold 

down regulation), FOXO1 (~22 fold down regulation), CREBBP (~ 16 fold down 

regulation) and POU2AF1(~ 20 fold down regulation). NFYB is a nuclear transcription 

factor and is mainly responsible for DNA binding with high specificity and affinity 

(Matsuo et al., 2003; Romier et al., 2003). NF plays a key role in the regulation of 

immune response to infection, inflammatory diseases, cancer synaptic plasticity and 

synaptic memory (Gilmore, 1999; Tian and Brasier, 2003; Meffert et al., 2003; 

Levenson et al., 2004). FOXO1 has functions in myogenic growth and differentiation, 

adipogenesis, insulin signalling and maintaining somatic and stem cells (Zhang et al., 

2011; Nakae et al., 2003). CREBBP (CREB-binding protein) is known to be involved in 

embryonic development, growth control, cellular differentiation and homeostasis 

(Siddique et al., 2009). POU2AF1 has been reported in the malignant transformation and 
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proliferation of B-cells in multiple myeloma (Zhao et al., 2008). Downstream effects of 

GAEC1 in regulating these genes gives some clues about its interaction partners inside 

the cancer cell and also about its general regulation capabilities in the areas of DNA 

binding, immune response, insulin signalling, cellular growth, malignant transformation 

etc. It is worth noting that previous experiments with GAEC1 found that it had a role in 

malignant transformation, cellular proliferation and differentiation in mouse fibroblastic 

cells (Law et al., 2007). Thus it can be hypothesised that GAEC1 amplification/over 

expression in the normal cells leads to malignant changes due at least in part to its 

interaction with mediators like CREBBP and POU2AF1. Also, its role in controlling or 

regulating genes responsible for immune responses, DNA binding, stem cell regulation 

and synaptic memory indicate a potential future use of targetting GAEC1 for use as a 

therapeutic in disorders related to these functions.   

 

Interaction with stem cell markers 

One of the most portentous property of cancer cells is thier capacity to 

metastasize from the primary tissue of origin to distant organs, generating new tumour 

masses at the distant sites (Dalerba and Clarke, 2007). Cancer stem cells (CSCs) have 

the capcity to self-renew and via this property they can maintain tumour growth for the 

long term (Dalerba et al., 2007). Thus, CSCs are considered to be primarly responsible 

for the formation of tumour metastasis (Dalerba et al., 2007; Hermanna et al., 2007). 

The current study showed the correlation of GAEC1 expression with lymph node and 

distant metastasis. Also, the most significant stem cell markers (OCT4 , Nanog, Sox2) 

were found to have significant reduction in their expression at mRNA levels in cells 

subject to suppression of GAEC1. This shows potential interaction of GAEC1 in the 

CSC mediated angiognesis process. In addition, GAEC1 may have role in the regulation 
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of cancer stem cell properties like self-renewal and differentiation into multiple cell 

types. Further research needed to be conducted in vivo to understand the exact function 

of GAEC1 in regulating CSCs.       
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11.3 GAEC1 expression in Oesophageal cancer tissues 

This study was undertaken to correlate the expression of GAEC1 in colorectal 

cancer with oesophageal cancer and also to confirm the findings of GAEC1 expression 

in the previous study by Law et al. In this study GAEC1 mRNA expression in 

oesophageal tissues has been confirmed for the first time by immunohistochemical 

staining with a GAEC1 antibody.  

Similar to CRCs, GAEC1 showed altered patterns of expression at its mRNA 

and protein levels in ESSCs. The percentage of GAEC1 over expression in ESSCs 

(22%) was close to what was observed in CRCs (27%). These indicate that GAEC1 

mRNA over expression is a regular event in cancer pathogenesis and it occurs 

consistently among different gastrointestinal cancer tissues. The interaction partners 

modulating this increased GAEC1 expression could be the same in different cancers, 

perhaps specific activating mutations in common oncogenes or tumour suppressors. In 

addition, GAEC1 protein showed increased expression in oesophageal cancer tissues 

compared to adjacent normal areas and the pattern of expression of GAEC1 protein was 

similar to that of CRCs.        

