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Abstract 

Background: 

Colorectal cancer is now one of the most common causes of death in Australia, with an 

estimated 1486 new cases in the country in 2010, accounting 12.7% of all cancer deaths 

(ACIM, 2014). In addition to its significance in Australia, it is one of the most common global 

health concerns. At present colorectal cancer is the third most common cancer worldwide, 

which cost more than 600,000 lives every year. Most of the colorectal cancer is diagnosed at a 

late stage but if it is diagnosed at an early stage, the five-year survival rate exceeds in 90% 

cases. This is the reason there is a need to find out biomarker for early detection and the exact 

underlying cause for designing a better treatment for colorectal cancer. 

GAEC1 (Gene amplified in esophageal cancer 1) showed a series of amplifications 

and deletions in oesophageal cancer.  The gene is located at 7q22.1.  GAEC1 has tumorigenic 

potential approximately equal to the Ras gene family and overexpression of this gene played 

a pivotal role in the cancer transformation of oesophageal squamous cell carcinoma. GAEC1 

has higher amplification in colorectal adenocarcinoma tissues when compared to non-cancer 

colorectal tissues. In this study, we focused on finding out the oncogenic properties of 

GAEC1, correlation with clinical and pathological features and its underlying mechanism in 

colorectal cancer initiation and progression. 

 

Materials and method: 

Human colon cancer cell lines (SW480, SW48, HCT116 cells) and non-neoplastic 

colonic epithelium cell (FHC cells) were purchased from American Type Culture Collection 

(ATCC). SW480, SW48 and HCT116 cell lines were maintained in Dulbecco's Modified 
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Eagle Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 

10% fetal bovine serum at 37 ℃ in 5% CO2.  FHC cells were maintained in DMEM: F-12 

(1:1) with 10% fetal bovine serum with containing an extra 10 mM N-2-

hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) (Thermo Fisher Scientific) (for a 

final concentration of 25 mM), 10 ng/ml cholera toxin, 0.005 mg/ml insulin, 0.005 mg/ml 

transferrin, 100 ng/ml hydrocortisone.  Fresh frozen human colorectal cancer tissues and 

adjacent non-cancer tissues were collected with no selection bias. Expression levels of 

mRNA and protein were measured by real-time PCR and western blot analysis respectively. 

Immunocytochemistry, immunohistochemistry and immunofluorescence assay were used to 

identify the localization of GAEC1 protein in colon cancer cells and colon cancer tissues.  

Flow cytometry was used for the detection of apoptotic cells and cell cycle alteration. Co-

immunoprecipitation followed by mass spectrometry analysis was used to identify the 

protein-protein interaction. Severe combined immunodeficiency (SCID) mice were used for 

tumour xenograft experiment. 

 

Results: 

We found differential expression of GAEC1 protein and mRNA in different 

pathological stages of colon cancer cells (SW480-Stage II, SW48-Stage III and HCT116-

Stage IV) when compared to non-neoplastic colon cells (FHC cells). GAEC1 protein was 

predominantly expressed in the cytoplasm of colon cancer cells (SW480, SW48, and 

HCT116) and the nucleus of non-neoplastic colon epithelial cells (FHC). The transient 

knockdown of GAEC1 using siRNA induced apoptosis in SW480 and SW48 cells, which was 

associated with G2/M phase arrest and decreased expression of Bcl-2 and K-ras proteins and 

increased expression of p53.  In addition, down-regulation of GAEC1 significantly inhibited 

cell proliferation, reduced migration capacity and decreased clonogenic potentiality of colon 
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cancer cells (SW480 and SW48 cells).  Furthermore, a xenotransplantation model showed 

that stable knockdown of GAEC1 using shRNA constructs in colon cancer cells entirely 

suppressed xenograft tumour growth in mice.  

Approximately 52.5% of patients with colorectal cancers showed high expression of 

GAEC1 mRNA whereas 47.5% exhibited low expression compared to their matched non-

neoplastic tissues. Similarly, ~ 66% (53/80) of colorectal cancer tissues showed high GAEC1 

protein expression (positive staining), while the remaining colorectal cancer cases were noted 

with no GAEC1 protein (negative) expression.   GAEC1 protein was predominantly located 

in the cytoplasm and showed low to no expression in normal colon tissues. 

High expression of GAEC1 mRNA was predominantly seen among patients below 60 

years compared to those patients over 60 years of age (78%, versus 44%, p=0.008).  Patients 

with synchronous colorectal adenocarcinomas mostly exhibited with low expression of 

GAEC1 mRNA.  On the other hand, compared to poorly differentiated colorectal carcinomas 

(grade III), patients with well and moderately differentiated colorectal carcinomas  (grade 

I+II) colorectal cancers showed a high expression of GAEC1 mRNA. Similarly, high GAEC1 

mRNA expression was frequently noted among patients presented without any pre-neoplastic 

adenomas in their colorectal cancer tissues compared to patients with an adenoma in their 

colorectal cancer tissues.  

By co-immunoprecipitation followed by mass spectrometry analysis 31 interacting 

protein was identified. The interaction between GAEC1 and four proteins (HIGD1A, 

Rhotekin, Granulin and eIF3J) was further confirmed. Western blot analysis detected reduced 

expression of these proteins following stable knockdown of GAEC1 in colon cancer cells. 

GEAC1 endogenously interacts with p53 in SW480 and SW48 colon cancer cells. In 

this study, we have noted that overexpression of GAEC1 increased cell proliferation, 

migration, and reduced apoptosis in colon cancer cells.  Also, these cells showed cell cycle 
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arrest at the synthetic phase, activation of Bcl-2, K-ras, pAKT proteins as well as inhibition 

of p53, PUMA, p21 and BAX proteins. Furthermore, silencing of GAEC1 reduces the 

nuclear import of MDM2 and increase the expression of p53 in the nucleus suggesting that 

GAEC1 expression is essential for interaction of p53-MDM2 and nuclear translocation of 

MDM2 in colon cancer cells. 

 

Conclusion: 

In summary, the expression analysis, in vitro and in vivo data indicated that GAEC1 is 

differentially expressed in cancer cells and act as an oncogene in colon cancer progression. 

The high expression of GAEC1 mRNA/protein, as well as its correlation with multiple 

clinical and pathological characteristics in patients with colorectal carcinoma, strongly, 

suggests that GAEC1 is a key regulator in the initiation of colorectal carcinogenesis. In 

addition, the protein-protein interaction with a number of proteins and the effect of GAEC1 

modulation on the expression of interacting proteins indicates the potential role of GAEC1 in 

the signalling pathway of colon cancer pathogenesis.    
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Chapter-1: Principle 

1.1: Lay description 

This research will investigate the role of the GAEC1 (Gene amplified in oesophageal 

cancer 1) gene in human colorectal cancers. The expression of GAEC1 varies in different 

human tissues and studies on the gene suggest its significance in the control of cell growth. 

The function of this gene was first studied in oesophageal cancer. In cancer the expression of 

the gene may be altered or it may function differently which may lead to abnormal growth of 

cells in different tissues. This research will examine any changes in gene behaviour in GAEC1 

and its possible interactions with other cancer-causing genes. The main aim of the research is 

to investigate the functions of GAEC1 in colon cancer cells and tissues 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 development of colon cancer and 

its signalling pathway through interaction with other genes. 

 

1.2: Aim and hypothesis 

This research intends to determine the localisation, expression and molecular function of 

GAEC1 in colon cancer for the confirmation of its oncogenic properties. 

siRNA/shRNA/pcDNA3.1-GAEC1 plasmid-mediated regulation of GAEC1 will help in 

understanding its role in colon cancer. Expression of GAEC1 at protein and mRNA level in 

colon cancer tissues will be correlated with the clinicopathological characteristics of colon 

cancer patients for clinical validation. Identification of its interacting proteins in colon cancer 

cells will determine the exact position of GAEC1 in the signalling pathway of colon cancer 

pathogenesis. Once complete we will gain a better understanding of the role of novel cancer-
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related gene, GAEC1 in the pathogenesis of colorectal cancer (CRC) at molecular and 

functional levels. This will help to develop useful biomarkers for CRC early detection. 

Specifically, the study aims to - 

 

1.   Identify the cellular localization and characterization of GAEC1 in colorectal 

cancer cells and tissues from different pathological stages 

Hypothesis: The localization of GAEC1 in the cytoplasm and nucleus of cancer cells 

will be distinct compared to those in the normal colon cells. 

2. Determine the role of GAEC1 after a knock in and knock out in different 

colon cancer cells. 

Hypothesis: There will be changes in cell proliferation, cell cycle, mRNA 

expression, cell migration, cell transformation and cell differentiation after knocking 

in and knocking out of GAEC1. 

3. Compare the expression of GAEC1 protein and mRNA in different colorectal 

cancer tissues of different stages collected from patients and the correlation 

with clinicopathological characteristics. 

Hypothesis:  The expression of GAEC1 at the mRNA level and the physical location 

of GAEC1 will be altered in different stages of colorectal cancers compared to 

adjacent normal tissues. 

4. Identify the potential interaction partners for GAEC1 in colon cancer cells. 

Hypothesis: GAEC1 will interact with a number of potential cancer-related genes, 

and these will be detectable via isolation of GAEC1. 

5. Role of GAEC1 and its interaction partners in colon cancer pathogenesis 

Hypothesis:  Through the interaction with different protein in signalling pathway 

GAEC1 may exert its oncogenic effect in colon cancer initiation and progression. 
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1.3: Significance of this research 

Bowel cancer is now one of the most common causes of death in Australia, with an 

estimated 1486 new cases in the country in 2010, accounting 12.7% of all cancer deaths 

(ACIM, 2014).  It is one of the most common global health issues in addition to its 

significance in Australia. This project is focused on examining the role of GAEC1 in 

colorectal cancer, which will contribute to research and treatment of colorectal cancer. GAEC1 

is a novel gene, which has been recently identified in gastrointestinal cancers (Law et al., 

2007). There is little knowledge regarding its role in colorectal cancer development and 

progression, but it is known to act as an oncogene. Successful completion of this proposed 

project will enable us to understand better the interacting partners of GAEC1 in signalling 

pathways for the development of colorectal cancer. As this project will include the human 

sample from an Australian population and clinical validation of GAEC1 in these samples, 

it will help to find out the potential for GAEC1 as a biomarker for diagnosis and prognosis 

of colorectal cancer. It may also facilitate the management and personalized therapy for 

colorectal cancer patients. 

  

 

 

 

 

  



4 
 

Chapter-2: Literature Review 

2.1: Cancer 

Cancers are the diseases of the cells and cells are the building blocks of the body. 

According to the definition of World Health Organization (WHO), cancer is considered as a 

group of diseases which arise from uncontrolled growth of the cells with the ability to invade 

the surrounding organs or spread to any other parts of the body (World Health Organization., 

2014). These abnormal cells can damage or invade the surrounding tissues or spread to a n y  

p a r t  of the body, resulting in further damage. Normal cells are delicately in harmony with 

their environment and respond to external  signals through well-regulated signalling pathways 

that either trigger or suppress growth. Cancer cells have alterations in regulatory circuits that 

control 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). 

Carcinogenesis in vivo is a multistep process that requires the alteration of two or more genes 

(Knudson, 1971). Every cancer cell carries the identical mutations that initiated tumour 

development. Cancer cells also exhibit extensive vascularization which increases as a tumour 

grows (Folkman, 1992). This process of new blood vessels formation is termed angiogenesis 

and is not seen in normal adult animals except in the cases of wound healing and pregnancy. In 

the absence of new blood vessels, a tumour can grow to a maximum size of approximately 

1mm in diameter, the distance that oxygen and nutrients can diffuse into a tumour (Kurschat 

and Mauch, 2000). 
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2.2: Genetics of cancer 

Cancer arises through a multistage process of genetic change. Cancer was regarded as 

an enigmatic and inexplicable process but more recently, the mutation theory, which explains 

the alterations in proto-oncogenes and tumour suppressor genes, has received a widespread 

acceptance as the basis of carcinogenesis (Vincent MD. 2011). Tumour cells have common 

properties, such as unlimited proliferation potential, self-sufficiency in growth signal, 

neovascularization for nutrient and oxygen supply, and resistance to antiproliferative and 

apoptotic stimuli (Luo et al., 2009). Other common hallmarks of cancer include the 

inflammatory tumour microenvironment where the growing tumour cells cross-talk with 

surrounding stromal cells, develop mechanisms to avoid host immune response, undergo 

epithelial to mesenchymal transition and finally accelerate the process of invasion and 

metastasis (Hanahan et al., 2011). A number of cellular signal transduction pathways 

comprising receptors, intracellular kinases, adaptor proteins, and a vast array of transcription 

factors regulate the homeostatic control of cellular protein repertoire. This normal cellular 

biochemistry is dysregulated when cells undergo malignant transformation (Felsher DW et al., 

2008; Torti D et al., 2011). The deregulation of signalling pathway which is responsible for 

the development of cancer is caused the altered function of oncogenes and tumour suppressor   

genes. The gain-of-function mutation, amplification and/or overexpression of key oncogenes 

together with loss-of-function modification, deletion and/or epigenetic silencing of key tumour 

suppressor genes  are responsible for the transformation of a normal cell to cancer cell (Solimini 

et al., 2009;  Hanahan et al., 2011;  Felsher et al., 2008, Torti et al., 2011 ). 
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2.3: Role of oncogenes in carcinogenesis 

Proto-oncogenes can be converted into oncogenes by five different mechanisms: point 

mutation, gene amplification, chromosomal translocation, local DNA rearrangements and 

insertional mutagenesis. There are many causes, which are thought to be responsible for the 

activation of oncogenes chronic inflammation, infection, oxidative and nitrosative stress, 

specific environmental and lifestyle-related factors. 

Six broad groups of oncoproteins can be produced by oncogene such transcription 

factors, chromatin remodelers, growth factors, growth factor receptors, signal transducers, 

and apoptosis regulators.  These can initiate the carcinogenesis by stimulating cell proliferation 

or hindering programmed cell death. Co-transgenic in vivo studies in mice model showed that 

oncogenic cooperation between Myc and Ras in various tissues involves in modulating the 

interactions between the tumor cells and their stroma (Tran et al., 2008; Podsypanina et al., 2008). 

The development of transgenic mouse models helped to identify many oncogenes and 

provided substantial evidence supporting the role of oncogenes in driving tumour development. 

The K-RAS oncogene is commonly found mutated in cancers of the skin, colon, lung, and 

ovary (Schmandt et al., 1993). Transgenic and gene-knockout mice have been utilized to 

resolve the mechanisms through which specific genes influence the development and 

progression of malignancies. Overexpression of inducible K-RAS in transgenic mouse was 

found to initiate pancreatic cancer which was dependent on the mutated K-RAS (Collins MA 

et al., 2012). It is also evident that transgenic overexpression of the MYC oncogene cause multi-

organ tumour development in mice (Jamerson et al., 2004). 

Inactivation of oncogenes leads to cell cycle arrest, differentiation or apoptosis (2008, 

Torti et al., 2011; Sharma et al., 2007). MYC withdrawal in mouse models can alter MYC-

driven skin papillomas, lymphomas and osteosarcomas induced by MYC (Felsher et al., 1999; 
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Jain et al., 2002; Pelengaris et al., 1999). In the same manner, the knockout of the K-RAS 

oncogene in human colorectal cancer cells bearing mutated K-RAS resulted in the alteration of 

transformed phenotype into normal cells and abolished the cells ability to develop Xenograft 

tumour in mice model (Shirasawa et al., 1993). Loss of oncogenes results in tumor regression 

(Jain et al., 2002), reactivation of oncogenes restores the tumorigenic properties (Shachaf et 

al., 2004). All of these findings demonstrated that sustain activation of certain oncogenes 

are required for the maintenance of tumour and this phenomena was coined as “oncogene 

addiction” by Weinstein (Weinstein., 2002). 

 

2.4: Role of tumour suppressor genes in cancer 

Tumor suppressor genes produce proteins, which inhibit malignant transformation of 

cells often through the regulation of cell proliferation and apoptosis. The inactivation of 

tumour suppressor genes facilitates the growth and survival of tumour cells. Tumor suppressor 

genes were discovered by the finding that fusions between cancer cells and normal cells 

resulted in the loss of malignant phenotype of the cancer cells (Harris., 1988; Stanbridge et al., 

1982). In addition, deletion of specific chromosome regions from the hybrid cells caused the 

reappearance of the malignant phenotype (Saxon et al., 1986; Weissman et al., 1987). These 

chromosomal regions were then shown to have tumour suppressor genes located within. Proto-

oncogenes can be converted to oncogenes by different mechanisms, such as mutation, gene 

amplification, chromosomal rearrangement and overexpression of oncoproteins.  Similarly, 

tumour suppressor genes are often mutated, silenced by promoter hypermethylation, and 

undergo loss of heterozygosity, alterations which typically show loss of function in cells. 

Inactivation of tumour suppressor genes through deletion, inactivating mutation, 

epigenetic silencing or post-translational modification results in tumorigenesis. On the other 

hand, reactivation of tumour suppressor gene in a tumour lacking that particular gene can cause 
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tumour regression (Martins et al., 2006; Ventura et al., 2007). Based on their function, tumour 

suppressor genes are classified as “gatekeeper” genes and “caretaker” genes” (Yang et al., 

2004).  Genes like retinoblastoma (Rb), Smad4, p53, adenomatous polyposis coli (APC), 

phosphatase and tensin homolog (PTEN), p16, etc. belong to “gatekeeper” tumour suppressor 

genes. The gatekeeper tumour suppressors sometimes show biallelic inactivation in both 

familial and sporadic cancers. This should necessarily be the case to allow tumour 

formation was postulated in Knudson’s two-hit model of tumour suppressor gene inactivation 

(Knudson  et al., 1971). 

In cancers related to familial history, for example, retinoblastoma and Li-Fraumeni 

syndromes, somatic mutations of one allele in Rb and p53, respectively, happen along with a 

pre-existing germline mutation in the other allele. However, “caretaker” tumour suppressor 

genes play a role in DNA repair and their inactivation results in instability in the gene, loss-

of-function mutation of “gatekeeper genes”, the lack of growth control and the activation of 

certain oncogenes. Loss of both alleles of a tumour suppressor may be due to chromosomal 

deletions. Moreover, tumour suppressor inactivation can involve transcriptional silencing 

through perturbation of the promoter regions of tumour suppressor genes through loss of 

transcriptional co-activators, hypermethylation and inappropriate overexpression of 

transcriptional repressors (Oliveira et al., 2005). For example, the p16INK4A tumour 

suppressor gene encodes  a protein that inhibits  the  activity of  cyclin-dependent  kinases 

(CDK) and induces cell cycle arrest in concert with Rb, p14, and p15 (Lee et al., 2001, Sherr 

CJ et al., 2001). Studies showed that the expression of p16 may be lost less generally by 

mutation, but most commonly by CpG island hypermethylation of the gene promoter (Esteller 

et al., 2002). Tumor suppressors may also be inhibited through interactions at the protein level. 

Such as ubiquitination-dependent proteolysis of a variety of tumor suppressors including p53 

(Kim et al., 2011) and Smad4 (Itoh et al., 2007). Due to phosphorylation at specific sites the 
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tumour suppressor protein may no longer function properly. An example of this mechanism 

is the tumor suppressor function of transducer of ErbB2.1 (Tob1) being lost through 

phosphorylation of its serine residues (Suzuki et al., 2007). 

 

2.5: Co-operation of oncogenes and tumour suppressor genes in cancer 

Multiple gene mutations is necessary to cause cancer. The multistage theory of 

carcinogenesis explains that activation of oncogenes and loss of function of tumour suppressor 

genes co-operatively drive to cancer development (Fig. 2.1). This scenario is well defined in 

colon cancer, where the inactivation of the tumour suppressor gene APC leads to 

hyperproliferation. The loss of APC induces genetic instability, which permits cells to acquire 

more mutations. Another boosting effect to cell growth is the loss of the tumour suppressor 

gene Smad. Consequently, progression from late adenomas to malignant carcinomas is 

facilitated by the loss of the p53 tumour suppressor gene. Studies in mice and humans show 

that the transcription factor E2F2 functions as a tumour suppressor. Pusapati et al. showed that 

inactivation of E2F2 cooperates with transgenic expression of MYC, thereby encouraging 

tumour development in the skin and oral cavity (Pusapati et al., 2010). Chemically induce    

skin carcinoma also associated with the activation of the RAS oncogenes and mutation of the 

p53 tumour suppressor (Azzoli et al., 1998; Stanley et al., 1995). 
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Figure. 2.1: Co-operation of oncogenes and tumour suppressor genes in cancer. 

Neoplastic transformation of cells needs various genetic alterations. Tumour suppressor genes, 

which encodes for proteins involved in cell apoptosis and proliferation are mutated, undergoes 

loss of heterozygosity and silenced by hypermethylation and results in loss-of-function of 

tumour suppressor proteins in cells. Proto oncogenes can be converted into oncogene by 

different mechanism like gene amplification, mutation and chromosomal rearrangement 

resulting in gain-in-function of oncoprotein in cells. Inactivation of tumour suppressor genes 

and oncogenes alter the cellular homeostatic control and lead to the transformation of cells into 

premalignant phenotype. 

 

2.6: Oncogenes and tumour suppressors in colorectal cancer 

          The progression to colorectal cancer is a well-recognized process and involves a series of 

changes from normal epithelium through increasingly worsening degrees of dysplasia to 

carcinoma and metastases (Fig. 2.2). The molecular pathway of this development was described 



11 
 

more than 10 years ago, and includes mutations in both oncogenes and tumour suppressor genes 

(Fearon and Vogelstein, 1990). The most essential requirement for the initiation of colorectal 

carcinogenesis is the APC gene mutations, a gene which is found to be mutated in the germline 

of individuals with sporadic colorectal cancer and familial adenomatous polyposis. Progression 

from small to intermediate adenomas is due to point mutations in the KRAS oncogene. 

 

Figure.2.2: Genetic pathway of colorectal cancer. Inactivation of tumour suppressor gene 

such as adenomatous polyposis coli (APC) gene or activation of oncogene like K-ras causes the 

abnormal clonal expansion of the cells. Eventually loss of tumour suppressor gene p53 and loss 

of heterozygosity facilitates these expanding cells with further growth advantages which leads 

to the ultimate invasive cancer. 

 

Change in expression in one of the best characterized tumour suppressor genes, p53, is linked 

with the development of carcinomas. These changes are happened for the accumulation of a 

number of mutations. Other tumour suppressor genes and oncogenes are also crucial in colorectal 

cancer pathogenesi.  
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           The mismatch repair genes MSH2 and MLH1 can contribute to the mutation rate of genes 

such as APC. Consistent allele loss in colorectal cancer cells, for example, deletions of 

chromosomes 1, 8, 14 and 22, indicates the possible location of other tumour suppressor genes 

(Vogelstein et al., 1989). The role of alterations in the RAS genes has been studied broadly in 

colorectal cancer. Studies showed that up to 60% of colorectal tumours and a similar proportion 

of adenomas have a mutation in RAS primarily occurring at codons 12, 13 or 61 of KRAS (Fearon 

and Vogelstein., 1990). Mutation in RAS is also present in the grossly normal mucosa of patients 

with colorectal cancer, and it has been demostrated to be for the presence of aberrant crypts in 

otherwise normal tissue (Yamshita et al., 1995). Associations have been found between the nature 

of the amino acid substitutions and clinical features. Some studies suggested a decreased survival 

rate due to the presence of KRAS mutation. A meta-analysis of over 2500 patients indicated that 

KRAS mutation is responsible for increased risk of recurrence and death (Andreyev et al., 1998). 

In particular, mutations of guanine to thymine were found to elevate the chance of recurrence 

(Moerkerk et al., 1994).  
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Chapter-3: Introduction to Colorectal Cancer 

3.1: Colorectal cancer in the world 

 

Colorectal cancer is the third most common cancer and the third most common cause of cancer 

related deaths in both men and women in the world (Seigel et al., 2012; Jemal et al., 2011). It consists 

of over 10% of all cancer incidences globally (World Cancer Report., 2014). The estimated new 

colorectal cancers cases in 2018 in the united state is about 140,250 (Cancer Research Institute., 

2017). In 2017, the statistics showed the estimated deaths in 2018 from CRC in the United States is 

50,630 (Cancer Research Institute., 2017). One in every 19 male and one in every 28 female will 

have colorectal cancer before the age of 75 years in Australia (Australian Institute of Health and 

Welfare., 2014) 

 

3.2: Sequential tendency of colorectal cancer 

 

The trend of an incident of colorectal cancer is not same in the population of different 

countries, and this is changing consistently throughout the world. The CRC related deaths ere 

higher across the Northwest and lowest in the South in the 1970s and 1980s but currently they 

are higher in the South and Midwest and lowest in the West (Sielgel et al., 2015; Siegel et al., 

2015). But the incidence is increasing dramatically in Japan, Singapore, and Eastern European 

countries which are shifting from a low-income economy to higher income (World Cancer 

Research Fund and American Institute for Cancer Research., 2007; Boyle et al., 2000; Janout et 

al., 2001). In the United States the combined death rates in men and women dropped from its 

peak 28.6 (per 100,000) in 1976 to 14.1 in 2014. (Siegel et al., 2017). This is mostly due to the 
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advanced screening programs that have improved the early detection of precancerous conditions 

(Edwards et al., 2010). 

 

3.3: Risk factors for colorectal cancer 

3.3.1: Age 

The age of the individula is considered one of the most common risk factors for the 

colorectal cancer. The chance of colorectal cancer increases after the age of 40 and rises 

sharply after the age of 50 (World Cancer Research Fund and American Institute for Cancer 

Research., 2007; Ries et al., 2008). Around 90% of colorectal cancer cases occur during 

people aged 50 or older (National Institutes of Health., 2006; Ries et al., 2008). It is, 

however becoming more common in young people (O’Connell et al., 2003; O’Connell et al., 

2004). 

 

3.3.2: History of adenomatous polyps 

Neoplastic polyps act as the precursor lesion for the cancer in colon and rectum 

(Janout et al., 2001). 19% of these polyps can result into colorectal adenoma, and 95% of 

sporadic colorectal cancers arise from these adenomas (Labianca et al., 2005; American 

Cancer Society, 2009).  An individual with a history of adenomas has a high chance of   

colorectal cancer development, compared to individuals with no previous history of adenomas 

(de et al., 2005). Detection and removal of an adenoma before malignant transformation 

may reduce the chance of colorectal cancer (Grande et al., 2008). 

 

 

3.3.3: Inflammatory bowel disease 
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Inflammatory bowel disease (IBD) results in the inflammation of the mucosal lining of the 

bowel particularly colon and rectum. In case of Crohn disease inflammation may affect the entire 

thickness of the bowel including the mouth to anus. These conditions make an individual 

vulnerable to CRC development (National Institutes of Health., 2006). So individual with IBD 

history is highly recommended for regularly screening for colorectal cancer. 

 

3.3.4: History of colorectal cancer 

Studies suggested that up to 20% of people who have colorectal cancer generally have 

family members who have been affected by this disease (World Cancer Research Fund and 

American Institute for Cancer Research., 2007). Individual with a history of cancer in colon 

or rectum or adenomatous polyps are at higher level of risk. People who have any first-degree 

relative younger than 60 or two or more first degree relatives having a history of  cancer 

in colon or rectum are in increased chance of having CRC in their life. (Boardman et al., 

2007). 

 

3.3.5: Inherited genetic risk 

FAP (familial adenomatous polyposis) is caused by mutations in the tumour suppressor 

gene APC. Fereditary nonpolyposis colorectal cancer (HNPCC) may account for around 2 

to 6% of CRC (World Cancer Research Fund and American Institute for Cancer Research. 2007, 

National Institutes of Health. 2006). The lifetime risk of colorectal cancer in people with the 

recognized HNPCC-related mutations may be as high as 70 to 80%, (Jeter et al., 2006; Al-

Sukhni et al., 2008) and generally the usual age at diagnosis is in their mid-40s (National 

Institutes of Health., 2006). 
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3.3.6: Nutritional practices 

Food habit is directly related to colorectal cancer, and changes in food habits might 

reduce up to 70% of this cancer burden (Willett ., 2005). In particular, animal fat containing 

foods constitute a significant risk factor for colorectal cancer (Boyle et al., 2000; Janout et al., 

2001). (Larsson et al., 2006). Long time intake of red meat is also responsible for the 

development of colorectal cancer (Larsson et al., 2006,) the positive association with meat 

consumption is stronger for colon cancer than rectal cancer (Larsson et al., 2006). 

 

3.3.7: Alcohol consumption 

Alcohol consumption is considered one of the most common causes of colorectal cancer 

in younger populations   (Zisman et al., 2006; Tsong et al., 2007) It also propels inconsistent 

tumour development in the distal colon (Bazensky et al., 2007). Reactive metabolites of 

alcohol such as acetaldehyde can be carcinogenic (Po¨schl et al., 2004). Alcohol may also 

function as a solvent, which facilitate the penetration of other carcinogenic molecules into 

mucosal cells (Po¨schl et al., 2004). 

 

3.4: Anatomy and physiology of adenomas in colon and rectum 

3.4.1: Gross appearance 

The length of small intestine is approximately 500 cm (shorter in life due to tone in the 

longitudinal muscle coat) and absent of recognizable features on external examination, apart 

from its mesentery (duodenum is retroperitoneal). The large intestine consists of colon and 

rectum is almost 150 cm in length and inconsistently covered by peritoneum in its several 

regions. The longitudinal muscle is organized in three continuous bands (taeniae coli) which 

fuse into a continuous sheet at the junction of rectum and colon. The taeniae coli make the 

colon short and generate the characteristic haustra or sacculations. The colon has also 
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distinguishable features from the small intestine on an external assessment by the rows of fat 

tags called epipolic appendages. The superior and inferior arteries anastomose via a constant 

marginal artery along the mesenteric border of the colon. 

 

3.4.2: Macroscopic features 

Adenomas are generally present as polypoid growths that may be sessile or pedunculated. 

They are commonly elevations when less than 5 mm but increasing growth is associated with 

the formation of a stalk of composed of sub mucosa and normal mucosa. A small portion may 

remain as flat or even depressed lesions that may be hard to detect at by colonscopy without 

the use of spraying dye and high resolution magnification. The tumour in the proximal colon 

have a tendency to be fungating and the tumour in the distal colon are generally ulcerative and 

annular in nature. 

 

3.5: Histopathology 

3.5.1: Type 

        Approximately 90% of colorectal cancers are adenocarcinomas and composed of glandular 

structures having variable amounts of mucin. Almost 10% of adenocarcinomas secrete huge 

amount of mucin (approximately 50% of the tumour volume) and these are known as mucinous 

adenocarcinomas. The rare form of mucinous carcinoma is the signet ring cell cancer in which 

the cells are discohesive and contain plentiful intracellular mucin. This abundant mucin push 

the nucleus towards the cell membranes. Lack of adhesion molecule such as E-cadherin is 

responsible for the discohesion of signet ring cells (Ma et al., 2017). Undifferentiated 

carcinoma is exceptionally uncommon. 
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3.5.2: Grading 

           Adenocarcinoma is graded as well (grade 1), moderate (grade 2), and poor 

differentiation is mainly based on the extent to which distinguishable glands are formed.  The 

glands are regular and the epithelium is similar to adenomatous tubules in well differentiated 

adenocarcinoma.  In case of moderately differentiated adenocarcinoma the glands show irregular 

out pouching, complex budding or gland-within-gland structures. Glands are mostly irregular or 

distorted. Cells are arranged in cords or clusters. Adenomas which are undifferentiated are graded 

as 4 (National Cancer Institute. 2014). 

3.5.3: Invasive margin 

        About 80% of colorectal cancers have a reasonably well circumscribed invasive margin 

whereas 20% show wide-spread dissection of normal structures and often extensive invasion 

around nerves and within small vessels. 

 

3.5.4: Invasive venous 

        The presence of tumour within large venous channels increases the risk of metastatic 

spread to the liver via the portal vein. 

 

3.5.5: Immune response 

         Lymphocytes may be noticeable as a band well organized band of inflammatory cells at the 

mounting margin (B & T cells), like nodular aggregations (B cells along with a T cells cuff) in 

the adjoining serosa or submucosa, inside the stroma of tumour (B & T cells) or penetrating the 

cancerous epithelium (T lymphocytes). These patterns often coexist and are linked with the 

regional lymph nodes hyperplasia. 
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3.6: Classification of colorectal cancer: 

TNM classification of CRC: 

       Colorectal cancers are broadly classified into three main classes such as T (Primary tumour), 

N (Regional lymph node), and M (Distant metastasis). Definitions of T, N and M categories are 

shown in in table 3.1. The data may be converted into four stages: 

  

 Table 3.1. TNM classification according to American Joint Commission on Cancer 2017, 

8th edition (Yao et al., 2017). 

Primary Tumour (T) 

TX Primary tumour Cannot be assesed 

T0 No evidence of Primary Cancer 

Tis Carcinoma in-situ or high grade of dysplasia 

T1 Tumour invades submucosa 

T2 Tumour invades muscularis propria 

T3 Tumour invades through the muscularis propria into subserosa or into 

nonperitonealized pericolic or perirectal tissue 

T4 Tumour directly invades other organs or visceral peritoneum 

Regional Lymph Node (N) 

NX Regional lymph node cannot be assesed 

N0 No Regional lymph node metastasis 

N1 Metastasis into 1-3 lymph nodes 

N2 Metastasis into more than four lymph nodes 

Distant Metastasis (M) 

M1 Distant Metastasis 
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M1a Metastasis confined to one organ (Liver, Lung, Ovary  and non-regional 

lymph node (s)) without peritoneal metastases 

M1b Metastasis in more than one organ 

M1c Metastasis to the peritoneum with or without other organ involvement 

 

 

3.7: Treatment of colorectal cancer:  

Different approaches for colorectal cancer treatment with depending on their stages are described 

below: 

 

Stage 0 

        At stage 0 cancers have not spread afar the lining of the inner part of the colon. In this 

stage removal of tumour by polypectomy (removing the polyp) or local colonscopic are the best 

options for treatment. In case of a tumour that is too large, colectomy may be needed (National 

Cancer Institute. 2017). 

Stage I 

         In this stage cancer may invade several layers of colon but they have not spred out 

towards the lymph nodes. Stage I cancers generally includes the portion of the polyp. No 

additional treatment is needed if the total polyp is removed with no more cancer cells at the 

margins. If it is not a cancer of polyp, restricted colectomy and removal of nearby lymph nodes 

can be an effective approach (National Cancer Institute. 2017). 

 

Stage II 

Stage II cancer can grow through the colon wall and invade nearby tissue but they are not 

present in lymph nodes. In this case, surgery to remove the section of the colon containing the 
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cancer along with nearby lymph nodes will be a suitable approach for treatment (National Cancer 

Institute. 2017). 

Stage III 

        At the stage III colon cancer may spread to the lymph modes except other parts of the 

body. The most suitable option for the treatment at this stage is the surgical removal of parts of 

the colon containing tumour with the lymph nodes following potent adjuvant chemotherapy. In 

case of chemotherapy FOLFOXU is better choice than FOLFOX in terms of less toxicity, 

favourable response and longer survival time for the treatment of stage III colon cancer (Haung 

et al., 2017). 

 

Stage IV 

         At stage IV, cancer can move from the colon to other organs and tissues of the body. 

Cancer of the colon spreads commonly to the liver but apart from liver it can also move to other 

organs such as peritoneum, distant lymph nodes and lungs. Surgery alone at this stage does not 

provide any solution, though excision of the primary tumour is performed.  Success for treatment 

at this stage mostly depends on the number of areas of cancer spread and resistance to 

chemotherapy. If the metastases themselves cannot be surgically removed chemotherapy alone is 

the only viable treatment option. (National Cancer Institute. 2017). 
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Chapter-4: Methodology 

4.1: Cell culture and transfection 

 Human colon cancer cell lines (SW480, SW48, HCT116 cells) and non-neoplastic 

colonic epithelium cell (FHC cells) were purchased from American Type Culture Collection 

(ATCC). SW480, SW48 and HCT116 cell lines were maintained in Dulbecco's Modified Eagle 

Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% 

fetal bovine serum at 37 ℃ in 5% CO2.  FHC cells were maintained in DMEM: F-12 (1:1) with 

10% fetal bovine serum with containing an extra 10 mM N-2-hydroxyethylpiperazine-N-2-

ethane sulfonic acid (HEPES) (Thermo Fisher Scientific) (for a final concentration of 25 mM), 

10 ng/ml cholera toxin, 0.005 mg/ml insulin, 0.005 mg/ml transferrin, 100 ng/ml 

hydrocortisone.  All the cells were routinely checked for mycoplasma contamination. SW480 

and SW48 cells were transiently transfected with GAEC1 siRNA using Lipofectamine 2000 

(Invitrogen, Carlsbad, CA, USA) following manufacturer’s instructions. For stable transfection, 

SW480 and SW48 cells were transfected with GAEC1 shRNA using Mega Tran 1.0 (OriGene, 

Rockville, MD, USA) following the instructions of the manufacturer.  

    

4.2: Western blot analysis  

A custom made monoclonal antibody (Promab, Richmond, CA, USA) was used for the 

first time to quantify GAEC1 protein expression. Other antibodies targeting α-tubulin (ab18251, 

Abcam, Cambridge, UK),  p53(Pab1801), bcl-2 (N-19), K-ras (F234), MDM2, AKT, pAKT, 

BAX, PUMA, p21, YY-1, PARP, Granulin, eIF3J, HIGD1A and Rhotekin proteins as well as a 

control antibody, GAPDH, were also used for the studies of the downstream pathway (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA).  All the treated and control cells were harvested 

and lysed with NP40 (Thermo Fisher Scientific, Waltham, MA, USA) buffer enriched with 
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complete protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA). Protein 

concentration was determined by using protein quantification assay kit (Macherey-Nagel, 

Düren, Germany). Nuclear-cytoplasmic fractionation was done by using a NE-PERTM nuclear-

cytoplasmic extraction reagents kit (Thermo Fisher Scientific) according to the manufacturer’s 

protocol. The protein samples were boiled in 1X SDS (sodium dodecyl sulphate) sample buffer 

for 5 minutes for complete denaturation and were resolved on a 4 to 15% Tris-glycine extended 

(TGX)-polyacrylamide gel according to the manufacturer’s protocol.  After electrophoresis, 

proteins were transferred onto polyvinyl difluoride (PVDF) membrane, which was blocked with 

5% non-fat dry milk (Santa Cruz Biotechnology, Santa Cruz, CA, USA) in 1X PBS-T 

(phosphate buffered saline with 0.1% Tween-20) and incubated with primary antibody (GAEC1 

concentration used 0.2ng/ml) and other antibodies were used according to the manufacturers’ 

recommendations followed by hybridization with horseradish peroxidase-conjugated anti-rabbit 

or anti-mouse secondary antibodies.  Finally, Western blot images were developed using 

VersaDoc-MP imaging system (Bio-rad, Hercules, CA, USA) with enhanced 

chemiluminescence (ECL) (Thermo Fisher Scientific, Waltham, MA, USA) reagents.  

4.3: Total RNA preparation and qRT-PCR 

 Total RNA was extracted from cells using Qiazol (Qiagen, Hilden, Germany) and 

reversely transcribed to cDNA using the Superscript™ II First-Strand Synthesis System 

(Qiagen). Following cDNA synthesis, qRT-PCR was performed with the Sybergreen master 

mix (Qiagen) in an iQ5 real-time PCR system (Bio-Rad) using the primers for GAEC1 and 

GAPDH.  GAPDH was used as a control gene for normalizing GAEC1 expression.  All PCR 

primers and probe sequences are listed in table 4.1.  The expression level of GAEC1 mRNA 

was analysed by using 2-(delta) (delta) Ct (fold change) method as previously reported (Gopalan et 

al., 2010; Gopalan et al., 2013).  
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Table 4.1. Primer sequences for quantitative RT-PCR 

Gene Orientation Sequence Amplicon size 

(Base pairs) 

GAEC1 

(AC005088) 

 

 

Forward 

Reverse 

5'-CCTCAGGGAAGAAGCAAGTT-3' 

5'-TCTTGCATGGTGCCAGTT-3' 

121 

GAPDH 

(NM_002046) 

 

Forward 

Reverse 

5'-TGCACCACCAACTGCTTAGC-3' 

5'-GGCATGGACTGTGGTCATGAG-3' 

88 

 

 

4.4: Cell proliferation assay 

 The effect of GAEC1 knockdown on cell proliferation was measured by using a cell 

counting kit (CCK-8 kit) (Sigma-Aldrich, St Louis, MO, USA) based on the MTT (3-[4, 5-

dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide) assay. SW480 and SW48 cells were 

seeded in flat bottom 96 well plates with 5000 cells per well. At days 0, 1, 2, 3, 4 following 

transfection with GAEC1 siRNA/ pcDNA3.1-GAEC1 plasmid or control siRNA/empty vector, 

10 μl of cell counting kit-8 reagent in 100 μl media was added to each well and incubated for 

one hour at 37°C.  Absorbance was measured by using a fluorescence polarization microplate 

reader Polar Star Omega (BMG TABTECH, Ortrenberg, Germany) at a wavelength of 450 nm.  
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4.5: Wound healing assay 

 In vitro wound healing assay was performed to examine the migration of SW480 and 

SW48 cells transfected with either GAEC1 siRNA/ pcDNA3.1-GAEC1 plasmid or control 

siRNA/empty vector. After 24 hours of post-transfection, 1x106 of cells were seeded in the new 

6-well plate and allowed to grow in the respective culture media. After reaching 90% 

confluence, wounds were made by a single scratch on the monolayer using a yellow pipette 

(200μl) tip and the wounded layers were washed with phosphate buffered saline (PBS) to 

remove cell debris. Measurement of the closure or filling of the wounds at 0, 24, 48 and 72 

hours was done under contrast microscope.  All experiments were performed in triplicate.  

 

4.6: Annexin-V staining 

 Apoptosis assay on GAEC1 siRNA/ pcDNA3.1-GAEC1 plasmid transfected, control 

siRNA/empty vector transfected cells and wild-type cells were performed using Annexin V-

FITC conjugated apoptosis detection kit (Invitrogen, Carlsbad, CA, USA) following the 

manufacturer’s instructions.  Briefly, GAEC1 siRNA/ pcDNA3.1-GAEC1 plasmid and control 

siRNA/ empty vector transfected cells were washed with PBS and resuspended in binding 

buffer containing Annexin V and propidium iodide (PI). Fluorescence intensity was measured 

using flow cytometry with a BD FACS CaliburTM flow cytometer (BD Bioscience, Franklin 

Lakes, NJ, USA). All these assays were repeated three times to validate the results.  

 

4.7: Clonogenic assay  

 To assess GAEC1 induced clonogenic effects in colon cancer cells, all the 

treated/control cells were seeded in 6-well plates (200 cells/well).  After two weeks, cells were 

fixed with 70% cold ethanol for 10 minutes.  Following fixation, 5% crystal violet solution was 

added and incubated at room temperature for 2 hours. Then, 10% fetal bovine serum (FBS) 
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containing media was added and pipetted properly to wash off cells.  Plates were allowed to dry 

after that photos were taken and clones were counted under a microscope. 

 

4.8: Cell cycle analysis 

 SW480 and SW48 were transfected either with GAEC1 siRNA/ pcDNA3.1-GAEC1 

plasmid or control siRNA/empty vector and harvested after 48 hours by trypsinization and 

washed with PBS.  After fixing cells with ice-cold 70% ethanol, cells were pelleted via 

centrifugation at high speed for 5 minutes and the supernatant was discarded.  To ensure that 

only DNA was stained, the cells were treated with RNase A to degrade the RNAs. Then, 400 μl 

of propidium iodide (PI) was added directly to cells containing RNaseA solution.  Finally, the 

cells were analyzed in flow cytometry BD FACS Calibur (BD Biosciences) flow cytometer-US 

in PI/RNase A solution after incubation for 5 to10 minutes in a dark room. 

 

4.9: Immunocytochemistry 

Cells (FHC, SW48, SW480 and HCT116) were seeded at a density of 4 × 10 4 cells / 

well onto 6-well plates and cultured for 24 hours. After fixing, cells were treated with 3% 

hydrogen peroxide to block the endogenous peroxidase activity and incubated with 2% non-fat 

dry milk (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Cells were then incubated for 2 

hours at room temperature with GAEC1 primary antibody at 1:150 dilutions. A streptavidin-

peroxidase detection system was used to detect GAEC1 staining following manufacturer’s 

guidelines (Novocastra Laboratories, Newcastle upon Tyne, UK). A strong brown colour 

indicates strong and positive staining for the GAEC1 antibody.  
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4.10: Immunofluorescence 

 Cultured cells (FHC, SW480, SW48, HCT116, shRNA transfected SW480 and SW48 

cells) were fixed with 70% cold ethanol for 10 min and permeablised with 0.1% Triton X-100 

for 5 minutes. Cells were then incubated with primary antibody for GAEC1/MDM2 at 1:150 

dilution for 12 hours at 4°C and with fluorescein isothiocyanate (FITC) / Texas Red conjugated 

goat anti-mouse secondary antibody (ab6787, Abcam, Cambridge, UK) at 37°C for one hour. 

Then the slides were washed with phosphate buffered saline (PBS) and mounted with 

coverslips. Images were taken using a confocal microscope (Nikon A1R+, Nikon Inc., Tokyo, 

Japan).  

 

4.11: Co-Immunoprecipitation 

Cells were harvested and lysed with IP lysis buffer (Thermo Fisher Scientific, Waltham, 

MA, USA), followed by enrichmint with complete protease inhibitor cocktail (Sigma-Aldrich, 

St Louis, MO, USA). Protein concentration was determined by using a protein quantification 

assay kit (Macherey-Nagel, Düren, Germany). Co-immunoprecipitation was done using mouse 

IgG, GAEC1 and K-ras according to the manufacturer’s protocol. The quantification of protein 

expression was confirmed using Western blot analysis. In the case of immunoblotting with 

GAEC1 and KRAS, goat anti-mouse was used as a secondary antibody. 

 

4.12: Tumour xenograft assay in severe combined immunodeficiency (SCID) mice 

 Four groups of severe combined immunodeficiency (SCID) mice (3 weeks old, n = 6 in 

each group) were caged in polycarbonate chambers and housed in a pathogen-free isolation 

facility with a light / dark cycle of 12 / 12 hours.  All the animals were fed with rodent chow 

and water ad libitium. The animals were injected subcutaneously with GAEC1 short hairpin 

RNA (shRNA) and control shRNA stably transfected SW480 and SW48 cells (2.2x107 cells in 
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100 μl PBS). Tumour volume was determined by measuring length x width x depth x 0.52 of 

the tumour using slide callipers. At the end of the experiment, animals were sacrificed and 

tumour xenografts were excised for histological analysis. Animal ethics approval for this study 

was obtained from the University’s animal ethics committee (approval number: 45005204-10-

0) and the whole study was carried out in accordance with the approval guidelines. 

 

4.13: Apoptotic morphology by DAPI staining 

All the treated and control cells were used for assessing GAEC1-siRNA directed 

apoptosis apoptotic changes.  Cells are grown in their required media. Apoptotic morphology 

was detected by using the method as described previously (Wahab et al., 2017). The 

morphology of the nucleus was observed by using fluorescence microscope and the cells with 

condensed or fragmented nucleus were considered as apoptotic cells.  

 

4.14: Recruitment of the tissues and sample selection  

A total of 80 fresh frozen colorectal cancer tissue specimens (39 men and 41 women) 

with matched non-cancer tissues were collected for this study.  .  Formalin fixed paraffin tissue 

blocks from the same tissues were also collected for GAEC1 protein expression analysis.  The 

fresh frozen colorectal tissues were sectioned using a cryostat (Leica Biosystems, Wetzlar, 

Hesse, Germany) and histological analysis was made after staining with hematoxylin and eosin 

staining.  This study was approved by the Human Research Ethics Committee of Griffith 

University (GU Ref No: MSC/17/10/HREC). A signed consent from each of the participating 

patients was also obtained.   
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4.15: Clinical and pathological data of the patients 

 The clinical, histological and pathological characterisation as well as survival period 

was assessed by a clinical pathologist (AKL).  The mean age of the patients was 70 years (range 

from 24-91 years).  The cancer was graded according to the World Health Organization (WHO) 

(Hamilton et al., 2010).   Staging of the cancer was done according to TNM (Tumor, Lymph 

node, Metastasis) classification (Yao et al., 2017).   The other pathological parameters 

including the association of the colorectal adenoma, the presence of lymphovascular 

permeation, peri-neural invasion and hereditary nonpolyposis colorectal cancer (HNPCC) were 

also noted.  Microsatellite Instability (MSI) was tested in these cases by immunohistochemistry 

on 4 proteins (MLH1, PMS2, MSH2 and MSH6) as described previously (Ebrahimi et al., 

2015).   