However, the GAEC1 mRNA over expression was comparatively lower than the 

findings of Law et al in fresh tissues of ESSCs, in which GAEC1 over expression was 

noticed at 34%. This change in percentages could be due to the different sample 

population and control groups selected. Also formalin fixation and paraffinization might 

have influenced the RNA integrity and in turn affected the mRNA expression in the 

study by Law et al. In addition, changes in primer sequences and PCR conditions may 

also affected the slight changes in expression of GAEC1 mRNA in this study.     
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Similar to the results obtained for CRCs, GAEC1 protein expression also showed 

different cellular localisation in oesophageal cancer tissues. Both normal oesophageal 

and poorly differentiated cancer tissues showed GAEC1 protein expression in their 

nucleus and well and moderately differentiated cancer tissues showed a change in 

GAEC1 protein localisation to the cytoplasm and cell membrane. These analogous 

findings in different gastrointestinal cancers point towards the common functions of 

GAEC1 protein in several human tissues (see the discussion under colorectal cancer).  

In contrast to CRCs, GAEC1 mRNA expression showed significant reduction in 

expression in oesophageal cancers with lymph node metastasis. These reverse 

correlations of GAEC1 mRNA expression with metastasis in two different cancers show 

that despite the similarities, there are tissue specific changes in GAEC1 driven 

metastasis. Moreover, some clinical and pathological parameters in thyroid cancers 

showed reverse correlation in GAEC1 mRNA expression compared to CRCs and 

ESSCs. This indicates different molecular behaviour of GAEC1 in various human 

tissues and this might be reflected in changing its expression pattern in diverse cancer 

tissues. 

GAEC1 protein showed more or less similar expression in ESSCs compared to 

CRCs. This points out that GAEC1 protein expression is a significant event in tumour 

transformation and progress and that changes in its mRNA expression may not have the 

most significant impact on GAEC1’s translation and final protein production. Down 

regulation of GAEC1 at the mRNA level may be secondary to the effect of altered copy 

number at the GAEC1 locus, 7q22. The increased GAEC1 protein synthesis may due to 

the changes in its translational steps, especially synthesis preservation and cleavage of 

mature transcripts.  
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To understand the basic mechanisms of biological processes, it is essential to 

confirm the observed changes in mRNA levels in the translated protein (Pascal et al., 

2008). Determining a direct relationship between protein and mRNA levels can be 

difficult and previous studies show variable correlation (Pascal et al., 2008). Studies 

show that correlating protein and mRNA levels can be influenced by the protein 

abundance (Gyri et al., 1999). A study by Duchrow et al reported high pKi67 (a marker 

for cell proliferation) protein levels and low mRNA expression levels in colorectal 

carcinomas (Duchrow et al., 2003). This study also reported a better prognosis or slower 

cellular proliferation in CRCs with high pKi67 protein and low mRNA expression levels 

(Duchrow et al., 2003). Thus it can be hypothesised that high GAEC1 protein 

(abundance) influences its own mRNA levels via a negative feedback mechanism. Also, 

those tumours which showed both high GAEC1 protein and mRNA levels may have a 

specific prognostic significance. Further study is needed to confirm the clinical 

significance of high GAEC1 protein and low mRNA expressions, preferably with a 

population of sufficient size to enable detection of survival effects.  

In this study, patients with high GAEC1 mRNA expression in their oesophageal 

cancers showed shorter survival periods compared to patients with low GAEC1 mRNA 

expression. All these patients also showed high GAEC1 protein expression in their 

ESSCs. Thus, it can be predicted that GAEC1 protein is essential for oncogenesis and it 

plays an important role in predicting patient survival and prognosis, at least in certain 

cancers.     
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11.4 Detection of GAEC1 in peripheral blood 

 

In this study, GAEC1 DNA copy number variations and mRNA expression has 

been investigated for the first time in blood samples obtained from patients diagnosed 

with ESCC. GAEC1 was detected in all selected peripheral blood samples and showed 

significant variation in its mRNA expression levels between patients with ESCCs and 

health controls. High GAEC1 mRNA expression was noticed in all patients diagnosed 

with ESSC pointing to the significance of GAEC1 in carcinogenesis for this cancer. 

Reduced mRNA expressions in primary tumours and high expression in peripheral 

blood samples indicates that GAEC1 is available more freely in circulating blood. This 

could be a result of altered GAEC1 expression in blood leukocytes in response to cancer 

development, or it may be related to the role of GAEC1 in development of lymph node 

and distant metastasis. Thus, it can be hypothesised that irrespective of GAEC1 

expression (low/high) in primary cancer tissues, GAEC1 available in the peripheral 

blood is responsible for the immune or angiogenic mechanisms in cancer patients. 

 However, the GAEC1 mRNA expression levels in blood showed opposite 

correlation with pathological staging, lymph node and distant metastasis. These findings 

were correlated with GAEC1 expression in ESCC tissue samples. This may be 

indicative of the role of GAEC1 activation in initiating tumorigenic and angiogenic 

events in cancer patients followed by drops in expression when more advanced 

characteristics are developed. It may also be a reflection that the increased GAEC1 seen 

in the blood is part of a generalised immune reaction that is not sensitive to specific 

tumour phenotypes. Another possibility is GAEC1 suppression in metastatic tumours 

and pathologically aggressive tumours triggers other genes responsible for tumour 

growth and progression (as seen in colon cancers). Thus it can be hypothesised that 
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GAEC1 may have dual functions inside the cell, one during its high expression and 

another during its suppression via regulating other cancer related proteins.   

The suppression of GAEC1 copy numbers following radiotherapy and 

chemotherapy signify the response of GAEC1 DNA levels to cancer treatments, perhaps 

due to a fragile zone in the chromosome near the gene, which may explain its common 

amplification in cancer. Also this could be secondary to overall suppression of 

oncogenes responsible for carcinogenesis following the radiation and chemotherapy 

agents.  

Sample size for this study was too low for confirming the changes in GAEC1 

DNA and mRNA expression. The DNA copy number variations and mRNA levels were 

not correlating and this could be due to the small sample numbers. Also, these changes 

may be as a result of the transcriptional modulation of GAEC1.  
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11.5 GAEC1 expression in Thyroid cancer tissues 

 

This is the first study examining DNA copy number changes, mRNA and protein 

expression levels in GAEC1 to understand the role of the gene in thyroid tumours.  

GAEC1 copy number was either amplified or deleted in different benign and malignant 

thyroid tumours whereas GAEC1 copy number was within the normal range in non-

tumour thyroid lesions, nodular hyperplasia. Similar trends of genetic changes were 

noticed for the mRNA and protein expression levels for GAEC1 in thyroid cancer 

populations compared to non-tumour thyroid samples.  

 Gene amplification and over expression is an important mechanism of oncogene 

activation in cancer that leads to protein over-expression and provides a tumour with a 

selective growth advantage.  In the present study, 35% of minimally invasive follicular 

carcinoma showed GAEC1 amplification whereas none of the follicular adenoma or 

follicular carcinoma showed amplification. Also, only 7% of the papillary thyroid 

carcinoma showed over expression of GAEC1 at mRNA level, while rest of the cancer 

samples showed either low or no expression of GAEC1. Conversely to mRNA 

expression changes, GAEC1 protein expression was noticed in 74% (n=66 of 89) of the 

thyroid cancer tissues. Among these cancers, 62% of the PCAs showed more than 50% 

of cells with GAEC1 protein expression in their cancer tissues. These uncorrelated 

changes in GAEC1 DNA copy number, mRNA and protein expression levels may be 

due to variation in tissue response to the phenomenon triggering transcriptional and 

translational changes in colorectal and oesophageal cancers. In addition to potential 

translational modification of GAEC1, miRNA modulations may also be involved in the 

regulation of GAEC1 mRNA and protein expression.  
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GAEC1 is located in 7q22 and deletion/down regulation of genes located in 7q22 

has previously been reported in benign tumours and some malignancies (Ptacek et al., 

2007; Curtiss et al., 2005).   In this study, it was shown that majority of well-

differentiated thyroid carcinoma (papillary thyroid carcinoma and widely invasive 

follicular carcinoma) showed deletion of GAEC1. GAEC1 protein expression showed 

significant differences between the histological subtypes of PTCs. CPTCs showed a high 

proportion of GAEC1 over expression at the protein level compared to FVPTC. It is 

worth noting that GAEC1 showed significant differences in it mRNA expression levels 

in different histological subtypes of CRCs as well. This indicates the affinity of GAEC1 

to some specific histological subtypes. Also in both thyroid and colorectal cancers 

GAEC1 over expression was noted in the classical or conventional variants and showed 

loss of expression in its aggressive subtypes. This shows that GAEC1 may not play a 

direct role in tumour progression; instead GAEC1 may mediate progression via its 

interaction partners (ID1, STAT6 and TGIF1) as noticed in the colon cancer cells 

(detailed before).     