 All the patients were followed-up clinically according to pre-agreed standardised 

multidisciplinary protocol.  The adjuvant therapy was administered in the postoperative patients 

based on the pathological stage of carcinoma. The follow-up period was considered from the 

date of surgery for colorectal cancer to the time of death or closing of the study. Recurrence of 

cancer after surgery was also recorded. 

 

4.16: Microtome and slides preparation 

 Formalin fixed paraffin embedded tissue (FFPE) blocks from the 80 cases which were 

used in this study were sectioned to 4µm thickness and placed on positively charged slides by 

using the microtome (Leica Biosystems, Wetzlar, Hesse, Germany). The slides left to dry 

overnight at 37 0C in order to be ready for immunostaining. 
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4.17: Immunohistochemistry of GAEC1 in colorectal cancer tissues 

The formalin fixed paraffin blocks of colorectal cancer tissue from the same patients 

were used for GAEC1 protein expression analysis.   A high PH ENVisionTM FLEX Mini Kit 

(Dako, Glostrup, Hovedstaden, Denmark) was used for the immunohistochemical analysis of 

GAEC1 protein.  In brief, deparaffinised and rehydrated sections (4μm) were first processed for 

antigen retrieval in citrate buffer (at pH 6.0) for 15 minutes in a microwave oven and then 

blocked with peroxidase blocking reagent for 10 minutes.  Tissues were incubated with a mouse 

monoclonal GAEC1 antibody (Promab, Richmond, CA, USA) for 60 minutes at room 

temperature.   The slides were then incubated with a horseradish peroxidase conjugated 

secondary antibody (Dako) for 15 minutes at room temperature.   Visualization of staining was 

done by using 3, 3'-diaminobenzidine (DAB) (Dako) to produce a brown colour, and then 

counterstained with haematoxylin.  A colon adenocarcinoma tissue that showed strong 

cytoplasmic staining was used as a positive control in each run of the experiment.  A negative 

control sample was prepared by the same procedure without GAEC1 antibody.  A grading scale 

ranging from 0 to 3 was used for this assessment, where 0 represented a negative staining, 1 

represented weak staining (1-30%), 2 and 3 represented moderate (31 to 70%) and strong 

staining (>70%) respectively.   Assessment of the slides according to the extent and intestity of 

GAEC1 staining was also taken into consideration for analysis.    

 

4.18: Protein quantification and digestion for mass spectrometry analysis 

The concentration of eluted protein after co-immunoprecipitation was quantified by 

using protein quantification assay kit (Macherey-Nagel, Düren, Germany). Five microgram 

aliquots of each sample were dispensed into 500 µl tubes in duplicate for in-solution tryptic 

digestion using the ThermoFisher in-solution tryptic digestion kit. In summary, proteins were 

reduced by incubation at 95°C for 5 minutes in the presence of 50mM ammonium bicarbonate 
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and 10mM DTT. Following reduction, alkylation was performed by adding ~15mM of 

Iodoacetamide (IAA) to samples and incubating for 20 minutes in the dark at room temperature. 

Lastly, proteins were digested in the presence of approximately 5 ng/µl of trypsin at 37°C for 3 

hours before the addition of more trypsin (increasing the total concentration to 10 ng/µl) 

followed by incubation of the samples at 30°C overnight. Samples were then desalted and 

concentrated using C18 Ziptips (Merck) with 5 µg duplicates pooled and eluted in 60% 

acetonitrile (ACN) and 0.1% trifluoroaceatic acid (TFA). Samples were then dried down to 

remove all solvent and resuspended in 100 µl of 0.1 % formic acid and transferred to amber 

vials for LC-MS analysis.  

 

4.19: Global protein identification using non-targeted liquid chromatography and tandem 

mass spectrometry (LC-MS/MS) and data analysis 

The samples were analysed using LC-MS/MS on an electrospray ionisation quadrupole-

hybrid time-of-flight instrument (ESI-QTOF, Sciex Triple Tof 5600). The samples from each 

experimental trial were run on different days. The resulting peptide mass data were searched 

against the National Centre for Biotechnology Information (NCBI) Homo sapien protein 

database (downloaded on the 2nd February 2017) and analysed using Protein Pilot software 

version 5.0.1 (ABSciex). The false discovery rate (FDR) analysis function was applied and only 

proteins matched within the 1% FDR bracket were used for further analysis. In order to identify 

potential binding partners, proteins that were identified exclusively in the target IP sample were 

sought. To exclude non-specific binding partners, the Protein Alignment Template (version 

3.002, ABSciex) was used. In brief, the identified protein lists from each sample were matched 

against each other in all possible combinations order to identify proteins expressed exclusively 

in the target IP samples and not in the control indicating true potential binding partners.   
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4.20: Statistical analysis 

All the categorical data were obtained as mean ± SD (standard deviation) of three 

independent experimnts.The crireria for statistical significance were  *, ** and *** as p < 0.05, 

0.01 and 0.001, respectively, compared to corresponding control siRNA/shRNA/ pcDNA3.1-

GAEC1 plasmid.  Statistical analysis was performed using the Statistical Package for Social 

Sciences for Windows (version 25.0, IBM SPSS Inc., New York, NY, USA).   
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Chapter-5: Molecular basis of colorectal cancer 

5.1: Genetic basis of colorectal cancer 

        Colorectal cancer is a well-studied cancer with wellknown risk factors, a slow progression 

and preneoplastic lesions that can be identified and treated  by using  colonoscopic polypectomy 

(Worthley et al., 2010). Colorectal cancers have histologically identical tumours which may have 

fundamentally various response and/or prognosis to treatment inciting the theory, relatively a 

single malignancy, colorectal cancer is a multifactorial heterogenous disease (Deschoolmeester 

et al., 2010; Kahng et al., 2010). It is thought that specific tumours are developed and progress in 

a distinctive manner which is not certainly indistinguishable amongst all tumours (Ogino et al., 

2010). All of these lead the field of CRC research in a process of changing from a clinical 

perspective towards developing better understanding of the molecular basis of this carcinoma. 

This shift includes individual vulnerability, development, progression, response, and resistance 

to antitumour treatment and metastatic spread of individual tumours (Markowitz and Bertagnolli., 

2009). Studies showed that cancers progress through multiple and sequential genetic alterations 

(Worthley et al., 2010; Migliore et al., 2011), in some case the cancer may have alteration in two 

or three different pathways (Costedio and Church et al., 2011). Finding out the molecular 

pathways and the interaction of proteins in different pathways in the progression of colorectal 

cancer may contribute to identification of better prevention methods, as well as improvements to 

diagnosis, screening, and therapeutic treatment. The known molecular events involved in 

colorectal cancer are briefly described below. 
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5.2: Genomic instability 

         The four-step sequential model of colorectal cancer was proposed as a pathway by Fearon 

and Vogelstein. The four steps included are: Step 1: Inactivationn of APC results in adenoma 

develpoment, Step 2: Mutations of KRAS facilitate adenomatous, Step 3: Chromosomal 

alteration mainly of chromosome 18q promote progression, Step 4: Final transition of carcinoma 

is caused by inactivation of tumour suppressor p53 (Fearon and Vogelstein., 1990; Boland and 

A, 2010). 

          There is currently controversy in illuminating the real pathogenesis of colorectal cancer, 

where some researchers postulate that genomic instability is mandatory to reveal the various 

mutations present in colorectal cancer and some researchers  hypothesize that cells constantly 

make  changes in genes with those that provide a survival advantage being designated through 

clonal expansion (Boland and A, 2010). Only 5% of all adenomas will eventually developed to 

cancer formation, indicating that oncogenesis requires supplementary molecular variations, with 

greater importance on elevated cell proliferation (Sillars-Hardebol et al., 2010; Winder and Lenz., 

2010). Cancer-initiating stem cells are thought to be involved in the initiation of CRC, which 

have the capability to self-renew, disseminate and generate cells with various differentiation. 

These cells are anticipated to have developed a mutations of APC in one of the crypts of the 

gastrointestinal area which then endorse the colonization of mutated cells of the crypt (Pino et al, 

2010). Almost all carcinogenesis is suggested to have a difference between mutational changes 

and cell cycle and cellular reproduction, genomic instability may occur. There are three different 

pathways which are assumed to make contribution the inequality such as (1) microsatellite 

instability (MSI), (2) CpG island methylation phenotype (CIMP) and (3) Chromosomal Instabilty 

(CIN).  

 

 



35 
 

5.2.1: Chromosomal instability 

         Chromosomal instability (CIN) is the most common type of instability in the genome 

(Markowitz and Bertagnolli., 2009), which includes 50–85% of colorectal cancers 

(Deschoolmeester et al., 2010; Goel et al., 2007). This pathway is categorized by karyotypic 

inconsistency which results from losses of and/or gains of whole or portions of chromosomes 

(Pino et al, 2010). Different mechanisms which may contribute to chromosomal instability are 

(a) gene amplification, (b) chromosome rearrangements, (c) chromosome number alterations and 

(d) small sequence changes (Grady and Carethers. 2008). Other changes which are also involved 

are chromosomal discrimination microtubule/defects dysfunction, abnormality in number of 

centrsome, telomere dysfunction/ telomerase uprgulation, loss of heterozygosity (LOH) and 

damaged DNA (Pino et al, 2010; Grady and Carethers. 2008; Ashktorab et al., 2010). These may 

arise due to APC mutations, which normally interact with microtubule-binding-protein EB-1 to 

assure proper chromosomal attachment. The mutation is thought to be responsible for improper 

attachment of chromosome with mitotic spindles in cell division, which leads to miss aggregation 

(Dalton and Yang., 2007).  

 Cells with abridged telomeres do not possess any response to programmed cell death 

(apoptosis), leading to breakage-fusion-bridge cycles that can promote genomic restructuring 

(Pino et al, 2010). A general finding in chromosomally instable neoplasms in up to 70% of 

primary colorectal cancer is the loss of chromosome 18q (Pino et al, 2010). Loss of 

heterozygosity (LOH) at 18q has been showed to be associated with poor prognosis although the 

degree of the prognostic value requires further validation (Deschoolmeester et al., 2010). 

According to the two hit hypothesis loss of heterozygosity may happen by loss of one allele as a 

result of mutation mediated inactivation (Brenner and Rosenberg et al., 2010). Chromosomal 

instability is more common in distal colon and can be detected in the dysplastic crypt foci 

(Worthley et al., 2010) but it is not clear that whether it follows APC inactivation or not. As a 
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consequence of CIN is the change in both the chromosomal structure and copy number variation 

(Markowitz and Bertagnolli., 2009) and are categorized by transformations, aneuploidy and loss 

of heterozygosity that promotes the tumour suppressor genes inactivation such as TP53, DCC, 

SMAD4 and APC (Sengupta et al., 2008; Goel et al.,2007; Booth., 2007). Studies suggested that 

chromosomal instability is associated with the loss of 5q, 17p, and 18q chromosome (Worthley 

et al., 2010).  

 

5.2.2: Microsatellite instability 

           Microsatellite instability (MSI) was first demonstrated in 1993 after the detection of 

thousands of somatic alterations in a length of DNA from a colorectal cancer (B. Iacopetta et al., 

2010). Around 15% of colorectal cancer showed microsatellite instability (MSI), happens when 

the microsatellites become abnormally  or short or long due to loss or gain of repeated units 

(Geiersbach and Samowitz., 2011). A microsatellite is renowned as a section of DNA consists of 

a pattern of 1–5 nucleotides in length with tandem repeats (Booth., 2007; Geiersbach and 

Samowitz., 2011). They are abundantly present throughout the genome and unique in length and 

uniform in specific tissues of specific individuals (C. R. Boland and A, 2010). Classification of 

microsatellites includes the monomorphic or polymorphic (Chapelle and Hampel et al., 2010). 

Failure of DNA mismatch repair genes are responsible for the shortening or elongating of 

microsatellites. DNA polymerase is susceptible to making mistakes at regions of short repeats 

within the genome, therefore when the miss match repair genes are not active and unable correct 

these mistakes, mistakes begin to accumulate and ultimately microsatellite instability occurs 

(Worthley et al., 2010). Inactivation of mismatch repair genes may be acquired or genetic. Genes 

such as BAX, EGFR and TGFβRII, which contain simple repeats, are sometimes mutated in 

tumours but these are not associated with mutations in TP53 or KRAS (Deschoolmeester et al., 
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2010). A number of other genes affected by microsatellite instability include cell proliferation 

regulators (WISP3, GRB1, TCF-4, Activin receptor-2, Insulin like growth factor-2, CDX Axin-

2) cell cycle or apoptosis genes (caspase-5, RIZ, BCL-10, PTEN, hG4- 1, FAS) and DNA repair 

genes (BLM, CHK1, MBD-4, RAD50, MLH3, MSH3, MSH6) (Boland and A, 2010). Acquired 

methylation of the hMLH1 gene promoter is thought to be the main mechanism for the 

inactivation of mismatch repair genes (Goel et al., 2007). Mutations in any of the seven proteins 

(MSH6, PMS1, PMS2, MLH1, MLH3, MSH2, MSH3,) which are involved in mismatch repair 

allowing repeats within the microsatellite to be lost or accumulate accumulate through clonal 

propagation (Yim., 2010). In fact, these tumours arise from adenomas and are often located 

proximal to the splenic flexure, showing better prognosis for their stage than microsatellite-stable 

(MSS) tumours (Costedio and Church et al., 2011; Goel et al.,2007; Huang et al.,2010; Jass et 

al., 2007; Snover et al.,2011). Despite having little consistency in studies, microsatellite stability 

is more common in females and may occur in both young and old populations. These tumours 

often present with poor differentiation and may be infiltrated to intratumoral and peritumoral 

lymphocytic vessels and nodes (Sengupta et al., 2008). Unlike CIN, these tumours do not have 

chromosomal abnormalities or allelic loss (Sengupta et al., 2008).  
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5.2.3: Cytosine-phosphate-guanine CpG island methylation phenotype  

Cytosine-phosphate-guanine (CpG) islands are regions within the genome rich in CpG 

(Cytosine-phosphate-guanine) dinucleotides where cytosine DNA methylation does occurs 

(Fearon et al., 2011). These islands are especially common in promoter sequences, found in over 

half of them (Fearon et al., 2011). This newest genomic instability pathway was previously 

grouped together with microsatellite instability. Studies indicate that in normal tissue cytosine 

methylation occurs outside of the exons (Markowitz and Bertagnolli., 2009). Methylation of 

promoter CpG islands occurs in all tissue types in carcinogenesis. This methylation leads to 

downregulation of transcription of genes engaged in cell cycle control, tumour suppression, DNA 

repair, invasion and apoptosis (Kim and Deng., 2007).  About 35-40% colorectal cancer show 

CpG island methylation and is also common in adenomas (Goel et al., 2007). DNA methylation 

may be altered in normal colorectal mucosa, predisposing the tissue to additional dysplastic 

changes. It is considered the second most common reason for the development of sporadic 

colorectal cancer (Worthley et al., 2010). Inactivation of transcription may happen through the 

hypermethylation of histone CpG islands that leads the chromatin to be compacted in close 

structure, which blocks promoters and render them inaccessible to transcription factors. Tumour 

suppressors such as p16, p14, MGMT, and hMLH1 are frequently inactivated in this epigenetic 

process (Goel et al., 2007). CIMP positive tumours have some common clinical characteristics 

with MSI-H tumours including a proximal location and a poor degree of differentiation but these 

tumours may have a poorer prognosis than MSI positive tumours (Goel et al., 2007). CpG island 

methylated tumours often have KRAS and/or BRAF mutations (Deschoolmeester et al., 2010).  
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5.3: Genomic modifications 

5.3.1: Mutational inactivation of tumour-suppressor genes 

         In normal human tissue the cell cycle, motility, proliferation and invasion are controlled by 

a class of proteins which are encoded by tumour suppressor genes (Markowitz and Bertagnolli., 

2009). Deletions, mutations, promoter methylation, or mutation of one allele with loss of the 

other in a tumour suppressor gene allow the uncontrolled proliferation of cells which facilitate 

the tumour development into more aggressive forms (Boland and A, 2010, 39]. Mutated APC, 

TP53, and TGF-β genes are the key players in the carcinogenesis of different cancers. 

 

5.3.1.1: Adenomatous polyposis coli (APC) 

        The APC gene is involved in the regulation of differentiation, adhesion, polarity, migration, 

development, apoptosis, and chromosomal segregation (Pino et al, 2010). The APC proteins 

mainly act in the Wnt signalling pathway. The canonical Wnt signalling cascade is a well-studied 

pathway supposed to play a basic role in cancer development. Once the Wnt proteins form bond 

to cell surface receptors, the Frizzled proteins activate dishevelled family proteins, which inhibits 

the complex called destruction complex which is consists of APC, Axin and Glycogen-synthase 

kinase 3β. This leads β- catenin to transfer inside the nucleus and it works as a co-factor for T-

cell factor/lymphoid enhancing factor (TCF/LEF) transcription factors and play role in the 

regulation of various types of cells. In normal cells Wnt ligand binding is absent, thus preventing 

the destruction complex, which promotes the phosphorylation of β-catenin for ubiquitination and 

proteolytic degradation (Fearon et al., 2011; Huang and Du., 2008). Mutated APC genes produce 

a protein which cannot phosphorylate β-catenin. Increased level of cytoplasmic β- catenin 

translocate into the nucleus (Huang and Du, 2008).Therefore mutated APC ultimately prompt 

genes targeted by the TCF/LEF transcription factors including c-myc and cyclin D1 and  a 
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number of genes which encode different membrane factors (CD44, MMP-7), growth factors and 

regulators of Wnt pathway feedback (Fearon et al., 2011; Booth., 2007).  

   

5.3.1.2: Tumour protein (P53) 

         One of the most well studied proteins in carcinogenesis is p53 and its gene TP53 which is 

found to be mutated in most human cancer. The TP53 gene is found on the short arm of 

chromosome 17 and is induced by oncogenic proteins such as c-myc, RAS, and adenovirus E1A 

(Pino et al., 2010).  MDM2, E3-ubiquitin ligase, and MDM4 target p53 for ubiquination and 

negatively regulate the p53 gene. But cellular stress can also lead to MDM2 and MDM4 to disrupt 

the activation and transcription of p53 (Pino et al., 2010). The p53 protein controls cell cycle by 

activating DNA repair when necessary, arresting cells in the G1/S and the G2/M boundary when 

genetic damage is detected,  and can initiate apoptotic death of cells if the damage cannot be 

repaired (Fearon et al., 2011). Abnormal expression in TP53 plays a major role in the progression 

of colorectal cancer (Markowitz and Bertagnolli., 2009). Transition from adenoma to carcinoma 

is led by mutation and loss of heterozygosity of p53.Thus, p53, often designated as the guardian 

of the genome, having a key role in maintaining genomic stability. Inactivation of TP53 is a key 

step in the development of CRC (Markowitz and Bertagnolli., 2009). Mutations and LOH of p53 

are important with the transition from adenoma to carcinoma (Fearon et al., 2011). This loss of 

function of p53 is common in 4–26% of adenomas, 50% of adenomas with invasive foci, and 50–

75% of colorectal carcinoma (Pino et al, 2010). Ineffective p53 function prevents the protein from 

responding to these stimuli caused by a variety of stresses on the cell; including DNA strand 

breakage, telomere erosion, hypoxia, reduced nutrient exposure, antiangiogenesis, and cell-cycle 

arrest in developing neoplasia thereby facilitating growth and invasion (Fearon et al., 2011). 
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 P53 as a transcription factor regulates the activation and inactivation if its target genes 

which indicates the crucial response of p53 to various stress signals (Kruse et al., 2009).  P53 

maintains the genomic stability and its inactivation plays a major role during the transition from 

adenoma to carcinoma. Following DNA damage p53 activation causes cell cycle arrest to 

facilitate the required repair of damaged DNA. In case of critical damage the activation of p53 

can lead to apoptosis (Bargonnetti et al., 2002). Moreover, research showed that p53 is also 

involve in invasion of tumor (Elyada et al., 2011). Till to date the role of p53 inactivation in 

colon carcinogenesis has been studied intensively. However, the exact molecular mechanism 

and its crucial interacting partner is still unclear which led me to study its role in association 

with the relatively new oncogene GAEC1 in colon cancer pathogenesis. 

 

5.3.1.3: Transforming growth factor-β (TGF-β) 

Transforming growth factor-β (TGF-β) protein signals through the SMAD pathway. The 

pathway is initiated by a TGF-β dimer binding to a TGF-β Receptor II that recruits and 

phosphorylates TGF-β Receptor I receptor. This receptor then phosphorylates R-SMAD 

(Rcepetor regulated SMAD). The family of R-SMADs includes SMAD1, SMAD2, SMAD3, 

SMAD5, and SMAD8. This R-SMAD will then bind to SMAD4 to form a complex that enters 

the nucleus and modulates transcription (Fearon et al., 2011). In normal cells this regulates 

apoptosis of cells. But in cancer cells, when TGF-β is inactivated it cannot control cell death. One 

third of colorectal cancers showed somatic mutations inactivating the TGFBR2 gene. Loss of 

function mutations of the TGF-β pathway is involved in the adenoma transition to high-grade 

dysplasia or invasive carcinoma (Markowitz and Bertagnolli., 2009). Studies suggested that 

SMAD2 and SMAD4 are mutated in 5% and 10–15% of CRCs respectively (Fearon et al., 2011). 

Germline mutations of SMAD4 are common in juvenile polyposis syndrome, which is an 
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autosomal condition in which multiple hamartomas develop in the gastrointestinal tract (van den 

Brink., 2004; Le et al., 2011). 
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Chapter-6: Cancer stem cells in colorectal cancer 

6.1: Identification of Cancer stem cells in CRC     

In CRCs, different markers for the identification of colon CSCs were identified (Table 

6.1).  Genes such as Nanog, Oct-4, Sox-2, Lin-28, c-myc and Klf-4 are responsible for the 

pluripotency of cells and are considered to be the surrogate markers for cancer stem cells (Kong 

et al., 2011). These genes also play a key role in the transformation of differentiated cell to an 

undifferentiated cell type (Kong et al., 2011; Saiki et al., 2009).  Expressions of these genes 

were associated with cancer relapse, distant metastasis, recurrence, resistance to radiotherapy as 

well as poor prognosis of patients with cancer (Saiki et al., 2009; Ong et al., 2010; Saigusa et 

al., 2009).  

O’Brien and his group noted that prominin-1 (CD133) positive human cancer cells were 

able to produce histologically identical tumour to the original one in immuno-deficient mice 

whereas the CD133 negative cells were unable to initiate tumour growth (O’Brien et al., 2007).  

Several other studies reported that Leucine-rich repeat-containing G-protein coupled receptor 5 

(LGR5) positive cells (Lgr5+) have the characteristic features of CSCs in CRC (de Lau et al., 

2012; Wu et al., 2012; Schepers et al. 2012; Merlos-Suarez et al., 2011; Takahashi et al., 2011).  

For instance, Schepers et al   demonstrated that some cells within the mouse colonic adenoma 

(5-10%) were Lgr5+ cells. These cells were responsible for self-renewal and production of 

differentiated Lgr5− colonic adenoma cells (Schepers et al., 2012).   
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Table 6.1. Colorectal cancer stem cells’ biomarkers. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It was reported that patients with primary colorectal cancer expressing high Lgr5 had 

10-fold higher risk for cancer relapse than patients with low expression of Lgr5 (Merlos-Suarez 

et al., 2011).  Another study illustrated that high expression of Lgr5 was related with lower 

disease free survival and metastasis to lymph node and liver (Takahashi et al., 2011).  In 

addition, it has been demonstrated that Lgr5+ cells derived from patients with CRC have the 

potential of CSC as they showed high number of spheroid formation in culture conditions 

(Kemper et al., 2012).  Therefore, Lgr5 has the potential to be used as a surrogate marker for 

the identification of CSCs in CRC.   

Markers Gene Assay method Reference 
ALDH-1 ALDH1A1 Xenotransplantation in immunodeficient 

mice 
Huang et al.,2009,  Chu et al.,2009,  
Chen et al 2011,  Deng et al.,2008, 

Carpentino et al.,2009 

Bmi-1 BMI1 Differentiation assay, proliferation assay Navarro-Alvarez et al., 2010 

CD24 CD24 Colony formation assay, invasion, 
differentiation assay and survival assay. 