In this study, an increased prevalence of GAEC1 protein over-expression was 

noted in CPTCs compared to FVPTC which are a more aggressive thyroid cancer. In 

papillary thyroid carcinoma, deletion of GAEC1 was also often noted in advanced stage 

tumours.  It is possible that GAEC1 protein in well-differentiated thyroid cancer may 

offer some initial advantage to further transformation. Certainly the more aggressive 

forms of the disease (widely invasive follicular carcinoma and advanced stage papillary 

thyroid carcinoma) show much higher levels of deletion when compared to less 

aggressive types, which also show a proportion of amplification.. It is possible that 

GAEC1 is capable of repressing growth or invasion in some circumstances via 

differential expression of partner proteins. Thus more advanced cancers may have a 
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greater growth advantage through GAEC1 down regulation and the use of other genes to 

drive growth. 

It is worth noting that the current and previous work on GAEC1 determined that 

amplification, rather than deletion, is the most common event in oesophageal and 

colorectal cancers (Law et al., 2007; Gopalan et al., 2010). Interestingly, however, 

mRNA expression was low or absent in the majority of thyroid cancer samples 

compared to oesophageal and colorectal cancers. This raises the question of why thyroid 

cancers should predominantly show deletion/reduced expression in this study. Colorectal 

and oesophageal cancers are biologically more aggressive than thyroid carcinomas, and 

it may be that the mechanisms maintaining thyroid differentiation favour putative 

GAEC1 growth arrest functions in the thyroid and thus encourage gene deletion. A 

similar relationship could be a result of the common gastrointestinal origin of 

oesophageal and colorectal tissues. Also, low GAEC1 levels could be due to the 

truncated transcripts from aberrant GAEC1 gene expression during different cancer 

pathogenesis. Future research is needed to understand the exact mechanism of GAEC1 

oncogene and its aberrant gene expression of cancer pathogenesis. Despite these 

differences, GAEC1 protein expression was more or less the same in its expression 

patterns in these three different cancers indicating that is does have consistent oncogenic 

properties in human cancers. The variations in DNA and mRNA levels could be due to 

the changes in its interaction partners or miRNA expression patterns in different cancers.       

GAEC1 mRNA expression showed significant correlation with T-staging and 

lymph node metastasis in thyroid cancer. But the trend of GAEC1 expression in thyroid 

carcinoma was different with these parameters than in colorectal cancer. GAEC1 mRNA 

expression was reduced both in tumours with high T-stages (T3&T4) and in tumours 

with lymph node metastasis. This opposite correlation in thyroid cancers may be due to 
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the tissue specific changes and also due to changes in the molecular behaviour of 

GAEC1 in different human cancers. In the previous study, GAEC1 showed mRNA 

expression at different intensity in various normal human tissues ranging from placenta 

to kidney (except thyroid) (Law et al., 2007). Thus the GAEC1 copy number and 

expression pattern in thyroid cancer tissues could be due to the alteration of its original 

DNA or its standard expression status in normal thyroid tissues.   

Colorectal and oesophageal tissues may therefore have background gene 

expression profiles that favour the use of GAEC1 in an oncogenic state, while thyroid 

tissue’s life history results in a different gene expression profile, favouring possible 

repressive GAEC1 functions. Some studies in uterine leiomyomata and myeloid 

malignancies have indicated that deletion/down regulation of the 7q22 region often 

encompasses a number of tumour suppressor genes (Curtiss et al., 2005; Hodge et al., 

2009). The loss of GAEC1 seen in this study may therefore derive from deletion/down 

regulation of the larger region, and that the change in behaviour seen in thyroid tumours 

in this study may be the result of the alteration in the downstream regulated genes (loss 

of tumour suppressor and other regulatory genes) of nearby genes also lost, rather than 

resulting from the deletion of GAEC1 directly. 

Psammoma bodies are small calcified structures seen microscopically in 

papillary thyroid carcinomas. They arise from (1) the infarction and calcification of 

tissues with papillary histo-morphology and (2) calcification of intra-lymphatic thrombi 

secondary to tumour formation (Johannessen and Sobrinho-Simões, 1980). This study 

showed a close correlation of GAEC1 protein expression in papillary thyroid cancer 

(PTC) s with and without psammoma bodies (p=0.054). PTCs with psammoma bodies 

showed high expression of GAEC1 protein. This could be due to overactivity of GAEC1 

protein in cancer tissues with papillary histo-morphology. Also, this could be reflecting 
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of the GAEC1 protein’s role in tissue remodelling associated with angiogenesis. It could 

thus be used for predicting the tumour related tissue changes in PTCs.       

 

Follicular variant of papillary thyroid carcinoma (FVPTC) is a type of thyroid 

cancer that has created continuous diagnostic controversies among pathologists 

(Salajegheh et al., 2008).  FVPTC is the thyroid cancer that is most difficult to be 

differentiated from other benign thyroid and malignant thyroid lesions both clinically 

and pathologically.  The concordance rate for diagnosis of FVPTC between endocrine 

pathologists has been reported at less than 40% (Lloyd et al., 2004).  The differential 

diagnoses of FVPTC may include adenomatous nodules in nodular hyperplasia, 

follicular adenoma, minimally invasive follicular carcinoma and widely invasive 

follicular carcinoma.  In this study, FVPTC and conventional papillary thyroid 

carcinoma showed different patterns of copy number, mRNA and protein expression 

status of GAEC1.  Thus, if these relationships can be confirmed in vivo, GAEC1 could 

be used as a marker for differential diagnosis from these thyroid lesions.   

To conclude, similar to CRCs and oesophageal cancers, thyroid cancers also 

showed changes in copy number and expression of GAEC1 in thyroid tumours, though 

several of its relationships to specific phenotypes showed tissue specific effects.  The 

findings suggest that GAEC1 may be a useful molecular marker in the diagnosis of 

thyroid tumours.  More work regarding the functions of GAEC1 and the extent of 

deletions/down regulation and amplifications/over expression of the 7q22 region is 

needed to fully appreciate the role of this novel gene in thyroid and other cancers. 
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11.6 Regulation of micro RNAs in GAEC1 expression  

 

Micro RNAs (miRNAs) control protein synthesis by promoting target mRNA 

degradation or inhibiting the translation of mRNA to protein. The breadth and 

importance of target gene regulation by miRNA can be done by directly measuring the 

effects of miRNA on target gene expression in a single cell type (Mukherji et al., 2011). 

Thus miRNAs can act both as a switch and as a fine tuner in regulation of target gene 

expression (Mukherji et al., 2011). In this study the regulation of GAEC1 by miR-498 

and miR-1288 has been demonstrated in a single colon cancer cell type (SW480). The 

findings of this research suggest that GAEC1 expression is regulated by the miRNAs, 

miR-1288 and miR-498 in vivo.  

Complete down-regulation of miR-498 in both colorectal tissues and cell line can 

be related to the high GAEC1 protein levels seen in the majority of cases. miR-1288 also 

showed frequent loss of expression in colorectal cancers and colon cancer cells. Down 

regulation of miRs 498 and 1288 points to the potential functioning of these micro 

RNAs as growth suppressors in colon cells. Thus it can be hypothesised that miR-498 or 

miR-1288 suppression in cancer tissues triggers the increased translation of GAEC1 

mRNA in to protein, attributing them to the changes in intensity of GAEC1 protein 

staining in some cancer samples (via acting as tuners in adjusting GAEC1 expression). 

Alteration of GAEC1 mRNA by modulating these miRNAs in an in vitro model also 

suggests the occurrence of common post-transcriptional changes in GAEC1 mRNA 

(degradation or suppression).  

The targets of these micro RNAs have not been well studied before. Forkhead 

box 01 (FOX01) gene has been rated highly (target score= 95) as a potential target for 

miR-1288 (miRDB target prediction system, http://mirdb.org/cgi-bin/search.cgi). 