Vermeulen et al.,2008, Choi et 
al.,2009, Weichert et al.,2005, Yeung 

et al., 2010 

CD44 CD44 Xenotransplantation in immunodeficient 

mice, colony formation assay,  

Shmelkov et al.,2008,  Du et al.,2008, 

Huh et al.,2009, Haraguchi et al., 
2008, Dalerba et al., 2007, Chu et 

al.,2009, Todaro et al., 2008, 

Vermeulen et al.,2008, Yeung et al., 
2010 

CD133  PROML1 Chemoresistance assay, colony formation 

assay  

Papailiou et al., 2011,  Zhu et 

al.,2009,  Ricci-Vitiani et al.,2007,  
O’Brien et al.,2007,  Horst et al., 

2008,  Horst et al., 2009,  Kojima et 

al.,2008,  Horst et al., 2009,  Artells et 
al.,2010,  Huh et al.,2010,  Wang et 

al.,2009, Elsaba et al.,2010,  

Haraguchi et al., 2008, 
Todaro et al., 2008,  Vermeulen et 

al.,2008, Choi et al.,2009,  Ong et al., 

2010, Saigusa et al.,2009 

CD166  ALCAM Tumour growth in immunodeficient mice 

following xenograft, colony formation 

assay 

Dalerba et al.,2007,  Vermeulen et 

al.,2008,  Weichert et al.,2004 

CD29  ITGB1 Colony formation assay Vermeulen et al.,2008 

CD26 DPP4 Tumour formation and metastasis 

following xenotransplantation 

Pang et al., 2010 

EpCAM  EPCAM Immunohistochemistry, western blot assay Horst et al., 2008, Dalerba et al.,2007 

Lgr-5 LGR5 Tumorigenicity assay, Experimental 

metastasis assay 

Haegebarth et al., 2009,  Barker et al., 

2007,  Sato et al.,2009, Vermeulen et 

al.,2008,  Becker et al.,2008,  Barker 

et al.,2009,  Kleist et al., 2011, 
Takahashi et al.,2011 

Msi-1 MSI1 Tumour sphere formation assay. Todaro et al., 2008;  Fan et al., 2010 

Oct-4, Sox-2, 

Nanog, Lin-28, Klf-
4, c-myc 

POU5F1,Sox-2, 

Nanog, LIN28, 
KLF4, C-myc 

Therapy resistant assay, quantitative RT-

PCR 

Kong et al.,2011,  Saiki et al.,2009,  

Ong et al., 2010 
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Cluster of differentiation 24 (CD 24) also called heat stable antigen 24 (HAS) or signal 

transducer 24 is a glycoprotein and expressed at the cell surface of lymphocytes (Li et al., 

2009).  Recently, Rowehl et al reported the establishments of CRC cancer stem cells using in 

vitro and in vivo mouse model from liver metastasis of patients with colon cancer (Rowehl et 

al., 2014).  This study also demonstrated that CD24+ cells were highly tumorigenic and 

clonogenic with increased stemness, pluripotency and exhibited resistance to therapy (Rowehl 

et al., 2014).   Another study reported that colon cancer cells expressing CD24, CD133 and 

CD44 act as CSCs and was associated with aggressiveness of the diseases and poor prognosis 

of patients with CRC (Sahlberg et al., 2014).  It was also demonstrated that the expression of 

CD24 in CRC is correlated with the lymph node metastasis and poor survival of the patients 

with the cancer (Papailiou et al., 2011; Vaiopoulos et al., 2012; Weichert et al., 2005;Papailiou 

et al., 2011; Choi et al., 2009).  Thus, CD24 can be used as a putative marker for CSC isolation 

and identification in CRCs.  

CD29, also called integrin beta-1 is a protein, encoded by ITGB1 gene.  It plays a key 

role in cell adhesion and various cellular process like embryogenesis, haemostasis, tissue repair, 

immune response and metastatic spread of cancer cells (Goodfellow et al., 1989; Hynes et al., 

1992).  CD29 is reported to be a surface marker for the highly proliferative site of human 

colonic crypt and thereby CD29 positive cells seems to be used as a marker for stem cell type in 

human colon (Fujimoto et al., 2002). In addition, high expressions of CD29 were noted in 

human colon CSCs and these cells acted as tumour initiator/cancer stem cells in mouse colonic 

carcinoma (Vermeulen et al., 2008).  Another study has identified that colon CSCs with 

phenotypic fractions of CD29+/CD 133+cells exhibited distinct proliferation, differentiation and 

self-renewal properties (Zou et al., 2011).  These studies suggest that CD29 can be also used as 

a surface marker in identifying CSCs in colon cancers.   
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Aldehyde dehydrogenase isoform 1 (ALDH1) is an isoform of aldehyde dehydrogenase 

enzyme (EC 1.2.1.3) and catalyses the conversion of aldehyde to carboxylic acid (Crabb et al., 

2004).  This enzyme is commonly used as a surrogate marker for the identification of normal 

stem cells as well as CSCs in different cancers including breast cancer, pancreatic cancer, 

prostatic cancer, lung cancer, leukemia, multiple myeloma, melanoma and liver cancer 

(Douville et al., 2009; Islam et al., 2015c; Rasheed et al., 2010; Jiang et al., 2009; Cheung et al., 

2007; Ginestier et al., 2007).  Recent studies have noted that ALDH1 is a potential  CSCs 

marker in CRC(Tomita et al., 2016; Khorrami et al., 2015; Kozovska et al., 2014; Subramaniam 

et al., 2010; Carpentino et al., 2009).  It was also reported that increased ALDH1 expressions in 

colon cancer tissue samples were associated with poor differentiation (high grade) and presence 

of metastasis (Langan et al., 2012; Lugli et al., 2010).  Therefore, identification ALDH1 has 

implications in identifying CSCs in colon cancer as well as for predicting tumour 

aggressiveness and patients’ prognosis.     

Epithelial cell adhesion molecule (EpCAM) is a transmembrane glycoprotein, mediates 

homotypic cell-cell adhesion in the epithelia and regulates cell proliferation, differentiation, 

migration and cell-signalling (Patriarca et al., 2012; Osta et al., 2004; Litvinov et al., 1996; 

Litvinov et al., 1994).  This cell surface marker has the potential to be used as a diagnostic 

marker for detecting carcinomas (Patriarca et al., 2012).  Roy and co-workers have isolated 

colonic CSCs using EpCAM, CD133 and CD44 cell surface markers in the xenograft cancer 

stem cell mice model (Roy et al., 2015).  Also, increased expression levels of EpCAM in colon 

cancer tissue samples were significantly correlated with advanced pathological stage of cancer, 

poor survival of patients with cancer and presence of lymph node metastasis (Patriarca et al., 

2012; Langan et al., 2012).  Thus, this cell surface marker could potentially be used as a target 

for CSCs targeted therapy development.     
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CD44 is an importanta adehesion molecule which plays role in cancer cell migration 

and facilitate tumor initiation in xenograft model, colony formation, tumor stage, prognosis and 

survival (Dou et al., 2010; Horst et al., 2009). CSCs from different cancers including colon 

cancer, breast cancer, pancreatic cancer, head and neck cancer, hepatocellular carcinoma, and 

non-small cell lung cancers have been identified and isolated using CD44 (Dalerba et al., 2007; 

Sneath et al., 1998).  It was reported that CD44+ colorectal cancer cells exhibited higher in 

vitro clonogenic properties and showed higher in vivo tumorigenicity when compared to that of 

CD44- cells (Du et al., 2008).  Furthermore, CD44+ CRC cells displayed the phenotypic and 

morphological characteristics of original tumour (primary tumour) following serial 

transplantation into immunodeficient animals (Du et al., 2008).  These CD44+ cells maintained 

their stemness by activation of tyrosin kinase receptor c-Met in colon cancer (Du et al., 2008).  

Dalerba et al in 2007 demonstrated that triple positive surface phenotype 

(EpCAMhigh/CD44+/CD166+) can be used for the most precise identification of colon CSCs 

(Dalerba et al., 2007).  Another study noted that CD44+ colon cancer cells displayed more 

aggressive proliferation, higher colony formation, less sensitive to apoptosis signals and more 

resistance to therapy when compared to that of CD44- cells (Wang et al., 2012).  However, 

several studies noted controversial role of CD44 in colorectal cancers pathogenesis (Dallas et 

al., 2012; Ylagan et al., 2000).  For example, down regulation of CD44 was reported to increase 

migration and metastasis of CRC cells (Dallas et al., 2012).  Also, loss of CD44 in the cells can 

not form new tumors (Vaiopoulos et al., 2012).  Thus, further studies are needed to confirm the 

role of CD44 in the maintaining of stemness of colon CSCs. 

CD166, also called activated leukocyte adhesion molecule (ALCAM), is a 

transmembrane glycoprotein in the immunoglobulin superfamily.  It is encoded by ALCAM 

gene and characterized by the five extracellular immunoglobulin-like domains (Bowen et al., 

1995; Lehmann et al., 1989).  CD166 is expressed high in colon cancer, lung cancer, breast 
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cancer, melanoma and prostate cancer cells (Weidle et al., 2010).  Several studies demonstrated 

the identification of colorectal CSCs cells using CD166 as a cell surface marker (Mărgaritescu 

et al., 2014; Levin et al., 2010).  For instance, Mărgaritescu et al (2014) reported the 

identification of colon carcinoma stem cells using CD133/CD166/Ki-67 triple positive 

phenotype in immunofluorescence techniques (Mărgaritescu et al., 2014).   These results were 

in consensus with the earlier findings of Dalerba and co-workers in which colonic CSCs were 

isolated using CD166 (Dalerba et al., 2007).   

 

6.2: Prognostic value of cancer stem cell markers in CRC 

6.2.1: ALDH1 

High expression of DNA repair mechanism, aldehyde dehydrogenase isoform 1 (ALDH 

1) and other molecular pumps such as ATP-binding cassette transporter (ABC-transporter) 

contributed CSCs to overcome the effect of chemo-radiotherapy (Dean, 2005; Zhou et al, 2009; 

Dalerba et al, 2007a).  Also, CSCs can regulate cancer invasion, distant metastases and therapy 

resistance in CRC; thereby they contributed to the cancer recurrence of patients with CRC 

(Frank et al., 2010; Zhou et al., 2009; Bonnet et al., 1997; Lapidot et al., 1994).  Taken together, 

the markers for CSCs could potentially have important implications in the prognosis of CRC 

patients (Table 6.2).  In the following sections, the various colon CSC markers were presented 

in a clinically significant order with their detailed role in predicting the prognosis of patients 

with CRC. 
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Table 6.2. Putative cancer stem cell markers for the prognosis of colorectal cancer. 

 

 

Name of 

Marker 

Expression in normal 

or non-cancer stem 

cells 

Function Role in prognosis of colorectal 

cancer 

Reference 

CD133 Stem cells in different 

organs 

Regulation of stemness, 

associated with primitive 

cells and transmembrane 
glycoprotein 

Elevated expression at protein 

and mRNA level is associated 

with poor survival rate. 

Horst et al., 2008; 

Horst et al., 2009; Kemper et 

al., 2012; Saigusa et al., 
2011, Jao et al., 2012; 

Saigusa et al., 2009; Yasuda 

et al., 2009;, Li et al., 2009; 
Artells et al., 2010; Pilati et 

al., 2012 

 

CD44 Epithelial cells Cell surface glycoprotein 
and involved in cell 

adhesion and migration, 
participate in malignant 

progression (adenoma to 

carcinoma) 

Decreased or loss of expression is 
correlated with poor outcome 

Coppola et al,1998; Morrin 
and Delaney,2002; Ngan et 

al,2007; Huh et al, 2009; 
Choi et al,2009; 

Lugli et al., 2010 

 

CD24 B-lymphocytes and 
differentiating 

neuroblast 

Cell adhesion molecule Increased expression is correlated 
with poor prognosis 

Darwish et al., 2004; 
Weichert et al., 2005; 

Seo et al., 2015 

 

Lgr5 Adult stem cells, 

muscle, placenta, 

spinal cord and brain 

Associated with 

intestinal stem cells and 

downstream target of 
Wnt pathway 

Higher expression is associated 

with lymph node metastasis, 

distant metastasis and poor 
prognosis 

Liu et al., 2014; Saigusa eta 

l., 2012; Wu et al.,2012; Hsu 

et al., 2013;Saigusa et al., 
2013; Valladares-Ayerbes et 

al., 2012; Liu et al., 2014;, 

Wu et al., 2012; Saigusa et 
al., 2013; Merlos-Suarez et 

al., 2011; Han et al., 2015; 

Wu et al., 2012 
 

EpCAM Epithelial tissue, 

progenitor cells and 

stem cells 

Cell adhesion, 

participate in Cadherin-

Catenin and Wnt 

pathway 

Reduced expression is associated 

with lymph node metastasis, 

infiltrating tumour margin, higher 

tumour grade, vascular invasion, 

distant metastasis and poor 

survival rate 

Went et al, 2006; Litvinov et 

al, 1994a; Gosens et al, 2007; 

Lugli et al, 2010; Goosens-

Beumer et al .,2014; Went et 

al, 2006; Gosens et al, 2007; 

Lugli et al., 2010; 
Lugli et al., 2010 

 

ALDH1 Several tissues and  
highest in the liver 

Detoxifying enzyme and 
responsible for oxidation 

of intracellular aldehydes 

Overexpression is associated with 
cancer release, distant metastasis , 

higher tumour grade and poor 

survival 

Lugli et al., 2010 
Fitzgerald et al., 2014 

Deng et al., 2013 

Goosssens-Beumer et al 
(2014) 

 

CD166 Activated T cells, 
fibroblasts, neurons, 

activated monocytes 

and melanoma cells. 

Cell adhesion molecule, 
involved in neuronal 

extension, embryonic 

haematopoiesis, 
embryonic angiogenesis 

and associated in the 

development of adenoma 
to carcinoma. 

Irregular and over expression is 
associated with shortened 

survival time 

Weichert et al., 2004; 
Weichert et al., 2004; 

Lugli et al., 2010 

 

SOX2 Embryonic cells, 

neuronal cells in the 

stomach and central 
nervous system 

Transcription factor and 

regulates self-renewal or 

pluripotency of 
undifferentiated. 

Overexpression is correlated with 

poor prognosis, recurrence and 

lower disease free survival. 

Ong et al., 2010; Saigusa et 

al., 2009 

Nanog Embryonic stem cells 

and epithelial cells 

Transcriptional 

regulator, self-renewal 

Elevated expression is associated 

to poor prognosis and lymph node 
metastasis 

Meng et al., 2010; 

Xu et al (2012) 
 

Oct 3/4 Stem cells in different 

organs 

Regulation of stemness. Expression is negatively 

correlated with tumour depth, 

lymph node metastasis and 
lymphatic invasion 

Matsuoka et al., 2012 
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The expression of ALDH1, a detoxifying enzyme, was reported to be correlated with 

colon cancer stages and prognosis (Fitzgerald et al., 2014; Charafe-Jauffret et al., 2010; Lugli et 

al., 2010).  For example, Lugli and co-workers demonstrated that overexpression of ALDH1 

protein in primary colorectal adenocarcinoma tissues samples (n=1420) via immunostaining 

was clinically associated with CRC with high pathological grade (Lugli et al., 2010).  Similarly, 

another study reported a high ALDH1 protein expression in stage IV colorectal adenocarcinoma 

tissues (n=30) was correlated with poor survival of patients with colorectal cancers using 

immunostaining techniques (Fitzgerald et al., 2014).  They also noted significant correlation of 

ALDH1 protein expression with CRC patients survival in primary tumour tissues samples 

(n=32) (Fitzgerald et al., 2014).   Recently, Deng et al (2014) reported that patients with rectal 

cancer (n=64) receiving preoperative radio-chemotherapy showed high expression levels of 

different CSCs markers including ALDH1 by immunostaining (Deng et al., 2014).  They also 

noted that high ALDH expression in patients with post- neoadjuvant therapy correlated with 

cancer relapse, distant metastasis and poor prognosis in patients with rectal cancer (Deng et al., 

2014).   Goosssens-Beumer and co-workers studied the expression of ALDH1 in a large cohort 

of patients (n=309) with CRC by immunohistochemistry and noted that ALDH1 protein 

expression was significantly correlated with poor clinical outcome in patients with CRC 

(Goosssens-Beumer et al., 2014).   Several other studied also demonstrated that ALDH1 

expression in CRC cancer tissues samples was associated with poor survival of patients with 

CRC (Kahlert et al., 2012; Lugli et al, 2010).  Therefore, these studies indicated that ALDH1 

acts as a strong colonic CSC marker and has the potential to be used as an independent 

prognostic factor in patients with CRC. 

 

 

 



51 
 

6.2.2: CD24 

CD24 is a glycosylphosphatidylinositol anchored membrane protein and act as an 

adhesive molecule on the activated endothelial cells and platelets (Lee et al., 2010; Chen et al., 

2006; Pirruccello et al., 1986; Fischer et al., 1990; Sammar et al 1994).  Studies demonstrated 

that CD 24 increase the proliferation of cancer cells and facilitate the adhesion of cancer cells to 

fibronectin, collagen and lamin (Zheng et al., 2011). This kind of metastatic association of 

CD24 increase its importanc as a prognostic factor (Lee et al., 2010).  Recently several studies 

reported the prognostic implication of CD24 in CRC patients (Seo et al., 2015; Weichert et al., 

2005).  For example, Seo et al (2015) examined 174 stage II and Stage III CRC tissues samples 

by immunohistochemistry techniques and noted that positive expression of CD24 was 

correlated with the poor  survival of patients with CRC (Seo et al., 2015).    Also, Weichert and 

colleagues revealed that strong cytoplasmic expression of CD24 protein in colorectal 

adenocarcinoma (n=147) was significantly associated with the shorter survival time in patients 

with CRC (Weichert et al., 2005).  On the other hand, a different study examined whole tissues 

sections of colorectal adenoma (n=10) and CRC tissue microarray samples from 345 patients 

using immunohistochemistry did not find the prognostic implication of CD24 in patients with 

CRC (Ahmed et al., 2009).  In this study, positive immunoreactivity was noted in 90% (9/10) of 

colorectal adenoma and 91% (313/345) of CRC tissues samples.  Thus, there was     no 

association of CD24 staining with patient survival noted (Ahmed et al., 2009).  This lack of 

association with CD24 and CRC patient outcome might be attributed to the poor representation 

of cancer cells in the tissue microarray sections. Taken together, more research with large 

number of CRC tissues samples as well as functional studies are imperative to establish the 

prognostic value of CD24 in CRC. 
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6.2.3: CD44 

CD44 is a putative colorectal CSCs marker and has been reported to have a potential 

predictor in CRC invasiveness and metastasis (Visvader and Lindeman, 2008).  Several studies 

reported that CD44 variant 6 (CD44v6) expression has a key role in predicting prognosis of 

patients with CRC irrespective of cancer stage, grade or site of the tumour (Choi et al., 2009; 

Huh et al, 2009; Wielenga et al., 1998; Mulder et al., 1994).   

For example, Wielenga et al (1998) reported that CD44v6 overexpression in frozen 

tissue sections obtained from CRC patients has significant prognostic implications especially 

for identifying patients who are highly predispose to develop distant metastasis (Wielenga et 

al., 1998).  It was also demonstrated that CD44 was expressed in 100% (74/74) and its 

expression was significantly associated with depth of invasion and lymph node involvement in 

CRC (Huh et al, 2009). Furthermore, they demonstrated that CD44s expression can be an 

independent prognostic factor for advanced CRC, especially in stage IV disease.   In addition, 

another study reported that CD44 expression was significant correlated with tumour size in 

patients with colorectal adenocarcinoma (n=523) (Choi et al., 2009).  Furthermore, Negan and 

co-workers for instance reported that loss of CD44 protein expression in CRC tissues sample 

(n=140) in immunostaining strongly correlated with poor survival and indicated that CD44 loss 

has worst impact on patients prognosis (Ngan et al, 2007).   

Despite all the positive correlations noted, Morrin and Delaney examined CD44v6 

protein and mRNA expression by immunohistochemistry and reverse transcriptase polymerase 

chain reaction respectively in 88 CRC tissues samples and found no correlation of CD44v6 

protein and mRNA expression with cancer stages, grade, differentiation or survival of the 

patients (Morrin and Delaney, 2002).  These conflicting results might be associated with 

heterogeneity in cancer cells from different populations and varying samples sizes in the study 

population.   
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6.2.4: CD133 

CD133 is a known stem cell marker and is widely used as a marker for identifying colon 

CSCs (Vincent et al., 2014; De Carlo et al., 2013; Schneider et al., 2012; Lin et al., 2011; Fang 

et al., 2010).  Studies reported that CD133 expression in CRC was associated with chemo-

radiotherapy resistance, metastasis, recurrence and survival of the patients (Jing et al., 2015; 

Kemper et al., 2012; Jao et al., 2012; Pilati et al., 2012; Saigusa et al., 2011; Artells et al., 2010; 

Saigusa et al., 2009; Yasuda et al., 2009;, Li et al., 2009; Horst et al., 2009a; Horst et al., 2009b; 

Horst et al., 2008).   

Jao et al investigated the protein expression of CD133 in colonic adenocarcinoma 

(n=157) and rectal adenocarcinoma (n=76) tissues samples by immunohistochemistry (Jao et 

al., 2012).  They noted that the cytoplasmic expression of CD133 protein was significantly 

associated with cancer local recurrence, survival and cancer regression after concurrent chemo-

radiotherapy (Jao et al., 2012).  Kojjima and co-workers studied CD133 protein expression by 

immunostaining in CRC tissues (n=189).  High CD133 expression was associated with shorter 

recurrence free survival and with poor survival of patients with CRC (Kojima et al., 2008).  

Another study examined CRC tissues samples (n=57) by immunohistochemistry and 

demonstrated that high CD133 protein expression in an independent prognostic factor and 

correlated with poor survival time of patients with CRC (Horst et al., 2008).  In addition, Choi 

et al (2009) studied CD133 protein expression in CRC tissues samples (n=523) by 

immunohistochemistry and found that there was significant relation of CD133 expression with 

cancer patients survival (Choi et al., 2009).  In addition, CD133 mRNA expression in CRC 

metastatic liver tissues (n=50) as studied by quantitative real-time polymerase chain reaction 

showed that CD133 expression was significantly correlated with poor survival of patients with 

CRC (Pilati et al., 2012). 
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In the literature, a number of studies examined the role of CD133 mRNA expression in 

peripheral blood samples obtained from patients with CRC to evaluate the prognostic value of 

CD133 in CRC patients.  High CD133 mRNA expression in the peripheral blood of patients 

with CRC (n=100) was correlated with CRC recurrence and can be used as independent 

prognostic factor in CRC (Lin et al., 2007).  In addition, Iinuma et al (2011) studied the 

expression of carcinoembryonic antigen (CEA), cytokeratin (CK) 19, CK20 and CD133 in 

peripheral blood samples (n=735) obtained from different stages of CRC by real-time reverse 

transcription polymerase reaction assay (Iinuma et al., 2011).  They reported that overall 

disease free survival of patients with CRC that are positive for CEA/CK/CD133  (especially 

advance stages cancer patients; Dukes’ stage C) was significantly poorer when compared to the 

those that were negative for CEA/CK/CD133 (Iinuma et al., 2011).  Thus, detection 

CEA/CK/Cd133 mRNA in the peripheral blood of CRC patients has the potential to be used as 

a prognostic marker for predicting CRC recurrence.    

Conversely, a study showed that the expression of CD133 mRNA in circulating tumour 

cells isolated from peripheral blood of patients with metastatic CRC (n=45) had no correlation 

with overall outcome of the patients (Gazzaniga et al., 2010).   Despite having a conflicting 

single study, majority of the studies supports the potential of colon CSCs marker CD133 as 

prognostic marker and more validation is required for its future use in clinical setting.     