http://mirdb.org/cgi-bin/search.cgi
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Similarly, a target gene search for miR-498 predicted high correlation (target score= 95) 

to genes such as nucleosome assembly protein 1-like 3 (NAP1L3), jumonji C domain 

containing histone demethylase 1 homolog D (JHDM1D), pyruvate dehydrogenase 

kinase, isozyme 3 (PDK3) and CD93 molecule (CD93). Further research needs to be 

done to confirm the correlation of these miRNAs in regulating the above mentioned 

proteins. It is worth mentioning that GAEC1 siRNA suppression down regulated FOX01 

significantly in cancer cells. These correlations indicate that GAEC1 suppression 

following miR-1288 over expression could be either due to the direct suppression by 

altered GAEC1 protein or due miR-128 simultaneously inhibiting of FOX01. These 

findings also give clues for the interaction of GAEC1 in the FOX01 related cancer 

pathways including mTOR/Akt/P13K (Zhang et al., 2011) and also in the FOX01/PGC-

1α pathway (Eduardo et al., 2009) which regulates the insulin metabolism. Further 

studies are needed to understand the exact mechanism of GAEC1 suppression by these 

micro RNAs.  

This study proposes that miR-1288 and miR-498 modulates the activity of 

GAEC1 both in viable cancer cells and also in solid tumours. Frequent loss or absence 

of miR1288 and miR-498 in cancers might be the reason for increased GAEC1 protein 

expression observed. Also, the suggested targets of these microRNAs may also give 

some clue about the exact pathways in which they regulates GAEC1 and other target 

proteins. In addition, clinical and pathological correlation of GAEC1 in different cancer 

sub types can also be further understood by concurrently examining these micro RNAs.  
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11.7 GAEC1 protein structural analysis 

 

The aim of X-ray crystallography in this project is to obtain a three dimensional 

molecular structure of the GAEC1 protein from a GAEC1 protein crystal. In this study, 

the purified protein was obtained from the GAEC1 expression plasmid which was used 

in the previous study (Law et al., 2007). An attempt was made to crystallise GAEC1 

protein under different screening conditions and a proper sized GAEC1 protein crystal 

with appropriate dimensions was used for the X-ray diffraction using X-ray 

crystallography. 

GAEC1 protein crystal did not show any symmetrical diffraction data during the 

synchrotron exposure and the final structural analysis was not undertaken due to the lack 

of diffraction data. This could be due to few reasons like solubility of GAEC1 protein, 

the other attached proteins (His-tag and Thioredoxin) and the interference of salt 

molecules in the process.  

During crystallisation, soluble proteins (or salts) at high concentration in solution 

are set up with a technique of hanging drop vapour diffusion and it induces the protein to 

come out of the solution and form a crystal (Smyth and Martin. 2000; Wilson et al., 

1991). Later, the precipitate emerges and it is under the correct screening conditions 

these protein crystals will grow (Wilson et al., 1991; Gernert et al., 1988).  In this study 

the GAEC1 protein crystals started growing within 48 hours after seeding and increased 

in its size to become a rhomboid shaped crystal indicating the protein screening 

conditions used were appropriate to crystallise GAEC1 protein. On diffraction, there 

were a few isolated spots collected in the photographic plate but not in a uniform pattern 

of distribution. This may indicate that the X-ray diffraction wasn’t able to occurr 

through the whole unit of GAEC1 protein.  
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The improper diffraction could indicate several technical problems including 

improper vapour diffusion, involvement of salt molecules and pH. Also, there may have 

been difficulties in proper GAEC1 protein crystallisation, like protein solubility, 

interference of other tagged proteins (His tag and Thioredoxin) in crystallisation and 

insufficient size of the crystallised protein. Future work needs to be performed in the 

direction of purifying unmodified GAEC1 protein and repeating the screening and 

crystallising procedures again to determine the structure of the GAEC1 protein.  
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 Chapter 12: Summary and conclusion 

 

This is the first study showing significant correlation of GAEC1 with clinical and 

pathologic features in human cancers. GAEC1 was studied in different human tissues 

from different populations. GAEC1 was quantified at DNA, mRNA and protein levels in 

non-tumour, pre-cancerous and cancerous tissues to understand its role in tumour 

development. Also, a successful suppression of GAEC1 protein was performed for the 

first time using siRNA and miRNA mimics and its downstream effects were studied in 

human colon cancer cell lines. GAEC1 was studied in multiple cancers including 

colorectal, oesophageal and thyroid cancers to correlate and confirm its tissue specific 

changes in human organs. Possible roles for microRNAs in modulating GAEC1 

expression were also analysed in colorectal and oesophageal cancers. In addition, an 

attempt was made to crystallise GAEC1 protein to unfold its protein structure, 

interaction sites and functions.      