 

6.2.5: CD166 

CD166 expression has been reported to correlated with the pathogenesis of various 

cancers including melanoma, breast, prostatic, oesophageal, ovarian, urinary bladder, and 

colorectal cancers (Tachezy et al., 2012; Mezzanzanica et al., 2008; Klein et al., 2007; 

Burkhardt et al., 2006; Verma et al., 2005; Weichert et al., 2004; Tomita et al., 2003; 

Kristiansen et al., 2003; Van et al., 2000)).  It was demonstrated that CD166 protein expression, 
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as detected by immunohistochemistry, in CRC tissues (n=111) was significantly associated 

with the survival time of patients with CRC (Weichert et al., 2004).  They also noted that 

CD166 frequently upregulated and can be act as independent prognostic marker in CRC 

progression (Weichert et al., 2004).  Horst and co-workers studied the expression of CSCs 

markers CD133, CD44 and CD166 in CRC tissues samples (n=110) by immunohistochemistry 

(Horst et al., 2009).  They demonstrated that expression of these CSCs markers had significant 

prognostic implication in the prognosis of patients with CRC (Horst et al., 2009).  Another 

study examined preoperative chemo-radiotherapy treated colorectal adenocarcinoma tissues 

(n=112) by immunohistochemistry and noted that the expression of CD166 protein was 

correlated with cancer regression and poor patient prognosis (Sim et al., 2009).  These studies 

imply that CD166 has is a key regulator in maintaining stem ness in colon cancer cells and it 

has the potential to be used as a prognostic maker for the clinical management of CRC patients.     

 

6.2.6: EpCAM 

Colon CSCs marker EpCAM has been reported to overexpress in many human cancers 

including colorectal cancer and has important role in cancer pathogenesis and prognosis (Spizzo 

et al., 2011; Went et al., 2004; Herlyn et al., 1979).  For example, Went et al (2004) examined 

colon cancer tissues microarrays samples (n=1186) by immunohistochemistry and noted that 

high expression of EpCAM was significantly associated with CRCs of high grade (Went et al., 

2004).  Zhou and co-workers studied the expression of EpCAM and Wnt/β-catenin in colon 

cancer (n=50) and non-neoplastic intestinal mucosae (n=20) by immunohistochemistry and 

noted higher expression of EpCAM in cancer (Zhou et al., 2015).  They also reported inverse 

correlation of EpCAM expression and prognosis of patients with CRC (Zhou et al., 2015).  

However, several studies demonstrated that loss/reduced expression of EpCAM was correlated 

with poor survival and cancer recurrence in patients suffering from CRC (Goosens-Beumer et 
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al 2014; Van der et al, 2010; Gosens et al., 2007; Lugli et al., 2010).  Lugli et al demonstrated 

that reduced EpCAM expression was associated with tumour invasion, lymph node metastasis 

and high tumour grade (Lugli et al., 2010).   Therefore, more studies are needed to confirm the 

prognostic role of EpCAM in CRC. 

 

6.2.7: LGR5  

Leucine rich repeat containing G-protein coupled receptor (LGR5) expresses in a wide 

range of human tissues such as muscle, placenta, and brain and particularly as a marker in 

detecting adult stem cells in epithelial tissues (Hsu et al., 1998).  LGR5 overexpression has 

been reported to play an active role in regulating colorectal cancer pathogenesis (Uchida et al., 

2010).  Several studies described that expression of Lgr5 in CRC cancer tissues was correlated 

with poor survival of patients with CRC  (Liu et al., 2014; Saigusa eta l., 2012; Wu et al.,2012; 

Hsu et al., 2013;Saigusa et al., 2013; Valladares-Ayerbes et al., 2012).   

Liu and co-workers investigated Lgr5 mRNA and protein expression in primary colon 

cancer tissues (n=366) and xenograft mice tissues (n=40) by real-time polymerase chain 

reaction and immunostaining respectively (Liu et al., 2014).  They found that Lgr5 protein and 

mRNA significantly overexpressed in tissues from patients a mice with CRC and correlated 

with higher cancer stages and poorer patients’ survival (Liu et al., 2014).  Another study 

reported that Lgr5 protein expression in CRC tissues (n=192) as detected by 

immunohistochemistry was significantly overexpressed when compared to that of non-

neoplastic mucosa (Wu et al., 2012).  They also noted that higher expression of Lgr5 protein 

was associated with tumour grade, invasion, lymph node metastasis, distance metastasis and 

survival of patients with CRC (Wu et al., 2012).    
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Overall, a recent meta-analysis carried out by Han et al revealed that Lgr5 

overexpression was correlated with poor patients’ survival suffering from CRC (Han et al., 

2015).  The results suggest that colon CSCs marker Lgr5 might act as an efficient marker for 

prognostic indicator for CRC patients and could act as a new molecular target to develop CSCs 

targeted therapy.   

 

6.2.8: Nanog 

Nanog, a homeobox protein encoded by NANOG gene, is a transcription factor and 

regulates the stem cell properties especially self-renewal pluripotency of cell (Mitsui et al., 

2003).  Several studies demonstrated that expression of Nanog is associated with prognosis of 

patients with CRC (Xu et al., 2012; Meng et al., 2010).    For instance, Xu et al (2012) 

examined Nanog mRNA and protein expression in CRC tissues samples (n=360) by real-time 

polymerase chain reaction assay and immunohistochemistry techniques (Xu et al., 2012).  They 

found that Nanog mRNA and protein expression was correlated with histological grade, cancer 

stages as well as presence of lymph node and liver metastases in patients with CRC (Xu et al., 

2012).  However, a different study described that there was no correlation of Nanog mRNA 

expression with clinicopathological parameters of CRC (n=79) (Saiki et al., 2009).  Thus more 

studies with large number of samples are needed to establish Nanogs’ prognostic implication in 

CRC.  

 

6.2.9: SOX2 

Sex determining region Y (SRY)-box 2 (SOX2) is a stem cell marker and plays crucial 

roles in the maintenance of cell pluripotency and self-renewal (Avilion et al., 2013; Sarkar et 

al., 2013; Takahashi et al., 2006).   In addition, it has been reported that SOX2 play an 

important role in the maintenance of self-renewal of CSCs (Basu-Roy et al., 2012).  A number 
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of studies demonstrated that overexpression of SOX2 in colorectal cancers was associated with 

the pathogenesis and prognosis of patients with CRC (Han et al., 2012; Fang et al., 2010; Ong 

et al., 2010; Saigusa et al., 2009; Park et al., 2008).  Overexpression of SOX2 in cancer tissues 

was noted to correlate with cancer recurrence, metastasis, poor prognosis and shorter disease 

free survival in patients with CRC (Ong et al., 2010; Saigusa et al., 2009).  These findings 

imply that stem cell marker SOX2 has the potential to be used as a prognostic marker for the 

management of CRC.  

 In summary, there are various existing and promising new CSC markers, which play a 

significant role in predicting tumour recurrence, metastasis and patient prognosis in CRC.  

These studies open new horizon for the development of effective therapy for better 

management of CRC in clinical setting.  

 

6.3: Therapeutic implication of CSCs in CRC 

Conventional cancer therapies can eradicate the cancer partly and could make the 

diseases more aggressive through recurrence and metastasis (Islam et al., 2015).  The principal 

limitation of current chemo-radiotherapy is that they only eliminate differentiated cancer cells 

and insensitive to the CSCs (Vermeulen et al., 2012).  CSCs are the population of cancer cells, 

which are responsible for the therapy resistance, cancer relapse and distance metastasis 

(Vermeulen et al., 2012; Garvalov et al., 2011).  These phenomena in turn confer more 

complications to the cancer patients in the course of disease.  Thus, the development of 

treatment modalities targeted both conventional cancer cells and CSCs has greater translational 

implication in clinical setting for the better management of cancer.  Therefore, the identification 

of putative CSC markers and the underlying signalling pathway they involved in are critical for 

the development of novel therapeutic approaches.  In addition, the drug-induced toxicity would 

be minimized by developing therapies targeting specific molecules or the pathways that are 
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active in CSCs (Todaro et al., 2010).  To achieve these goals, the prospective therapeutic 

strategies to specifically target colon CSCs which are under developments includes- (i) the 

eradication of colon CSCs by targeting selective marker expressed on the colon CSCs and (ii) 

the inhibition or interference of colon CSC-specific pathway. 

 

6.4: Colon CSCs eradication targeting cell surface markers 

 Monoclonal antibodies/immunotoxins specific for the cell surface molecules of CSCs 

have the potential to eliminate the target CSC selectively (Waldron et al., 2014; Damek-

Poprawa et al., 2011; Dou and Gu, 2010; Frank et al., 2010).  Therapeutic agents targeting cell 

surface markers (e.g. CD133, CD44, CD26, CD29, EpCAM etc.) could potentially eliminate 

colon CSCs, This in turn has the capacity to repress tumour size, reduce the metastatic potential 

of cancer cells and decrease the cancer cell resistance to chemotherapy (Park et al., 2012; 

Zhaung et al., 2012; Torado et al., 2010; Dallas et al., 2009; Sagiv et al., 2008; Todaro et al., 

2007; Punt et al., 2002).  For example, CD133+ colon CSCs exhibited resistance to the 

conventional chemotherapeutic agents (e.g. 5-fluorouracil and oxaliplatin) by increased 

secretion of cytokine IL-4 and escaped the apoptotic insults caused by the treatment (Torado et 

al., 2008; Todaro et al., 2007).  Importantly, colon cancer cells treated with 5-fluorouracil, 

oxaliplatin and monoclonal antibodies to IL-4 remarkably augmented the antitumor activity of 

the treatments (Torado et al., 2008; Todaro et al., 2007).  Another study reported that chemo-

resistance fraction (CD133+ and CD44+) of HT29 CRC cells showed increased expression of 

Type 1 insulin-like growth factor receptor (IGF-IR) and treatment of those therapy resistant 

cells with IGR-IR monoclonal antibody caused significant inhibition of tumour growth in 

murine xenograft model (Dallas et al., 2009).  In addition, treatment of patients with stage III 

CRC (n=189) with monoclonal antibody against EpCAM (colon CSCs marker) improves the 
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cancer free survival and prolongs the cancer remission in patients with CRC (Riethmüller et al., 

1994).       

  Studies demonstrated that monoclonal antibodies specific for CD24 cell surface marker 

significantly inhibited the colon cancer growth and tumorigenic potential both in vitro and in 

vivo mouse model (Sagiv et al., 2008).  Also, downregulation of CD24 expression using short 

hairpin RNA (shRNA) retarded tumorigenicity in human cancer cell lines in culture and 

athymic mice (Sagiv et al., 2008).    

Down regulation of CD29, another putative colon CSCs marker, by antisense 

oligonucleotide inhibited human colon cancer cell (HT29) migration in vitro and hepatic 

metastasis in vivo (Zhang et al., 2012).  Park et al reported that barberine (an alkaloid natural 

product) inhibited the migration of human colon cancer cells (HCT116 and SW-480) by 

reducing CD29 (integrin β 1) expression (Park et al., 2012).  They noted that barberine 

treatment induce AMP-protein kinase signalling pathways in colon cancer cells, which in turn 

reduced the CD29 protein level and decreased the phosphorylation of CD29 targets (Park et al., 

2012).  Another study demonstrated that treatment of human colon cancer cells with 

difliorinated-curcumin in combination with conventional chemotherapy (5-flurouracil and 

oxaliplatin) significantly reduced the CD44 and CD166 population (Kanwar et al., 2011).  This 

treatment caused cancer growth inhibition, induction of apoptosis and disintegration of colon 

spheres (Kanwar et al., 2011).  Therefore, therapeutic strategies targeting cell surface markers 

of colon CSCs or their downstream signalling partners in combination with conventional 

therapy has the emerging potential to manage progression of CRC.  
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6.5: Colon CSC elimination by targeting the signalling pathways 

Activation of Notch, Wnt/β-catenin, TGF-β and Hedgehog signalling pathways have 

been reported to be contributed to the  chemo-radiotherapy resistance of CSCs in cancer 

treatment (Liu et al., 2013; Peitzsch et al., 2013; Ulasov et al., 2011).  It was demonstrated that 

inhibition of these pathways by chemical intervention increased the sensitivity of CSCs to 

chemotherapy (McAuliffe et al., 2012; Ulasov et al., 2011; Todaro et al., 2010).   

γ-secretase inhibitors have the potentials to inactivate Notch signalling and can be used 

to develop therapeutic strategies for  treatment of patients with CRC (van Es et al., 2005).  

Constitutive activation of Wnt/β-catenin pathways in colon cancer makes this pathway as an 

important target for therapy development (van Es et al., 2005).  Deregulation of this pathway by 

inhibiting β-catenin accumulation and/or expression, and disrupting its interaction with other 

components has been reported to reduce colon cancer growth both in vitro and in vivo 

xenograft mouse model (Green et al., 2001; Chan et al., 2002; van de Wetering et al., 2002; 

Lepourcelet et al., 2004; Dihlmann et al., 2005).  Green et al treated colon cancer cell (SW-480) 

implanted mice with different concentrations of β-catenin antisense oligonucleotides and they 

noted dose dependent tumour growth inhibition compared to the scrambled control β-catenin 

oligonucleotides group (Green et al., 2001).  Another study reported that a small compound 

called inhibitor of Wnt production (IWP) has the potential to disrupt Wnt/β-catenin pathway by 

inhibiting porcupine (a membrane bound acetyl transferase) activity, which is essential for the 

production of Wnt protein (Chen et al., 2009).    

A recent study illustrated that Sonic Hedgehog inhibitor (cerulenin, cyclopamine and 

itraconazole) significantly induced apoptosis, decreased cell proliferation, inhibited spheres 

formation and reduced the expression of stemness factors in colon cancer HCT116 cells 

(Kangwan et al., 2016).  These inhibitors remarkably inhibited colitis-induced colorectal 
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carcinogenesis by targeting cytokine IL-6 signalling in both culture and xenograft model of the 

cancer (Kangwan et al., 2016).   

These studies indicates the effective repression of CSC activities in CRCs by targeting 

key signalling pathways and this has further implications in future targeted therapies in patients 

with CRC.   
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Chapter-7: Introduction to GAEC1 

7.1: GAEC1 

          GAEC1 (Gene amplified in oesophageal cancer1) is a novel gene which was first identified 

in the cancer of gastrointestinal tract. An uncharacterized human expressed tag (EST) on a cDNA 

clone from a chromosome 7 placental cDNA library was identified in the analysis of the 

frequency of amplification or loss of individual PCR profile bands (Touchman et al., 1997). A 

DNA sequence was identified by comparative DNA fingerprinting with inter-simple sequence 

repeat – polymerase chain reaction (ISSR-PCR) - which showed constant gain in oesophageal 

squamous cell carcinomas (ESCC). DNA amplification for the EST chromosome 7q22 was found 

in around 43% tumour and GAEC1 was matched with the EST sequence that was mapped in the 

same region of the chromosome.  Tang et al., showed that genomic amplification (of 357 bp) was 

novle to ESCC (Tang et al., 2001). They also demonstrated by the comparative DNA finger 

printing that amplification or deletion of chromosomal sequences are common event in pre-

neoplastic lesions and carcinomas (Tanh et al., 2001). Another study demonstrated through 

molecular characterization of the previously amplified 357 bp that it was part of a novel gene 

with a full-length mRNA of 2052 bp and encoded a nuclear protein of 109 amino acids (Law et 

al., 2007).  The transcript of GAEC1 was intronless by comparing cDNA sequence of GAEC1 

with the known genomic clone (Law et al., 2007). The molecular weight of the protein encodes 

by the mRNA of GAEC1 is 15kDa.  
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7.2: Expression of GAEC1 in different tissue 

GAEC1 was found to be expressed in oesophageal and gastrointestinal tissues including 

many other human normal tissues. GAEC1 copies are present in the lung, placenta, spleen, 

small intestine and peripheral leukocytes. The role of GAEC1 in cancer is not established yet. 

According to a report published by Law et al., suggests that GAEC1 may have oncogenic 

properties and may have function in cancer development and progression (Law et al., 2007). 

           

7.3: Impostance of GAEC1 gene in terms of its position at 7q22 locus 

A number of genes involved in different cancers are related with the amplified 7q22 

locus. Several genes playing significant role in different human cancers are located in this 

position and are frequently amplified with the rest of the region. Some genes often amplified in 

this location are ACHE, Cyclin-dependent kinase, SMURF1, ORC5L, hPMS2, COL1A2, 

BCHE and MDR1 (Nagel et al., 2008; Soreq et al., 1994; Suzuki et al., 1999; Nicolaides et al., 

1995; Frohling et al., 2001)..The importance of the 7q22 locus and their implications in various 

cancers are demonstrated such as oesophageal squamous cell carcinoma, brain tumour, 

leukaemia, cervical cancer, gastric cancer, hepatic cancer, germ cell tumours, pancreatic cancer, 

prostate cancer, lymphomas, ovarian tumours and breast cancer (Choong et al., 2001; Kwong et 

al., 2004; Neville et al., 2001; Rao et al., 2004; Chun et al., 2000; Forozan et al., 2000). All 

these findings from different studies imply the significance of genes located within the 7q22 

locus in different cancers indicating the potential importance of GAEC1 in carcinogenesis.  
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7.4: Cell transforming capacity of   GAEC1         

Transforming oncogenes are capable of converting an immortalised cell to a cancer 

phenotype when transfected into it (Rimion et al., 2002). These genes can transform normal cells 

in to cancer cells. This kind of genetic transformation at cellular level may be due to the result of 

gain-of-function or loss-of-function events (Rimion et al., 2002). Gain-of-function of proto-

oncogenes by mutation, amplification, rearrangement and elevated expression allows the cells to 

attain additional properties like increased proliferation, immortalization and dedifferentiation. 

Tumour suppressor genes can lose their functional capacity due to loss-of-function events, which 

make cells unable to prevent the growth of cancer cells (Fearon and Vogelstein, 1990). Loss-of-

function of tumour suppressor genes can be a result of mutation, loss of allele(s), loss of 

heterozygosity, and promoter hypermethylation. Generally, combined effect of both of the events 

are required for a malignant transformation of normal cells.  In case of GAEC1. Most probably 

the gain-of-function event is responsible for its possible transforming capacity because 

amplification of this gene led to the transforming behaviour of cells. Law et al., showed that 

overexpression of GAEC1 in normal mouse fibroblast resulted in increased cell proliferation, 

colony formation and foci formation in soft agar (Law et al., 2007). In addition, transforming 

capacity of GAEC1 was comparable to the transforming action of H-ras, which was used as 

positive control transfecting in to the same cells. Furthermore, formation of undifferentiated 

sarcoma following xenotransplantation into athymc nude mice with GAEC1 overexpressed cells 

indicates it potential transforming property (Law et al., 2007). 
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7.5: Imprortance of GAEC1 as a nuclear protein 

          There is no homology to any known proteins in the protein produced by cDNA of GAEC1 

indicating unclear function of GAEC1 protein. Studies demonstrated the GAEC1-GFP fusion 

protein is located as aggregated foci in the inner nuclear region of nucleus (Law et al., 2007). The 

subcellular localization of GAEC1 protein indicates its potential specific function in cellular 

level. Localization of GAEC1-GFP fusion protein in the inner nuclear region suggests its possible 

role in controlling the expression of different genes. 

 

7.6: Potential interaction of GAEC1 

Studies demonstrated that there is one computationally predicted target site for protein 

kinase C (PKC) phosphorylation at amino acid residues 29-31 (S-G-K) on GAEC1 (Law et al., 

2007).  PKC is involved in the cell cycle events and play pivotal role in signal transduction 

pathways to machineries for cell cycle (Watters and Parsons, 1999). In addition, Law et al., 

showed that there were three more computationally predicted target sites for phosphorylation by 

casein kinase II (CKII) present 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). Litchfield and Luscher demonstrated that CKII is crucial 

in the regulation of transcription factors, oncoproteins and other enzymes involved in regulation 

of DNA metabolism (Litchfield and Luscher, 1993). All these findings further emphasize the 

possible location of GAEC1 in nucleus and its potential role in gene regulation in mammalian 

cells (Law et al., 2007).    
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7.7: GAEC1 and cancer research 

Law et al., has showed that overexpression of GAEC1 led to the formation of tumour and 

modulation of its expression has potential role in tumorigenesis (Law et al., 2007). They also 

demonstrated that GAEC1 is present different normal tissue such as colon, oesophagus, lung, 

small intestine, prostate and thymus (Law et al., 2007).  Some preliminary research has been done 

in colon and oesophageal cancers though there is still lack of information about the role of this 

gene in other cancers. Chan et al., showed that RNAi mediated suppression of GAEC1 in the 

esophageal squamous cell carcinoma inhibits the cells proliferation and increase the apoptotic 

population (Chan et al., 2013). They also found that suppression of GAEC1 results in the 

downregulation of calpain 10 (CAPN10) cDNA the high level of expressiojn of which is 

associated with longer patients’ survival. Gopalan et al., noted that GAEC1 amplification was 

differenet in colorectal adenocarcinomas, adenomas and non-neoplastic colorectal tissues which 

implies that GAEC1 is involved in colorectal adenocarcinoma (Gopalan et al., 2010). Another 

report showed that colorectal cancer patients with high GAEC1 copy have longer survival time 

that low/normal GAEC1 copies (Gopalan et al., 2013).  T he possible interaction of GAEC1 with 

any other protein in the signalling pathway of cancer development and progression is still 

unknown. Identification of potential interacting partners of GAEC1 will open a new avenue in 

the understanding of cancer research and it will help to figure out the exact position of this gene 

in the signalling pathway of cancer initiation, progression and maintenance. 
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Chapter-8: Aim-1 and Aim-2 

Aim-1: Identify the cellular localization and characterization of GAEC1 in colorectal 

cancer cells and tissues from different pathological stages. 

 

Aim-2:  Determine the role of GAEC1 after knock in and knock out in different colon 

cancer cells. 

 

8.1: Overview 

 

GAEC1 alterations have oncogenic properties in oesophageal squamous cell carcinomas 

and frequent amplifications of the gene were noted in colorectal adenocarcinomas.  However, 

the subcellular localization and expression of GAEC1 at the protein level have never been 

reported in human cancer cells. The present study aimed to investigate whether GAEC1 is 

differentially expressed in different stages of colon cancer and to elucidate its underlying 

cellular and molecular mechanism in colon cancer progression. We found differential 

expression of GAEC1 protein and mRNA in different pathological stages of colon cancer cells 

(SW480-Stage II, SW48-Stage III and HCT116-Stage IV) when compared to non-neoplastic 

colon cells (FHC cells) by immunocytochemistry, immunofluorescence, western blot analysis 

and real-time polymerase chain reaction. GAEC1 protein was predominantly expressed in the 

cytoplasm of colon cancer cells (SW480, SW48, and HCT116) and in the nucleus of non-

neoplastic colon epithelial cells (FHC cells). The transient knockdown of GAEC1 using siRNA 

induced apoptosis in SW480 and SW48 cells, which was associated with G2/M phase arrest and 

decreased expression of bcl-2 and K-ras proteins and increased expression of p53.  In addition, 

down-regulation of GAEC1 significantly inhibited (p<0.05) cell proliferation, reduced 

migration capacity and decreased clonogenic potentiality of colon cancer cells (SW480 and 

SW48 cells).  Furthermore, a xenotransplantation model showed that stable knockdown of 

GAEC1 using shRNA constructs in colon cancer cells fully suppressed xenograft tumour 

growth in mice. Collectively, the expression analysis, in vitro and in vivo data indicated that 
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GAEC1 is differentially expressed in cancer cells and act as an oncogene in colon cancer 

progression. 

 

8.2: Introduction 

 Studies have proven that the identification of diagnostic and prognostic biomarkers will 

eventually lead to the development of new therapeutic strategies and increase the survival time 

of patients with colorectal cancer (Palaniappan et al., 2016; Erstad et al., 2015). GAEC1(Gene 

amplified in esophageal cancer 1) was first identified by comparative DNA fingerprinting using 

inter-simple sequence repeat polymerase chain reaction (ISSR-PCR) and showed a series of 

amplifications and deletions in oesophageal cancer.  The gene is located at 7q22.1 (Tang et al., 

2001).  Law et al., 2007, showed that GAEC1 has tumorigenic potential approximately equal to 

the Ras gene family and overexpression of this gene played a pivotal role in the cancer 

transformation of oesophageal squamous cell carcinoma (Law et al., 2007). GAEC1 is 

expressed in a number of tissues including oesophagus, small intestine and colon containing a 

full length messenger RNA of 2052 base pair and encodes a nuclear protein of 109 amino acids.  

Our group has previously reported GAEC1 amplification in colorectal adenocarcinoma tissues 

when compared to non-cancer colorectal tissues (Gopalan et al., 2010).  In a different study, we 

also noted significant correlation of GAEC1 copy number variations with a longer survival time 

of patients with colorectal adenocarcinoma (Gopalan et al., 2013).  

To date, GAEC1 expression and its cellular localization at the protein level are not yet 

reported in the literature.  Also, the biological effects of GAEC1 alterations in the pathogenesis 

of colorectal cancer remain unclear. Thus, the current study, for the first time aimed to study the 

role of GAEC1 protein localization, expression changes and its functional modulation in colon 

cancer cells.  
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8.3: Materials and methods 

8.3.1: Cell culture and transfection 

 Human colon cancer cell lines (SW480, SW48, HCT116 cells) and non-neoplastic 

colonic epithelium cell (FHC cells) were purchased from American Type Culture Collection 

(ATCC). SW480, SW48 and HCT116 cell lines were maintained in Dulbecco's Modified Eagle 

Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% 

fetal bovine serum at 37 ℃ in 5% CO2.  FHC cells were maintained in DMEM: F-12 (1:1) with 

10% fetal bovine serum with containing an extra 10 mM N-2-hydroxyethylpiperazine-N-2-

ethane sulfonic acid (HEPES) (Thermo Fisher Scientific) (for a final concentration of 25 mM), 

10 ng/ml cholera toxin, 0.005 mg/ml insulin, 0.005 mg/ml transferrin, 100 ng/ml 

hydrocortisone.  All the cells were routinely checked for mycoplasma contamination. SW480 

and SW48 cells were transiently transfected with GAEC1 siRNA using Lipofectamine 2000 

(Invitrogen, Carlsbad, CA, USA) following manufacturer’s instructions. For stable transfection, 

SW480 and SW48 cells were transfected with GAEC1 shRNA using Mega Tran 1.0 (OriGene, 

Rockville, MD, USA) following the instructions of the manufacturer.  

8.3.2: Western blot analysis  

A custom-made monoclonal antibody (Promab, Richmond, CA, USA) was used for the 

first time to quantify GAEC1 protein expression. Other antibodies targeting α-tubulin (ab18251, 

Abcam, Cambridge, UK) and  p53(Pab1801), bcl-2 (N-19), K-ras (F234) proteins as well as a 

control antibody, GAPDH, were also used for the studies of the downstream pathway (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA).  All the treated and control cells were harvested 

and lysed with NP40 (Thermo Fisher Scientific, Waltham, MA, USA) buffer enriched with 

complete protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA). Protein 

concentration was determined by using protein quantification assay kit (Macherey-Nagel, 
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Düren, Germany). Nuclear-cytoplasmic fractionation was done by using a NE-PERTM nuclear-

cytoplasmic extraction reagents kit (Thermo Fisher Scientific) according to the manufacturer’s 

protocol. The protein samples were boiled in 1X SDS (sodium dodecyl sulphate) sample buffer 

for 5 minutes for complete denaturation and were resolved on a 4 to 15% Tris-glycine extended 

(TGX)-polyacrylamide gel according to the manufacturer’s protocol.  After electrophoresis, 

proteins were transferred onto polyvinyl difluoride (PVDF) membrane, which was blocked with 

5% non-fat dry milk (Santa Cruz Biotechnology, Santa Cruz, CA, USA) in 1X PBS-T 

(phosphate buffered saline with 0.1% Tween-20) and incubated with primary antibody (GAEC1 

concentration used 0.2ng/ml) and other antibodies were used according to the manufacturers’ 

recommendations followed by hybridization with horseradish peroxidase-conjugated anti-rabbit 

or anti-mouse secondary antibodies.  Finally, Western blot images were developed using 

VersaDoc-MP imaging system (Bio-rad, Hercules, CA, USA) with enhanced 

chemiluminescence (ECL) (Thermo Fisher Scientific, Waltham, MA, USA) reagents.  
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8.3.3: Total RNA preparation and qRT-PCR 

 Total RNA was extracted from cells using Qiazol (Qiagen, Hilden, Germany) and 

reversely transcribed to cDNA using the Superscript™ II First-Strand Synthesis System 

(Qiagen). Following cDNA synthesis, qRT-PCR was performed with the Sybergreen master 

mix (Qiagen) in an iQ5 real-time PCR system (Bio-Rad) using the primers for GAEC1 and 

GAPDH.  GAPDH was used as a control gene for normalizing GAEC1 expression.  All PCR 

primers and probe sequences are listed in table-4.1.  The expression level of GAEC1 mRNA 

was analysed by using 2-(delta) (delta) Ct (fold change) method as previously reported (Gopalan et 

al., 2010; Gopalan et al., 2013).  

 

8.3.4: Cell proliferation assay 

 The effect of GAEC1 knockdown on cell proliferation was measured by using a cell 

counting kit (CCK-8 kit) (Sigma-Aldrich, St Louis, MO, USA) based on the MTT (3-[4, 5-

dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide) assay. SW480 and SW48 cells were 

seeded in flat bottom 96 well plates with 5000 cells per well. At days 0, 1, 2, 3, 4 following 

transfection with GAEC1 siRNA or control siRNA, 10 μl of cell counting kit-8 reagent in 100 

μl media was added to each well and incubated for one hour at 37°C.  Absorbance was 

measured by using a fluorescence polarization microplate reader Polar Star Omega (BMG 

TABTECH, Ortrenberg, Germany) at a wavelength of 450 nm.  

 

8.3.5: Wound healing assay 

 In vitro wound healing assay was performed to examine the migration of SW480 and 

SW48 cells transfected with either GAEC1 siRNA or control siRNA. After 24 hours of post-

transfection, 1x106 of cells were seeded in the new 6-well plate and allowed to grow in the 

respective culture media. After reaching 90% confluence, wounds were made by scratchs on the 
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monolayer using a yellow pipette (200μl) tip and the wounded layers were washed with 

phosphate buffered saline (PBS) to remove cell debris. Measurement of the closure or filling of 

the wounds at 0, 24, 48 and 72 hours was done under contrast microscope.  All experiments 

were performed in triplicate.  

 

8.3.6: Annexin-V staining 

 Apoptosis assay on GAEC1 siRNA transfected, control siRNA transfected cells and 

wild-type cells were performed using Annexin V-FITC conjugated apoptosis detection kit 

(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions.  Briefly, GAEC1 

siRNA and control siRNA transfected cells were washed with PBS and resuspended in binding 

buffer containing Annexin V and propidium iodide (PI). Fluorescence intensity was measured 

using flow cytometry with a BD FACS CaliburTM flow cytometer (BD Bioscience, Franklin 

Lakes, NJ, USA). All these assays were repeated three times to validate the results.  

 

8.3.7: Clonogenic assay  

 To assess GAEC1 induced clonogenic effects in colon cancer cells, all the 

treated/control cells were seeded in 6-well plates (200 cells/well).  After two weeks, cells were 

fixed with 70% cold ethanol for 10 minutes.  Following fixation, 5% crystal violet solution was 

added and incubated at room temperature for 2 hours. Then, 10% fetal bovine serum (FBS) 

containing media was added and pipetted properly to wash off cells.  Plates were allowed to dry 

after that photos were taken and clones were counted under a microscope. 
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8.3.8: Cell cycle analysis 

 SW480 and SW48 were transfected either with GAEC1 siRNA or control siRNA and 

harvested after 48 hours by trypsinization and washed with PBS.  After fixing cells with ice-

cold 70% ethanol, cells were pelleted via centrifugation at high speed for 5 minutes and the 

supernatant was discarded.  To ensure that only DNA was stained, the cells were treated with 

RNase A to degrade the RNAs. Then, 400 μl of propidium iodide (PI) was added directly to 

cells containing RNaseA solution.  Finally, the cells were analyzed in flow cytometry BD 

FACS Calibur (BD Biosciences) flow cytometer-US in PI/RNase A solution after incubation 

for 5 to10 minutes in a dark room. 

 

8.3.9: Immunocytochemistry 

Cells (FHC, SW48, SW480 and HCT116) were seeded at a density of 4 × 10 4 cells / 

well onto 6-well plates and cultured for 24 hours. After fixing, cells were treated with 3% 

hydrogen peroxide to block the endogenous peroxidase activity and incubated with 2% non-fat 

dry milk (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Cells were then incubated for 2 

hours at room temperature with GAEC1 primary antibody at 1:150 dilutions. A streptavidin-

peroxidase detection system was used to detect GAEC1 staining following manufacturer’s 

guidelines (Novocastra Laboratories, Newcastle upon Tyne, UK). A strong brown colour 

indicates strong and positive staining for the GAEC1 antibody. 

 

8.3.10: Immunofluorescence 

 Cultured cells (FHC, SW480, SW48, HCT116, shRNA transfected SW480 and SW48 

cells) were fixed with 70% cold ethanol for 10 min and permeablised with 0.1% Triton X-100 

for 5 minutes. Cells were then incubated with primary antibody for GAEC1 at 1:150 dilution 

for 12 hours at 4°C and with fluorescein isothiocyanate (FITC) / Texas Red conjugated goat 
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anti-mouse secondary antibody (ab6787, Abcam, Cambridge, UK) at 37°C for one hour. Then 

the slides were washed with phosphate buffered saline (PBS) and mounted with coverslips. 

Images were taken using a confocal microscope (Nikon A1R+, Nikon Inc., Tokyo, Japan).  

 

8.3.11: Co-Immunoprecipitation 

Cells were harvested and lysed with IP lysis buffer (Thermo Fisher Scientific, Waltham, 

MA, USA), followed by enrichmint with complete protease inhibitor cocktail (Sigma-Aldrich, 

St Louis, MO, USA). Protein concentration was determined by using a protein quantification 

assay kit (Macherey-Nagel, Düren, Germany). Co-immunoprecipitation was done using mouse 

IgG, GAEC1 and K-ras according to the manufacturer’s protocol. The quantification of protein 

expression was confirmed using Western blot analysis. In the case of immunoblotting with 

GAEC1 and KRAS, goat anti-mouse was used as a secondary antibody. 

 

8.3.12: Tumour xenograft assay in severe combined immunodeficiency (SCID) mice 

 Four groups of severe combined immunodeficiency (SCID) mice (3 weeks old, n = 6 in 

each group) were caged in polycarbonate chambers and housed in a pathogen-free isolation 

facility with a light / dark cycle of 12 / 12 hours.  All the animals were fed with rodent chow 

and water ad libitium. The animals were injected subcutaneously with GAEC1 short hairpin 

RNA (shRNA) and control shRNA stably transfected SW480 and SW48 cells (2.2x107 cells in 

100 μl PBS). Tumour volume was determined by measuring length x width x depth x 0.52 of 

the tumour using slide callipers. At the end of the experiment, animals were sacrificed and 

tumour xenografts were excised for histological analysis. Animal ethics approval for this study 

was obtained from the University’s animal ethics committee (approval number: 45005204-10-

0) and the whole study was carried out in accordance with the approval guidelines. 
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8.3.13: Statistical analysis 

All the categorical data were obtained as mean ± SD (standard deviation) from three 

independent experiments. The criteria for statistical significance were   *, ** and *** as p < 

0.05, 0.01 and 0.001, respectively, compared to corresponding control siRNA.  Statistical 

analysis was performed using the Statistical Package for Social Sciences for Windows (version 

25.0, IBM SPSS Inc., New York, NY, USA).   

 

8.4: Results 

8.4.1: GAEC1 localization and overexpression in colon cancer cells 

 Immunostaining assays revealed a predominant cytoplasmic localization/expression of 

the GAEC1 protein in all colon cancer cells lines (SW480, SW48 and HCT116), while it was 

predominantly expressed in the nucleus of non-neoplastic human colon epithelial cells (FHC) 

(Figure 8.1A and 8.1B).  The nuclear and cytoplasmic fraction also showed nuclear expression 

pattern for GAEC1 protein in the normal colon epithelial cells (FHC). (Figure 8.1C).  The 

permanent GAEC1 knock-down SW480 and SW48 cells showed that GAEC1 protein levels are 

reduced in compare to control cells (Figure 8.1D).  
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Figure 8.1. Localization and expression of GAEC1 protein in colon cancer cells 

Nuclear/cytoplasmic expression of GAEC1 by (A) Immunofluorescence (B) 

Immunocytochemistry and (C) Western blot analysis of nuclear-cytoplasmic fractions. The 

results showed that GAEC1 was mainly expressed in the cytoplasm of colon cancer cell lines 

(SW480, SW48 and HCT116). GAEC1 protein was expressed predominantly in the nucleus of 

the normal colon epithelial cell (FHC).  All the Western blot images were cropped at the 

corresponding molecular weight of each target protein.  (D) & (E) - GAEC1 protein is lost in 

the cells with permanent knock-down of GAEC1 gene by GAEC1-shRNA-GFP transfection 

compared to control-shRNA-GFP transfected cells. Green staining indicates the GFP and red 

staining indicates the expression of the GAEC1 protein. 
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8.4.2: Differential expression of GAEC1 protein and mRNA in different stages of colon 

cancer cell lines 

The expression levels of GAEC1 protein and mRNA varied in different pathological 

stages of human colon cancer cells. As shown in Figures 8.2A and 8.2B, the expression of the 

GAEC1 protein is increased in all colon cancer cells (SW480, SW48 and HCT116 cells) when 

compared to normal human colon epithelial cells (FHC cells). Among the cancer cell lines, 

expression of the GAEC1 protein in HCT116 (Stage IV) was lower than SW480 (stage II) or 

SW48 (stage III) cancer cells. Analogous findings were also noted with GAEC1 mRNA levels 

in all these four cell lines (Figure 8.2C and 8.2D) indicating stage-dependent expression levels 

of GAEC1 in colon cancer cells.   

 

Figure 8.2. Altered expression of GAEC1 protein and mRNA in different stages of colon 

cancer cells. (A) The result showed that GAEC1 protein was highly expressed in colon cancer 

cells of stages II and III (SW480 & SW48) when compared to non-neoplastic colon epithelial 

cell line (FHC) and Stage IV colon cancer cell line (HCT116). The protein was quantified and 
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normalized to GAPDH from Western blot analysis (B).  All the Western blot images were 

cropped at the corresponding molecular weight of each target protein.  The results are shown as 

the mean + standard deviation (SD) from three independent experiments. The level of 

significance is *P< 0.05 when compared to non-neoplastic epithelial cells (FHC). The result 

showed that GAEC1 mRNA was highly expressed in colon cancer cells of stages II and III 

(SW480 & SW48) when compared to non-neoplastic colon cell (FHC) and a Stage IV colon 

cancer cell line (HCT116) (C). The fold change of GAEC1 mRNA expression in different 

pathological stages of colon cancer cells demonstrates the similar pattern of protein expression 

(D).  The results are shown as mean +SD and level of significance is **P<0.01 when compared 

with non-neoplastic epithelial cells (FHC).  

 

8.4.3: Silencing of GAEC1 expression in SW480 and SW480 colon cancer cell lines by 

siRNA and shRNA lentiviral particles 

We selected two colon cancer cell lines SW480 and SW48 with overexpressing 

GAEC1. To do the fucntonal studies we silenced the the expression of GAEC1 through 

transfection with GAEC1 siRNA and GAEC1 shRNA.  As shown in figure 8.3A and 8.3B the 

expression of GAEC1 protein is downregulated in cells after transfection with GAEC1 siRNA 

and GAEC1 shRNA in compare to contro siRNA/control shRNA. A similar pattern of 

downregulation was observed in case of the expression of GAEC1 mRNA (Fig. 8.3C). As 

shown in figure 8.3D and 8.3E the expression of GAEC1 was downregulated both in the 

cytosolic and nuclear fraction of SW480 and SW48 cells following transfection with GAEC1 

siRNA in compare to the control siRNA transfected cells. 
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Figure 8.3. Down regulation of GAEC1 in colon cancer cell lines with siRNA and shRNA 

lentiviral particles. In Western blot analysis, the protein level of GAEC1 was remarkably 

reduced in transfected SW480 and SW48 cells with siRNA and shRNA when compared with 

control and non-transfected cells respectively (A).  Proteins from all cell lines were quantified 

and normalized to GAPDH for Western blot analysis (B). Similar results were found in the case 

of GAEC1 mRNA expression. (C). Nuclear-cytosolic fractionation demonstrates that siRNA 

mediated knockdown of GAEC1 reduced the expression of GAEC1 both in cytosol and nucleus 

(D, E).  All the Western blot images were cropped at the corresponding molecular weight of 

each target protein.  The results are expressed as mean + SD and the level of significance is 

**P<0.01 when compared to non-transfected and control siRNA/shRNA transfected cells. The 

data are a representative of three independent experiments. 

 

8.4.4: Silencing of GAEC1 and impact on colon cancer cell proliferation 

 Transient transfection of SW480 and SW48 cells with GAEC1 siRNA (50nM) for 48 

hours and stable transfection with GAEC1 shRNA reduced the expression of GAEC1 protein 

and mRNA (Figure 8.3A, 3B and 8.3C). Compared to control cells, the nuclear-cytoplasmic 

fraction of GAEC1-siRNA transfected cells also showed significant reduction of GAEC1 protein 
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levels in both cytoplasm and nucleus fractions (Figure 8.3D and 8.3E). The cell viability assay 

revealed that transfection with GAEC1 siRNA caused significant decrease in cell viability in 

SW480 (Figure 8.4: A-Left panel) and SW48 (Figure 8.4: A-Right panel) cells when compared 

to cells transfected with control siRNA or non-transfected cells. To examine the duration of the 

effect of GAEC1 siRNA on cell proliferation, we performed the assay for 4 days and found a 

significant decrease in cell viability when compared to control cells. 

 

Figure 8.4. Knockdown of GAEC1 inhibits cell proliferation in colon cancer cells.  

(A) SW480 (Stage II) and SW48 (Stage III) cell transfected with GAEC1-siRNA showed lower 

cell proliferation when compared to control and non-transfected cells on a different time 

interval.   (B) GAEC1 suppression with siRNA transfection in SW480 (Stage II) and SW48 

(Stage III) cells significantly reduced the colony formation capacity in comparison with control 
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and non-transfected cells.  All the experiments were performed in triplicates in three 

independent experiments and results are shown as the mean + standard deviation (SD). The 

level of significance is **p<0.01 and *p<0.05 when compared to control and non-transfected 

cells. 

 

8.4.5: GAEC1 knockdown inhibits clonogenicity and migration of colon cancer cells. 

Impact of GAEC1 on p53 and KRAS protein expression 

GAEC1 siRNA transfected cells formed fewer and smaller colonies than control siRNA 

transfected and non-transfected cells (Figure 8.4B). These data indicate that GAEC1 helps in 

the growth of colon cancer cells. A wound healing assay was performed to observe the 

migration capacity after silencing of GAEC1.  Silencing of GAEC1 significantly inhibited the 

migration of SW480 and SW48 cells at 24, 48, and 72 hours respectively (Figures 8.5A and 

8.5B) when compared to control cells. 

Western blot analysed the impact of GAEC1 on the expression of tumour suppressor 

protein p53 and oncoprotein K-ras. As seen in figure 8.5C&D GAEC1 siRNA transfected 

SW480  SW48 cells showed increased expression of p53 and decreased expression of K-ras 

protein when compared to non-transfected and control siRNA transfected cells respectively. As 

K-ras was co-regulated with a GAEC1 knockdown, co-immunoprecipitation assays were 

performed and confirmed that GAEC1 protein endogenously interacts with K-ras in colon 

cancer cells from both cell lines. 
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Figure 8.5. Effect of downregulation of GAEC1 on migration capacity and protein 

expression for p53, K-ras, bcl-2 and α-tubulin in SW480 and SW48 cells  

 (A) Knockdown of GAEC1 in SW480 (stage II) cells demonstrated less migration capacity 

when compared with the control-siRNA transfected cells and non-transfected cells. (B) Similar 

results were found in the case of SW48 (stage III) cells were non-transfected and control-

siRNA transfected cells showed faster wound healing properties than GAEC1-siRNA 

transfected cells. Wound areas of all experiments were recorded from day-0 to day-3. (C and D) 

Western blot analysis shows that knockdown of GAEC1 in both cell lines reduced the 

expression of anti-apoptotic bcl-2, the oncogene K-ras and α-tubulin protein and increased the 

expression of p53 (tumour suppressor) when compared to control and non-transfected cells. Co-

immunoprecipitation with GAEC1 showed interaction with K-ras interacts protein in SW480 

and SW48 cells (E and F).  All the Western blot images were cropped at the corresponding 
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molecular weight of each target protein.  The data is a representative of three independent 

experiments.  All the experiments were performed in triplicate and results are expressed as 

mean +SD (C and D). The level of significance is *P < 0.05 when compared to control and non-

transfected cells. 

 

8.4.6: Silencing of GAEC1 induced apoptosis in colon cancer cells 

 Downregulation of GAEC1 resulted in reduced expression of anti-apoptotic bcl-2 and α-

tubulin proteins in siRNA-treated cells (Figure 8.5C and 8.5D). In addition, the Annexin-V 

staining revealed a significant increase in apoptotic cells in both GAEC1 knockdown colon 

cancer cells (Figure 8.6A and 8.6B). Briefly, in flow cytometry, Annexin-V is generally used 

for detection of apoptotic cells by its binding capacity to an apoptosis marker called 

phosphatidylserine on the outer part of the plasma membrane. Flow cytometric analysis showed 

a significant increase (71-74%) in apoptotic cells in GAEC1-siRNA transfected SW480 cells 

and in the case of GAEC1 knockdown SW48 cells, the percentage increase of apoptotic cells 

were 60-65% when compared to control-siRNA treated cells. Furthermore, the DAPI (4', 6-

diamidino-2-phenylindole) fluorescence staining of SW480 and SW48 cells transfected with 

GAEC1 siRNA showed significant nuclear morphological alterations indicative of cell 

apoptosis compared to control cells. Fragmented nuclei were predominantly seen in GAEC1-

siRNA transfected cells when compared to control-siRNA treated and non-treated cells (Figure 

8.6C).  
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Figure 8.6. Silencing GAEC1 by siRNA induces apoptosis in colon cancer cells.  

The level of apoptosis of SW480 (Stage II) (A) and SW48 (Stage III) (B) colon cancer cells 

were determined following GAEC1 suppression with annexin V-fluorescein isothiocyante and 

propidium iodide (PI).  Knockdown of GAEC1 increased the number of apoptotic cells in both 

cell lines. The scatter plot is a representative of three independent experiments.  The apoptotic 

cells were determined from three independent experiments and the results are shown as mean     

+ SD. The level of significance is **p<0.01 when compared to control and non-transfected 

cells. The DAPI staining of GAEC1 downregulated SW480 (Stage II) and SW48 (stage III) 

cells showed a significant number of apoptotic cells with fragmented nuclei (C).  However, 

non-transfected and control-siRNA transfected cells showed a reduced number of fragmented 

nuclei. 
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8.4.7: Knockdown of GAEC1 alter the cell cycle events in colon cancer cell lines 

 The flow cytometry analysis of both types of the cells demonstrated significantly higher 

accumulation of GAEC1 siRNA transfected cells in G2/M phase when compared to non-

transfected cell and control siRNA transfected cells (Figure 8.7A&B). In the case of control-

siRNA transfected  SW480 cells, the percentage of G2/M phase population was 14.4 + 2.3%, 

while in GAEC1 knockdown SW480 cells the G2/M phase population significantly increased to 

33.9 + 3.52% (p<0.01). Similarly in the GAEC1 siRNA transfected SW48 cells the population 

in G2/M phase remarkably (p<0.01) increased (12.9% vs 29.9 + 2.14%) when compared to that 

of control cells. These increases were analogous to a reduction of the cell population in G0/G1 

phase. These results suggest that G2/M DNA damage checkpoint of the cell cycle can be altered 

due to the suppression of GAEC1 in colon cancer cell line.   
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Figure 8.7. Effect of GAEC1 knockdown on cell cycle kinetics of colon cancer cells. 

A - Cell cycle analysis by flow cytometry showed that GAEC1 deficient cells induced cell 

cycle arrest at G2/M phase. The representative histogram of cell cycle analysis are of cells with 

non-transfected, control and GAEC1 knockdown SW480 (Stage II) (A) and SW48 (Stage III) 

(B) cells. B - The bar graph shows the percentage of cells in different phases. The result 

represented as mean + SD from three independent experiments. The level of significance is **P 

< 0.01 when compared to control and non-transfected cells. 