GAEC1 DNA copy numbers, mRNA and protein expression levels were 

significantly altered in all selected cancer tissue models (colorectal, oesophageal and 

thyroid carcinomas). These levels of GAEC1 were associated with tumour site, 

histological subtypes, and metastasis. 

In oesophageal cancers, GAEC1 was expressed highly in patients with shorter 

survival periods indicating that GAEC1 plays a significant role in predicting patient 

prognosis. Also, detection of GAEC1 in peripheral blood of cancer patients and its 

significant change of mRNA expression between normal and cancer patients suggests 

the possible involvement of GAEC1 in cancer metastasis and angiogenic events, as well 

as its potential use as a diagnostic marker.  
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 In this study, the functional roles of GAEC1 were studied for the first time by 

using RNAi based suppression methods. GAEC1 suppression in colon cancer cell line 

resulted in reduced cell proliferation and altered cell cycle events, indicating 

involvement of GAEC1 in DNA replication and cell growth. Also, a group of genes 

responsible for cell growth and differentiation (including stem cell markers) were found 

to have altered expression following the suppression of GAEC1. Thus, the present study 

offers an application of siRNA/RNAi method for suppressing the oncogenic properties 

of GAEC1 and this may be later used for molecular based therapies in human cancers, 

once the role of GAEC1 is better understood.      

This study showed the role of microRNAs (miR-498 and miR-1288) in 

regulating GAEC1 protein and mRNA expression. Micro RNAs 498 and 1288 were 

frequently absent or lost in the majority of cancer tissues in which GAEC1 protein was 

highly expressed. This correlation was also confirmed by in vitro experiments in a colon 

cancer cell model. These suggest additional targets for modulating GAEC1 expression 

and in turn for the development of GAEC1 targeting based therapies. Also, successful 

attempts in crystallising GAEC1 protein despite the need for further work will provide a 

platform for understanding the functional aspects of this novel protein. This will further 

help in the improvement of our current understanding of cancer pathways and gene 

targeting therapies (in conjunction with the knockdown data) .  

  To conclude, the current study noted multiple new findings, including 

relationships with clinical and pathological parameters with GAEC1 copy number, 

mRNA and protein expressions in three different types of cancer.  The DNA 

amplification and altered mRNA and protein expression of GAEC1 and its correlation 

with different tissues samples and sites of tumour may also be important for the 

development of gene targeting therapies for colorectal and other cancers. This study also 
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noted functional roles of GAEC1 in regulating cell proliferation, cell cycle events and in 

stem cell markers. In addition, a broad cross section of genes showed altered expression 

following GAEC1 suppression, indicating that they are potentially GAEC1’s interaction 

partners in vivo. Moreover, modulation of GAEC1’s expression by micro RNAs 

suggests the possible methods for regulating GAEC1’s expression in patients and also 

for molecular based cancer therapies. Further research in unveiling GAEC1 protein 

structure and functional interaction sites and post translational modifications will help in 

understanding of the role of this oncogene. Results of this study indicate that GAEC1 

has a significant role in human cancer pathogenesis.   
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AIHW- Australian institute of health and welfare 

CRC- Colorectal cancer 
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CT- Computed tomography 

MRI- Magnetic resonance imaging  

TSG- Tumour suppressor genes  
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BER- Base-excision repair 

MSI- Microsatellite instability 
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EST- Expressed sequence tag  
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PVDF - Polyvinylidene Difluoride 

WHO- World Health Organization 

UICC- International union against cancer 
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UHRR- Universal Human Reference RNA 

PBS- Phosphate buffered saline  
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qRT-PCR- Quantitative real-time polymerase chain reaction  
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siRNA- Short interfering RNA.  
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Appendix 

Assessment of RNA integrity by using a Bio-Rad Experion electrophoretogram 

 

Figure 74: Integrity of RNA samples from formalin fixed paraffin embedded 

colorectal tissues. Experiment was done with ladder (A) and a cell line RNA (D) for 

comparison. Most samples can be seen with RNA degradation from FFPE storage. 

Sample with peaks for 18s and 28s RNA along with the main RNA curve was 

considered as a better quality RNA.  
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Figure 75: Integrity of RNA extracted from blood samples and cell lines. All blood 

samples shown the peaks for 18s and 28s and the RNA extracted from cell line showed a 

main RNA curve followed by small peaks for 18s and 28s.   

 
 

 

 

 