 

8.4.8: Permanent GAEC1 knockdown suppresses tumour growth in-vivo 

The influence of GAEC1 loss on xenograft tumour growth was evaluated using 

shGAEC1 SW480 and shGAEC1 SW48 cells.  As shown in figure 8.8A and 8.8C mice injected 

with shControl cells readily formed tumours, while no tumour was formed in mice injected with 

shGAEC1 SW480 and shGAEC1 SW48 cells. The final tumour volumes of control shRNA 
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transfected SW480 cells were 707.23, 703.11, 711.26, 709.76, 649.53 and 796.50 mm3 and in 

the case of SW48 cells, tumour volumes were 1201.72, 936.87, 1087.54, 1178.97, 1194.68 and 

1168.33 mm3.  Histological analysis of the tumours from shControl-injected mice demonstrated 

the growth of cells with high mitotic activity, consistent with a poorly differentiated colon 

carcinoma (Figure 8.8B and 8.8D). The sections from the mice without macroscopically 

identified tumour did not show any carcinoma. The histological analysis of the injected site 

with shGAEC1 showed no sign of dysplastic or cancer cells except visible inflammatory 

reaction secondary to inoculation (Figure 8.8E). Taken together, these data demonstrated that 

GAEC1 knockdown inhibits xenograft tumour formation in mice and further confirms its 

oncogenic properties in colon cancer cell progression. 
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Figure 8.8. The in-vivo impact of GAEC1 stable knockdown on different stages of colon 

cancer cells in a xenograft model. Eight-week-old mice were injected subcutaneously with 

1x106 sh-GAEC1 shRNA or Control shRNA transfected SW480 and SW48 cells (A and C).  

Animals were sacrificed at 30 days post injection and the extent of tumour development was 

assessed macroscopically.  Histological analysis of control shRNA transfected cell derived 

tumours (B and D) and the tissue of injected site with GAEC1 shRNA transfected cell (E) 

stained with haematoxylin and eosin. The representative images of the histological section are 

of 20 μm scale bar.  Figure 8B is the carcinoma when injected with SW480 and Figure 8D is 

the carcinoma injected with SW48 (x10).  

 

8.5: Discussion 

 The current study has first time investigated the physical localization, stage dependent 

expression patterns and oncogenic effects of GAEC1 in-vitro and in-vivo in colon cancer cells. 

In addition, GAEC1’s role in modulating other key oncogenic, tumour suppressor and anti-

apoptotic proteins in colon cancer pathogenesis were newly identified in addition to its 

regulatory effects on cell proliferation and mobility.  

 GAEC1 protein was predominantly expressed in the cytoplasm of all colon cancer cells 

while in non-neoplastic colon epithelial cells it was expressed in the nuclei (Figure 1A, 1B and 

1C).  Law et al., in 2007, showed that a GAEC1-GFP fusion protein was exclusively expressed 

as aggregated foci in the inner nuclear region of normal human embryonic kidney cells (Law et 

al., 2007).  Nuclear expression of GAEC1 in normal colon epithelial cells along with the 

cytoplasmic expression in different pathological stages of colon cancer cells indicate that 

nucleocytoplasmic translocation of GAEC1 has the potential role in tumorigenesis. This kind of 

translocation in carcinogenesis has been reported previously. For instance, B-cell leukaemia 3 

(bcl-3) is largely found in the cytoplasm of colon cancer cell line and tissue while it is 
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predominantly present in the nuclei of colon cancer cells (Saamarthy et al., 2015).  Nuclear-

cytoplasmic translocation of different execution factors and other regulators is essential to 

trigger the anti-apoptotic pathways and this kind of translocation is not uncommon in cancer 

molecular pathogenesis.  In addition, the transition of survivin (a suppressor of apoptosis) from 

the nucleus to cytoplasm contributes to the malignant progression of cancer cells (Qi et al., 

2009).  A similar phenomenon may be attributed to the cytoplasmic expression of GAEC1 in 

colon cancer cells. Thus, differential expression pattern in different colon cancer cell lines may 

allow the GAEC1 protein to interact with other downstream interacting proteins for the 

initiation and maintenance of colon cancer. 

We have previously reported that higher GAEC1 copy number changes are associated 

with poorer patients’ prognosis and pathologically aggressive colorectal adenocarcinomas 

(Gopalan et al., 2010; Gopalan et al., 2013).  In oesophageal cancer, a non-significant 

correlation of clinical/pathological aggressiveness of oesophageal squamous cell carcinomas 

with GAEC1 mRNA expression and DNA amplification was observed (Law et al., 2007).  In 

addition, GAEC1 regulates CAPN10 expression that predicts survival of patients with 

oesophageal squamous cell carcinoma (Chan et al., 2013).  The current study has confirmed the 

stage dependent mRNA and protein expression changes in GAEC1 for the first time in colon 

cancer cells. The stage II (SW480) and Stage III (SW48) colon cancer cell lines used in this 

research exhibited a higher level of protein (Figure 2A and 2B) and mRNA (Figure 2C and 2D) 

expression when compared with stage IV (HCT116) and non-neoplastic colon epithelial cell 

line (FHC). This elevated expression of GAEC1 protein and mRNA in a higher stage of cancer 

supports our previous findings on oesophageal squamous cell carcinomas confirming its 

involvement in the molecular pathways in cancer pathogenesis as an oncogene. Also, these 

expression changes in GAEC1 indicate its role in the initiation of colon cancer and in turn 

suggesting its potential use as a molecular target in colon cancer detecting the growth and 



91 
 

progression of colon carcinomas. The lower level of expression in HCT116 cells does indicate, 

however, that GAEC1 may be dispensable in some cancers following the development of new 

expression patterns or mutations. 

 The current study has revealed multiple carcinogenic roles of GAEC1 in-vitro in colon 

cancer cells. Law et al., demonstrated that GAEC1 overexpressed mouse 3T3 fibroblast cells 

showed higher cell proliferation and increased colony formation than the mock vector 

transfected cells or the ras-transfected 3T3 cells (Law et al., 2007).  In this study, GAEC1 

knockdown induced decreased cell proliferation, lower colony formation and inhibition of 

cancer cell migration in colon cancer cells. Thus, our results are in line with the previous 

findings and suggest that GAEC1 acts as a key regulator of molecular pathways in colon 

carcinomas. Further gene/protein interaction studies are required for mapping the exact 

positioning of GAEC1 oncogene in current cancer molecular pathways.  

 Apoptosis plays a crucial role in maintaining tissue homeostasis and in cancer. Cells 

will evade normal apoptosis, which results in uncontrolled proliferation (Delbridge et al., 2015).  

In this study, we have noted a significant increase in colon cancer cell apoptosis following 

GAEC1 knockdown. The role of GAEC1 in regulating cellular apoptosis was further reinforced 

in this study as we found that GAEC1 knockdown inhibits the expression of bcl-2, an oncogene 

belonging to large family proteins with specific anti-apoptotic functions in human cancers 

(Martinou et al., 2011; Marsden et al., 2004). Also, the expression of another apoptotic α-

tubulin was reduced in GAEC1 suppressed colon cancer cells confirming its role in modulating 

cancer cell growth via directly controlling cellular apoptosis or by regulating specific apoptotic 

markers.   

 In addition to bcl-2, the downregulation of GAEC1 in different colon cancer cells leads 

to suppression of the K-ras oncoprotein. Furthermore, the co-immunoprecipitation experiments 

confirmed the endogenous interaction between GAEC1 and K-ras suggesting its pivotal role in 
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K-ras mediated colorectal cancer pathogenesis.  Previous studies note that in spite of extensive 

therapeutic investigations, direct pharmacological inhibition of the K-ras protein remains 

impossible (Cox et al., 2014). The current results are promising as indirect inhibition of K-ras 

protein in colon carcinomas by modulating GAEC1 expression may be possible, which can, in 

turn, provide effective anti-tumour effects on colon cancer cells. 

 p53, a well-known tumour suppressor gene with known functions in cancer cell 

apoptosis, is a key regulator of colon cancer pathogenesis and response to treatment (Lam et al., 

2008; Weekes et al., 2010).  Feng et al. have reported that p53 protein expression in cancer 

cells can be positively regulated by its interaction proteins (Feng et al., 2007). Thus, the up-

regulation of p53 protein expression following GAEC1 downregulation might be attributed to 

their potential interactions in colon carcinogenesis.  It is worth noting that p53-mediated 

apoptosis is a principle mechanism of chemotherapeutic agents to kill cancer cells (Fisher, 

1994). Wild-type p53 can induce apoptosis and make the tumour cells more sensitive to 

chemotherapeutic drugs (Fisher, 1994; Haupt et al., 1997).  Taken together, the noted 

associations of GAEC1 with bcl-2 and K-ras as well as increased p53 expression further imply 

a direct mechanism for the induction of apoptosis and inhibition of specific cell growth assays 

in colon cancers following GAEC1 knockdown. Also, these findings could have future 

implications in gene-targeted therapies in colon cancers.  

 Microtubules are essential for a number of cellular processes like cell growth and cell 

division, motility, maintenance of cell shape, intracellular transport and polarity (Mukhtar et al., 

2014). Microtubule targeting agents are very promising in cancer treatment as any alteration in 

microtubule dynamics can cause the arrest of cell mitosis and eventually lead to apoptosis 

(Zhang et al., 2014).  In our study, we found that transient knockdown of GAEC1 in colon 

cancer cells derived from different pathological stages (SW480 and SW48) demonstrated cell 

cycle arrest at the G2/M phase (Figure 7). To elucidate these changes in cellular arrest at G2/M 
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phase, we studied the effect of GAEC1 on microtubule expression. We found that knockdown 

of GAEC1 with siRNA transfection in both cell lines (SW480 and SW48) significantly 

downregulated the α-tubulin expression (Figures 5C and 5D).  This finding indicates that 

downregulation of GAEC1 causes cell cycle arrest at the G2/M phase through the disruption of 

microtubule formation and which ultimately induces apoptosis.  

 We have previously demonstrated that subcutaneous injection of GAEC1-transfected 

mouse 3T3 fibroblast cells in athymic nude mice developed undifferentiated sarcoma (Law et 

al., 2007). The current study has for the first time substantiated this oncogenic potential of 

GAEC1 in human cancer cells in vivo.  Stable GAEC1 knockdown leads to the formation of no 

visible tumour in mice, while the control cells demonstrated the growth of cells with high 

mitotic properties, resulting in the formation of a poorly differentiated carcinoma (Figure 8).  

These findings are in consensus with our in vitro functional assays and further support the 

oncogenic roles of GAEC1 in colon cancers. The absence of tumour formation in GAEC1 

knockout cells could be also attributed to the suppression of bcl-2 and K-ras as well as 

activation of p53. Thus, GAEC1 may play a role in the activation of an anti-apoptotic gene, 

oncogene and inactivation of tumour suppressor gene.  

 In summary, we provide the evidence that GAEC1 is differentially expressed in 

different pathological stages of colon cancer. Knockdown of GAEC1 induced apoptosis through 

cell cycle arrest at the G2/M phase and suppressed cell proliferation, migration and colony 

formation properties in colon cancer cells. These cellular associations of GAEC1 were further 

confirmed by examining its interaction with growth specific proteins such as α-tubulin, bcl-2, 

K-ras and p53.  Our in vivo data show that loss of GAEC1 inhibits the tumour formation in a 

xenograft model, which implies the oncogenic potential of GAEC1 in colon carcinomas.  These 

findings demonstrate that reduction of GAEC1 expression in colon cancer cell lines results in 

reduced cell growth, decreased cell migration and increased apoptosis which indicates the 
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future use of GAEC1 in targeted therapies for colon cancer treatment.  Also, its elevated protein 

and mRNA expression in colon cancer cells compared to normal colon epithelial cell suggest 

the use of GAEC1 as a diagnostic marker in colon carcinomas.  
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Chapter-9: Aim-4 

Aim-4: Compare the expression of GAEC1 protein and mRNA in different colorectal 

cancer tissues of different stages collected from patients and the correlation with 

clinicopathological characteristics. 

 

9.1: Overview 

GAEC1 was first identified in oesophageal cancer and its alterations have 

oncogenic properties in oesophageal squamous cell carcinomas.  It was reported 

previously that GAEC1 is frequently amplified in colorectal adenocarcinomas.  The aim of 

this study was to investigate the association between the expression of GAEC1 mRNA and 

protein and clinocopathological characteristics of colorectal cancer (CRC) patients. 

Matched cancer and non-cancer fresh frozen tissue were collected from 80 CRC (39 men 

and 41 women) who underwent resection of colorectal adenocarcinoma.  Tissues were taken for 

RNA extraction and cDNA conversion.  GAEC1 mRNA expression were measured by 

quantitative real-time polymerase chain reaction (qRT-PCR).  In addition, formalin fixed paraffin 

blocks of tissue of these CRC patients were obtained for the study of GAEC1 protein expression 

by immunohistochemistry.  The expression of GAEC1 mRNA and protein was correlated with 

clinical and pathological parameters of these patients. 

GAEC1 mRNA was upregulated in majority of the colorectal cancer tissues when 

compared to their matched normal tissues (52%, n-42). Upregulation of GAEC1 mRNA 

correlates significantly with age (p=0.008), histological grade (p=0.028), presence of 

synchronous adenocarcinoma (p=0.034) and associated adenoma (p=0.047).  Patients with high 

GAEC1 mRNA overexpression had shorter survival time.  There was no significant correlation 

between GAEC1 mRNA expression and sex, gender, pathological stages, the presence of 

lymphovascular permeation, peri-neural invasion and MSI status of the colorectal carcinoma (p 
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> 0.05). GAEC1 protein expression showed no significant correlation with clinicopathological 

parameters of patients except intestinal perforation (p=0.04). 

Our results revealed that GAEC1 could act as a candidate biomarker for the development, 

progression, prognosis and targeted therapy in colorectal cancer.  

 

9.2: Introduction 

There is emerging evidence suggesting that the identification of diagnostic and 

prognostic biomarkers will ultimately lead to the development of new therapeutic strategies and 

increase the survival time of patients with colon cancer (Palaniappan et al., 2016; Erstad et al., 

2015). Hence, elucidation of the specific role of the potential biomarker in the pathogenesis of 

colorectal cancer may play an essential role in early diagnosis, targeted therapy and better 

prognosis of colon cancer.GAEC1 (Gene amplified in esophageal cancer 1) is previously 

reported to have tumorigenic potential almost equal to the Ras gene family and over expression 

of this gene played a crucial role in the cancer transformation of oesophageal squamous cell 

carcinoma (Law et al., 2007).  Our group has previously demonstrated that GAEC1 DNA was 

frequently amplified in patients with colorectal carcinomas and was significantly correlated 

with patient survival (Gopalan et al., 2010; Gopalan et al., 2013). In a follow up study on 

GAEC1 by Chan et al has noted a co-regulatory role of GAEC1 in regulating the expression of 

CAPN10, a calcium dependent signal transduction protein, in patients with squamous cell 

carcinoma (Chan et al., 2013).  In our recent study, we confirmed the oncogenic properties and 

potential co-regulatory partners of GAEC1 in-vivo and in-vitro in colon cancers (Wahab et al., 

2017). 

Till to date the mRNA/protein expression profiling of GAEC1 and its correlation with 

CRC patients with different clinical and pathological characteristcs were never investigated.  

Thus, in this study, we aimed to anlyse the expression patterns, tissue localisation and 
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clinicopathological correlations as well as prognostic implications of GAEC1 mRNA and 

protein in a large series of patients with colorectal carcinomas . 

 

9.3: Materials and methods 

9.3.1: Recruitment of the tissues and sample selection  

A total of 80 fresh frozen colorectal cancer tissue specimens (39 men and 41 women) 

with matched non-cancer tissues were collected for this study. Formalin fixed paraffin tissue 

blocks from the same tissues were also collected for GAEC1 protein expression analysis.  The 

fresh frozen colorectal tissues were sectioned using a cryostat (Leica Biosystems, Wetzlar, 

Hesse, Germany) and histological analysis was made after staining with hematoxylin and eosin 

staining.  This study was approved by the Human Research Ethics Committee of Griffith 

University (GU Ref No: MSC/17/10/HREC). A signed consent from each of the participating 

patients was also obtained.   

 

9.3.2: Clinical and pathological data of the patients 

 The clinical, histological and pathological characterisation as well as survival period 

was assessed by a clinical pathologist (AKL).  The mean age of the patients was 70 years (range 

from 24-91 years).  The cancer was graded according to the World Health Organization (WHO) 

(Hamilton et al., 2010).   Staging of the cancer was done according to TNM (Tumor, Lymph 

node, Metastasis) classification (Yao et al., 2017).   The other pathological parameters 

including the association of the colorectal adenoma, the presence of lymphovascular 

permeation, peri-neural invasion and hereditary nonpolyposis colorectal cancer (HNPCC) were 

also noted.  Microsatellite Instability (MSI) was tested in these cases by immunohistochemistry 

on 4 proteins (MLH1, PMS2, MSH2 and MSH6) as described previously (Ebrahimi et al., 

2015).   
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 All the patients were followed-up clinically according to pre-agreed standardised 

multidisciplinary protocol.  The adjuvant therapy was administered in the postoperative patients 

based on the pathological stage of carcinoma. The follow-up period was considered from the 

date of surgery for colorectal cancer to the time of death or closing of the study. Recurrence of 

cancer after surgery was also recorded. 

 

9.3.3: RNA extraction and cDNA conversion 

A cryostat (Leica Biosystems, Mt Waverley, VIC, Australia) was used to section tissue 

from tissues > 70% representation of cancer cells for RNA extraction. Matched adjacent tissues 

with the presence of no neoplastic cells were also selected for analysis. In brief, tissues were 

sectioned in thin slices (5µm) and followed by extraction using Qiagen miRNeasy Mini Kit 

which is specific for purification of the total RNA including mRNA from fresh frozen tissues 

(Qiagen, Hilden, North Rhine-Westphalia, Germany).   The purity of RNA was obtained by 

checking the optical density (OD) 260/280 ratio and concentration of RNA was noted in ng/µl 

(Spectrophotometer, Thermo Fisher Scientific, Wilmington, USA.).  Reverse transcription 

reactions were performed using 1 μg total RNA in a final reaction volume of 20 µl.   RNA was 

converted to cDNA using miScript Reverse Transcription Kit (Qiagen) according to the 

manufacturer’s instructions.  The sample was stored at -20°C until the PCR analysis. 

 

9.3.4: Quantitative Real-time PCR 

  

The expression of GAEC1 mRNA from the colorectal cancer tissue was examined by 

using a QuantStudio 6Flex Real-time PCR system (Applied Biosystems, Foster city, CA, USA). 

qPCR was performed in a total volume of 20 μl reaction mixture containing 10 μl of Quantitech 

Syber Green PCR kits (Qiagen), 1.5μl of each 5 μmol/l, 3 μl of cDNA at 50 ng/μl and 4 μl of 

0.1% diethylpyrocarbonate (DEPC) treated water.  All the samples (cancer and non-cancer) 
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were run triplicates.  The amplification efficiencies were normalized to that of the housekeeping 

gene glyceraldehyde 3- phosphate dehydrogenase (GAPDH). Sequences of the primers used in 

this study are detailed in supplementary material table 9.1.  The fold change in the target gene 

for the results of quantitative amplification was calculated for each sample using 2-ΔΔCT (fold 

change) method as previously reported (Ebrahimi et al., 2015; Gopalan et al., 2014; Gopalan et 

al., 2015) .  A fold change more than 2 was considered as high expression and a fold change of 

less than 1 was regarded as low expression/down regulation of GAEC1 mRNA. 

 

Table 9.1: Primer sequences for quantitative RT-PCR 

Gene Orientation Sequence Amplicon size 

(Base pairs) 

GAEC1 

(AC005088) 

 

 

Forward 

Reverse 

5'-CCTCAGGGAAGAAGCAAGTT-3' 

5'-TCTTGCATGGTGCCAGTT-3' 

121 

GAPDH 

(NM_002046) 

 

Forward 

Reverse 

5'-TGCACCACCAACTGCTTAGC-3' 

5'-GGCATGGACTGTGGTCATGAG-3' 

88 

 

 

9.3.5: Immunohistochemistry of GAEC1 in colorectal cancer tissues 

The formalin fixed paraffin blocks of colorectal cancer tissue from the same patients 

were used for GAEC1 protein expression analysis.   A high PH ENVisionTM FLEX Mini Kit 

(Dako, Glostrup, Hovedstaden, Denmark) was used for the immunohistochemical analysis of 

GAEC1 protein.  In brief, deparaffinised and rehydrated sections (4μm) were first processed for 

antigen retrieval in citrate buffer (at pH 6.0) for 15 minutes in a microwave oven and then 

blocked with peroxidase blocking reagent for 10 minutes.  Tissues were incubated with a mouse 

monoclonal GAEC1 antibody (Promab, Richmond, CA, USA) for 60 minutes at room 

temperature.   The slides were then incubated with a horseradish peroxidase conjugated 

secondary antibody (Dako) for 15 minutes at room temperature.   Visualization of staining was 
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done by using 3, 3'-diaminobenzidine (DAB) (Dako) to produce a brown colour, and then 

counterstained with haematoxylin.  A colon adenocarcinoma tissue that showed strong 

cytoplasmic staining was used as a positive control in each run of the experiment.  A negative 

control sample was prepared by the same procedure without GAEC1 antibody.  A grading scale 

ranging from 0 to 3 was used for this assessment, where 0 represented a negative staining, 1 

represented weak staining (1-30%), 2 and 3 represented moderate (31 to 70%) and strong 

staining (>70%) respectively.   Assessment of the slides according to the extent and intestity of 

GAEC1 staining was also taken into consideration for analysis.    

 

9.3.6: Statistical analysis 

Statistical analysis was done by using the Statistical Package for Social Sciences (SPSS, 

version 25, New York, NY. USA).  Chi-square test or likelihood ratio was used for categorical 

variables.  Pearson correlation test was used for continues variables. Independent t-test was 

performed for the analysis of continues variables in categories. A p value of < 0.05 was 

considered as statistically significant.  

 

9.4: Results 

9.4.1: GAEC1 mRNA/protein expression 

 GAEC1 mRNA and protein expression were noted in all selected (n=80) colorectal 

adenocarcinoma tissues and its corresponding non-neoplastic tissues at varied levels. 

Approximately 52.5% (n=42) of patients with colorectal cancers showed high expression of 

GAEC1 mRNA whereas 47.5% (n=38) exhibited low expression compared to their matched 

non-neoplastic tissues. Similarly, ~ 66% (53/80) of colorectal cancer tissues showed high 

GAEC1 protein expression (positive staining), while the remaining colorectal cancer cases were 

noted with no GAEC1 protien (negative) expresion.   GAEC1 protein was predominantly 

located in the cytoplasm and showed low to no expression in normal colon tissues (Fig. 9.1). 
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Figure 9.1: Expression of GAEC1 in colorectal adenocarcinoma. A. Strong cytoplasmic 

staining of GAEC1 protein was noted predominantly in the poorly differentiated colorectal 

adenocarcinoma cells (x30). B. Weak staining in non-neoplastic mucosa. 

9.4.2: Clinical and pathological correlations of GAEC1 expressions 

High expression of GAEC1 mRNA was predominantly seen among patients below 60 

years compared to those patients over 60 years of age (78%, versus 44%, p=0.008).  Patients 

with synchronous colorectal adenocarcinomas mostly exhibited with low expression of GAEC1 

mRNA (compared those without any synchronous colorectal tumours (86% vs 56%, p=0.034). 

On the otherhand, compared to poorly differentiated colorectal carcinomas (grade III), patients 

with well and moderatley differentiated colorectal carcinomas  (grade I+II) colorectal cancers 

showed a high expression  of GAEC1 mRNA  (57% versus 20%,  p=0.028). Similarly, high 

GAEC1 mRNA expression was frequently noted among patients presented without any pre-

neoplastic adenomas in their colorectal cancer tissues compared to patients with an adenoma in 

their colorectal cancer tissues. (63% versus 41%, p=0.047).   

As demonstrated in table-9.3 more than  90% (10/11) colorectal cancer patients 

presenting with intestinal perforation had high expression of the GAEC1 protein (p=0.04).     
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No significant correlation was observed between GAEC1 mRNA  and protein 

expression with other clinicopathological parameters including patient surival which showed a 

non-significant correlation (Fig. 9.2) between high GAEC1 mRNA expression and a shorter 

survival time.  (p > 0.05).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.2: The relationship between patients’ survival and expression levels of GAEC1 

mRNA in colorectal carcinoma. Patients with the high expression level of GAEC1 mRNA in 

their colorectal cancer tissue had marginally reduced survival time compared to patients with 

low expression level. 
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Table 9.2: The correlation of GAEC1 mRNA expression level with different clinical and 

pathological parameters in patients with colorectal carcinoma. 

The following data indicate the comparison between the high expression and low expression 

of GAEC1 mRNA in colon cancer tissues with the statistical significance. 

Type   Total No (%)     High expression      Low expression           p value 

 

Age 
≤60  19(23.75%)     15(78.94%)                  4 (21.05%)  0.00 

>60  61 (76.25%)     27 (44.26%)          34 (55.73%)  

Gender 

Male  39 (48.75%)     19(48.71%)                 20(51.22%)  0.50 

Female  41 (51.25%)     23(56.09%)                 18(43.90%)  

Size  

≤ 40mm  65(81.25%)     37(56.92%)                28(43.07%)  0.09                 

> 40 mm  15(18.75%)     5(33.33%)                10(66.66%)    

Location 

Colon  64(80%)     32(50%)                32(50%)  0.37               

Rectum  16(20%)     10(62.5%)                6(37.5%)  

Grade 

I+ II  70(87.5%)     40 (57.14%)       30(42.85%)  0.02      

III  10(12.5)     2(20%)                8(80%)    

Stage 

I   9(11.25%)     5(55.55%)                4(44.44)  0.34                 

  

II  34(42.5%)     14(41.17%)                20(58.82%)           

III  17(21.25)     10(58.82%)                7(41.17%)  

IV  20(25%)     13(65%)                7(35%)  

Associated adenoma 

Yes  37(46.25%)     15(40.54%)                22(59.45%)  0.04                  

No  43(53.75%)     27(62.79%)                16(37.20%)  

Lymphovascular  

permeation 
Yes  17(21.25%)     12(70.58%)                5(29.41%)  0.092                  

No  63(78.75%)     30(47.61%)                33(52.38%)  

Peri-neural infiltration 

Yes  8(10%)          4(50%)                4(50%)  0.88 

No  72(90%)     38(52.77%)                34(47.22%)   

MSI status 

Yes  14(17.5%)     7(50%)                7(50%)  0.83                   

No  66(82.5%)     35(53.03%)                31(46.96%)  

Recurrence 

Yes  27(33.75%)    16(59.25%)                11(40.74%)  0.38 

No                                53(66.25%)    26(49.05%)                27(50.94%)  

Synchronous  

Tumour 

Yes                                7 (8.75%)               1(14.28%)                     6(85.71%)  0.03 

No                                 73(91.25%)            41(56.16%)                  32(43.83%)      

Perforation 

Yes  11(13.75%)    8(72.72%)                3(27.27%)  0.14 
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No               69(86.25%)    34(49.27%)                35(50.72) 

 

 

Table 9.3: GAEC1 immunostaining colorectal cancer tissue and the association patients’ 

clinical and pathological characteristics. 
 

  Total No. (%)        Positive                Negative                    p Value 

Age 

≤60  19(23.75%)         12(63.15%) 7 (36.84%)  0. 74 

>60  61 (76.25%)         41 (67.21%) 20 (32.78%)   

Gender 

Male  39 (48.75%)         25(64.10%) 14(35.89%)  0.69 

Female  41 (51.25%)         28(68.29%) 13(31.70%)  

Size  

≤ 40mm  65(81.25%)         44(67.69%) 21(32.30%)  0.57 

> 40 mm  15(18.75%)         9(60%)              6(21.42%)    

Location 

Colon  64(80%)         43(67.18%) 21(32.81%)  0.72 

Rectum  16(20%)         10(62.5%)  6(37.5%)  

Grade 

I  8(10%)          5(62.5%)              3(37.5%)  0.61 

II  62(77.5%)         40 (64.51%) 22(35.48%)          

III  10(12.5)         8(80%)              2(20%)    

Stage 

I   9(11.25%)        4 (44.44%)  5(55.55%)  0.25 

II  34(42.5%)        21 (61.76%) 13(38.23%)   

III  17(21.25)        12 (70.58%)  5(29.41%)  

IV  20(25%)        16 (80%)               4(20%)  

Associated adenoma 

Yes  37(46.25%)        25(67.56%)  12(32.43%)  0.81 

No  43(53.75%)        28(65.11%)  15(34.88%)  

Lymphovascular  

Permeation 

Yes  17(21.25%)        13(76.47%)  4(23.52%)  0.31 

No  63(78.75%)        40(63.49%)  23(36.50%)  

Peri-neural 

Infiltration 

Yes  8(10%)                  6(75%)              2(25%)                       0.58 

No  72(90%)         47(65.27%) 25(34.72%)   

MSI status 

Yes  14(17.5%)        11(73.33%)  3(21.42%)  0.28 

No  66(82.5%)        42(63.63%)  24(36.36%)  

Recurrence 

Yes  27(33.75%)        19(70.37%)  8(29.62%)  0.57 

No                                53(66.25%)         34(64.15%) 19(35.84%)  

Perforation 

Yes   11(13.75%)         10(90.90%) 1(9.09%)  0.04 

No   69(86.25%)         43(62.31)              26(37.68%) 
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9.5: Discussion 

In this study, we have demonstrated the expression profiling of GAEC1 mRNA/protein 

in patients with colorectal cancers of different clinicopathological characteristics. The 

prevalence of high GAEC1 mRNA and protein levels in patients with colorectal carcinomas are 

in line with the previous reports on the oncogenic functions of GAEC1.  

Pathogenesis of colorectal carcinoma is a multistep process, which involves 

deregulation of DNA synthesis in the epithelial cells of the colorectal (Lipkin, 1974) following 

the development of an adenoma, with increasing degree of cellular atypia and acquisition of 

properties leading to tumor invasiveness (Muto et al., 1975). Also, age dependent genetic and 

epigenetic changes are not uncommon in the pathogenesis of colorectal carcinomas especially 

in the early steps of the adenoma-carcinoma sequence (Fienberg, 2002; Elirich, 2004; Suzuki et 

al., 2006). In this study, patients aged less than 60 years have high expression of GAEC1 

mRNA in their colorectal cancer tissues. Similarly, GAEC1 mRNA was frequently expressed 

high in patients with a co-existing adenoma and adenocarcinoma in their colorectum. These age 

and adenoma-carcinoma associated changes in GAEC1 mRNA suggests that colorectal 

carcinogenesis is dependent on different predisposing genomic instability, possibly assisted by 

GAEC1, in patients with different clinical and pathological characteristics.  This notion is 

further strengthened by the additional findings in this study, which has noted high GAEC1 

mRNA levels in patients with well and moderately differentiated colorectal carcinomas 

compared to patients with poorly differentiated colorectal carcinomas. Taken together, it can be 

hypothesised that GAEC1 exhibits its oncogenic functions during the initiation of colorectal 

cancer pathogenesis and the downstream partners of GAEC1 will lead the future genetic 

progression in these carcinomas.  
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Synchronous colorectal carcinomas refer to carcinomas with more than one primary 

malignant tumours in the colorectum at the time of the initial presentation (Lam et al., 2011). 

Also, synchronous colorectal carcinomas have different patterns of chromosomal instability, 

microsatellite instability, p53mutation and K-ras mutation status indicating its complex 

genetic/epigenetic modifications during pathogenesis (Lam et al., 2014). The prevalence of high 

GAEC1 mRNA expression noted among patients with non-synchronous colorectal carcinomas 

imply GAEC1’s role in the pathogenesis of solitary colorectal carcinomas or/and adenoma-

carcinoma progressions in the colorectum. Further studies with a larger series of patients with 

synchronous/non-synchronous colorectal carcinomas are required to clinically confirm this 

association.  

GAEC1 protein expression profiling in patient derived colorectal cancer tissues were 

first time investigated in this study. We have recently reported the cytoplasmic localisation and 

stage dependent expression patterns of GAEC1 protein in-vitro (Wahab et al., 2017). GAEC1 

protein was expressed high in cancer cells from early stage colon carcinomas (Stage II & III) 

whereas the normal colon cells and advanced stage (Stage IV) colon cancer cell lines showed 

high levels of GAEC1 protein (Wahab et al., 2017). Our current study results on GAEC1 

mRNA expressions and its high expression prevalence among patients diagnosed in the early 

phases of colorectal carcinomas are in agreement with these in-vitro findings. This study has 

also noted a cytoplasmic and differential expression pattern for GAEC1 protein in colorectal 

cancer tissues suggesting its regulatory effects on other key interacting proteins in colorectal 

carcinogenesis (Wahab et al., 2017).  

Patients with an intestinal perforation in colorectal carcinomas are considered clinically 

aggressive, as there is a high chance of peritoneal dissemination of cancer cells, sepsis and 

multiple organ failures (Asano et al., 2017). The current study has noted high protein 

expression levels of GAEC1 in 10/11 patients with perforated colorectal carcinomas (p <0.05). 
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The GAEC1 mRNA levels also exhibited a similar non-significant (p>0.05) trend in expression 

changes in these patients. As evidenced in literature, patients with poorly differentiated 

colorectal adenocarcinomas often present with cancer site perforation (Asano et al., 2017). 

However, GAEC1 expressions with mRNA were predominately noted with early and 

moderately differentiated colorectal carcinomas compared to poorly differentiated cancer cases. 

This contradicting result might be due to the tissue specific changes in GAEC1 protein 

expression and a low number (n=11) of colorectal cancer cases with intestinal perforation.  It is 

worth noting that our most recent study has indicated a co-regulatory effect of GAEC1 with key 

oncogenes in colorectal carcinogenesis such as KRAS and BCL-2 (Wahab et al., 2017). P53, a 

key tumour suppressor gene, was also negatively regulated by GAEC1 expression (Wahab et 

al., 2017). Thus, it can be also hypothesised that as colorectal cancer progresses to more 

aggressive phenotype with advanced pathological stages, an increase in the activation of 

GAEC1 mediated signal transduction pathway occurs.  

To conclude, this study has clinically validated the oncogenic function of GAEC1 in a 

large cohort of patients with colorectal carcinomas. The differential expression pattern of 

GAEC1 mRNA/protein as well as its correlation with patients with different clinicopathological 

characteristics have indicated that GAEC1 is a key regulator in the initiation colorectal 

carcinomas. Further studies are warranted to confirm its potential use as a therapeutic target in 

colorectal carcinomas.   
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Chapter-10: Aim-3 

 
Aim-3: Identify the potential interaction partners for GAEC1 in colon cancer cells. 

10.1: Overview 

GAEC1 is previously reported to have oncogenic properties in esophageal squamous cell 

carcinoma. In our previous work we have confirmed its oncogenic properties by in-vitro and in-

vivo experiments (Wahab et al., 2017.) Furthermore, we have found the correlation between the 

expressiojn of GAEC1 protein and mRNA expresstion with clinicopathological charactersistics 

of colorectal cnacre patients (Wahab et al., 2018). In this section we aimed to find out the potential 

interacting partners of GAEC1 in colon cancer to have a better understanding of the underlying 

role of GAEC1 in colon cancer pathogenesis.  

We have used the massspectrometric analysis of protein following co-

immunoprecipiation with GAEC1 antibody. Protein separation was done using westernblot 

analysis and the sparated protein was digested for mass spectrometry. Inetracting protein 

was identified by using non-targeted liquid chromatography and tandem mass spectrometry 

(LC-MS/MS) and data analysis. Four interacting proteins proteins among the identified 

proteins were further confirmed by western blot analysis followed by co 

 

10.2: Introduction 

 

Protein-protein interaction network in the discovery of cancer therapeutics has led to the 

understanding of targeted therapies, cancer genomics and signalling pathway. Widespread 

clinical and biological investigations have identified several protein-protein interactions which 

are essential in gaining and preserving hallmark of cancer critical for cell transformation. 

Protein-protein interaction maintains the signalling pathway to attain integrated molecular 

network for tumorigenesis, cancer progression and metastasis. Therefore, identification and 
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targeting of protein-protein interaction are thought to be the promising strategy for the 

disruption of oncogenic signal transmission. 

GAEC1(Gene amplified in esophageal cancer 1) was first identified by comparative 

DNA fingerprinting using inter-simple sequence repeat polymerase chain reaction (ISSR-PCR) 

and showed a series of amplifications and deletions in oesophageal cancer.  The gene is located 

at 7q22.1 (Tang et al., 2001).  Studies showed that GAEC1 has tumorigenic potential 

approximately equal to the Ras gene family and overexpression of this gene played a pivotal 

role in the cancer transformation of oesophageal squamous cell carcinoma (Law et al., 2007). 

GAEC1 is expressed in a number of tissues including oesophagus, small intestine and colon 

containing a full length messenger RNA of 2052 base pair and encodes a nuclear protein of 109 

amino acids.  Our group has previously reported GAEC1 amplification in colorectal 

adenocarcinoma tissues when compared to non-cancer colorectal tissues (Gopalan et al., 2010).  

In a different study, we also noted significant correlation of GAEC1 copy number variations 

with a longer survival time of patients with colorectal adenocarcinoma (Gopalan et al., 2013). 

In the recent report, we have noted that GAEC1 endogenously interacts with anti-apoptotic Bcl-

2 in SW480 and SW48 colon cancer cells (Wahab et al., 2017). In this current study, for the 

first time aimed to identify the interacting candidate proteins of GAEC1 in colon cancer cells 

through co-immunoprecipitation followed by mass-spectrometric analysis and the expressional 

pattern of interacting proteins through modulation of GAEC1 expression. 

 

10.3: Materials and Methods 

10.3.1: Cell culture and transfection 

Human colon cancer cell lines SW48 was purchased from American Type Culture 

Collection (ATCC). The SW48 line was maintained in Dulbecco's Modified Eagle Medium 
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(DMEM) (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine 

serum at 37 ℃ in 5% CO2.   Cells were routinely checked for mycoplasma contamination. For 

stable transfection, SW480 and SW48 cells were transfected with GAEC1 shRNA using Mega 

Tran 1.0 (OriGene, Rockville, MD, USA) following the instructions of the manufacturer.  

    

10.3.2: Western blot analysis  

A custom made monoclonal antibody (Promab, Richmond, CA, USA) was used for the 

first time to quantify GAEC1 protein expression. Other antibodies targeting HIG   PCDGF, 

Rhotekin  (N-19),  EIF3j3 (F234) proteins as well as a control antibody, GAPDH, were also used 

for the studies of the downstream pathway (Santa Cruz Biotechnology, Santa Cruz, CA, USA).  

All the treated and control cells were harvested and lysed with NP40 (Thermo Fisher Scientific, 

Waltham, MA, USA) buffer enriched with complete protease inhibitor cocktail (Sigma-Aldrich, 

St Louis, MO, USA). Protein concentration was determined by using protein quantification assay 

kit (Macherey-Nagel, Düren, Germany). Western blot was performed as the method described on 

page 81.  Finally, Western blot images were developed using VersaDoc-MP imaging system 

(Bio-rad, Hercules, CA, USA) with enhanced chemiluminescence (ECL) (Thermo Fisher 

Scientific, Waltham, MA, USA) reagents.  

 

10.3.3: Co-Immunoprecipitation 

GAEC1 antibody was immobilized on to aminolink plus coupling reagent at room 

temperature following manufacturer instruction (Thermo Fisher Scientific, Waltham, MA, 

USA). SW48 cells were harvested using trypsin and washed once with 1X modified Dulbecco’s 

PBS. Ice-cold IP-lysis buffer was added with 1% protease inhibitor. Cells were incubated on ice 

for 5 minutes with periodic mixing. Protein was collected by centrifugation at 14000 x g for 10 

minutes. Protein concentration was determined by using protein quantification assay kit 
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(Macherey-Nagel, Düren, Germany). Pre clear lysate and all other steps for co-

immunoprecipitation were performed according to the manufacturer instructions (Thermo 

Fisher Scientific, Waltham, MA, USA). 

 

10.3.4: Protein quantification and digestion 

The concentration of eluted protein after co-immunoprecipitation was quantified by 

using protein quantification assay kit (Macherey-Nagel, Düren, Germany). Five microgram 

aliquots of each sample were dispensed into 500 µl tubes in duplicate for in-solution tryptic 

digestion using the ThermoFisher in-solution tryptic digestion kit. In summary, proteins were 

reduced by incubation at 95°C for 5 minutes in the presence of 50mM ammonium bicarbonate 

and 10mM DTT. Following reduction, alkylation was performed by adding ~15mM of 

Iodoacetamide (IAA) to samples and incubating for 20 minutes in the dark at room temperature. 

Lastly, proteins were digested in the presence of approximately 5 ng/µl of trypsin at 37°C for 3 

hours before the addition of more trypsin (increasing the total concentration to 10 ng/µl) 

followed by incubation of the samples at 30°C overnight. Samples were then desalted and 

concentrated using C18 Ziptips (Merck) with 5 µg duplicates pooled and eluted in 60% 

acetonitrile (ACN) and 0.1% trifluoroaceatic acid (TFA). Samples were then dried down to 

remove all solvent and resuspended in 100 µl of 0.1 % formic acid and transferred to amber 

vials for LC-MS analysis.  

 

10.3.5: Global protein identification using non-targeted liquid chromatography and 

tandem mass spectrometry (LC-MS/MS) and data analysis 

The samples were analysed using LC-MS/MS on an electrospray ionisation quadrupole-

hybrid time-of-flight instrument (ESI-QTOF, Sciex Triple Tof 5600). The samples from each 

experimental trial were run on different days. The resulting peptide mass data were searched 

against the National Centre for Biotechnology Information (NCBI) Homo sapien protein 
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database (downloaded on the 2nd February 2017) and analysed using Protein Pilot software 

version 5.0.1 (ABSciex). The false discovery rate (FDR) analysis function was applied and only 

proteins matched within the 1% FDR bracket were used for further analysis. In order to identify 

potential binding partners, proteins that were identified exclusively in the target IP sample were 

sought. To exclude non-specific binding partners, the Protein Alignment Template (version 

3.002, ABSciex) was used. In brief, the identified protein lists from each sample were matched 

against each other in all possible combinations order to identify proteins expressed exclusively 

in the target IP samples and not in the control indicating true potential binding partners.   
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Figure 10.1.  A schematic diagram showing the outline of the experimental methods used 

in the current study. 1) Human colon cancer cells were grown, harvested and quantified, 2) 

The isolated protein was co-immunoprecipitated with a GAEC1 antibody, 3) the eluted proteins 

were subjected to in-solution digestion, 4) the digested protein was run for LC-MS/MS analysis 

and 5) the identified protean was confirmed by western blot analysis. 

 

10.4: Results 

10.4.1: Identification of interacting proteins with GAEC1 in human colon cancer cells 

The overall strategy of this study is shown in Table 10.1. The first step was to grow 

SW48 colon cancer cells. After harvesting cells were lysed with IP (immunoprecipitation) lysis 

buffer to collect protein. Then protein concentration was measured and 1 mg protein was used 

for co-immnuoprecipitation. The eluted protein from co-immunoprepitation step was digested 

by using in-solution digestion kit. In three independent LC-MS/MS analysis of the digested 

protein resulted in the identification of 31 proteins (Table 10.1) with at least 2 or higher scoring 

peptides. 
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Table 10.1: List of interacting protein of GAEC1 in colon cancer cells lines. These proteins 

are selected from three independent experiments. 

 

 

Number Accession Protein Species 
1 

sp|P09622|DLDH_HUMAN 

Dihydrolipoyl dehydrogenase, mitochondrial OS=Homo sapiens 

GN=DLD PE=1 SV=2 

Human 

2 
sp|P78527|PRKDC_HUMAN 

DNA-dependent protein kinase catalytic subunit OS=Homo 
sapiens GN=PRKDC PE=1 SV=3 

Human 

3 

sp|P62316|SMD2_HUMAN 

Small nuclear ribonucleoprotein Sm D2 OS=Homo sapiens 

GN=SNRPD2 PE=1 SV=1 

Human 

4 
sp|P28799|GRN_HUMAN Granulins OS=Homo sapiens GN=GRN PE=1 SV=2 

Human 

5 

sp|P49721|PSB2_HUMAN 

Proteasome subunit beta type-2 OS=Homo sapiens GN=PSMB2 

PE=1 SV=1 

Human 

6 

sp|P35244|RFA3_HUMAN 

Replication protein A 14 kDa subunit OS=Homo sapiens 

GN=RPA3 PE=1 SV=1 

Human 

7 

sp|O75822|EIF3J_HUMAN 

Eukaryotic translation initiation factor 3 subunit J OS=Homo 

sapiens GN=EIF3J PE=1 SV=2 

Human 

8 
sp|Q969Z0|TBRG4_HUMAN Protein TBRG4 OS=Homo sapiens GN=TBRG4 PE=1 SV=1 

Human 

9 
sp|P25205|MCM3_HUMAN 

DNA replication licensing factor MCM3 OS=Homo sapiens 
GN=MCM3 PE=1 SV=3 

Human 

10 

sp|P35606|COPB2_HUMAN 

Coatomer subunit beta' OS=Homo sapiens GN=COPB2 PE=1 

SV=2 

Human 

11 
sp|Q6UB35|C1TM_HUMAN 

Monofunctional C1-tetrahydrofolate synthase, mitochondrial 
OS=Homo sapiens GN=MTHFD1L PE=1 SV=1 

Human 

12 

sp|Q9HCC0|MCCB_HUMAN 

Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial 

OS=Homo sapiens GN=MCCC2 PE=1 SV=1 

Human 

13 
sp|O76031|CLPX_HUMAN 

ATP-dependent Clp protease ATP-binding subunit clpX-like, 
mitochondrial OS=Homo sapiens GN=CLPX PE=1 SV=2 

Human 

14 

sp|P12236|ADT3_HUMAN 

ADP/ATP translocase 3 OS=Homo sapiens GN=SLC25A6 PE=1 

SV=4 

Human 

15 
sp|P49419|AL7A1_HUMAN 

Alpha-aminoadipic semialdehyde dehydrogenase OS=Homo 
sapiens GN=ALDH7A1 PE=1 SV=5 

Human 

16 

sp|Q13243|SRSF5_HUMAN 

Serine/arginine-rich splicing factor 5 OS=Homo sapiens 

GN=SRSF5 PE=1 SV=1 

Human 

17 

sp|Q9Y241|HIG1A_HUMAN 

HIG1 domain family member 1A, mitochondrial OS=Homo 

sapiens GN=HIGD1A PE=1 SV=1 

Human 

18 

sp|Q9UJX3|APC7_HUMAN 

Anaphase-promoting complex subunit 7 OS=Homo sapiens 

GN=ANAPC7 PE=1 SV=4 

Human 

19 

sp|Q9UHI6|DDX20_HUMAN 

Probable ATP-dependent RNA helicase DDX20 OS=Homo 

sapiens GN=DDX20 PE=1 SV=2 

Human 

20 
sp|Q9BST9|RTKN_HUMAN Rhotekin OS=Homo sapiens GN=RTKN PE=1 SV=2 

Human 

21 

sp|Q96F86|EDC3_HUMAN 

Enhancer of mRNA-decapping protein 3 OS=Homo sapiens 

GN=EDC3 PE=1 SV=1 

Human 

22 
sp|Q93034|CUL5_HUMAN Cullin-5 OS=Homo sapiens GN=CUL5 PE=1 SV=4 

Human 

23 
sp|Q92665|RT31_HUMAN 

28S ribosomal protein S31, mitochondrial OS=Homo sapiens 
GN=MRPS31 PE=1 SV=3 

Human 

24 

sp|Q8TB52|FBX30_HUMAN 

F-box only protein 30 OS=Homo sapiens GN=FBXO30 PE=1 

SV=3 

Human 

25 
sp|Q8NBX0|SCPDL_HUMAN 

Saccharopine dehydrogenase-like oxidoreductase OS=Homo 
sapiens GN=SCCPDH PE=1 SV=1 

Human 

26 

sp|Q7RTV0|PHF5A_HUMAN 

PHD finger-like domain-containing protein 5A OS=Homo 

sapiens GN=PHF5A PE=1 SV=1 

Human 

27 
sp|Q14669|TRIPC_HUMAN 

E3 ubiquitin-protein ligase TRIP12 OS=Homo sapiens 
GN=TRIP12 PE=1 SV=1 

Human 

28 

sp|P29966|MARCS_HUMAN 

Myristoylated alanine-rich C-kinase substrate OS=Homo sapiens 

GN=MARCKS PE=1 SV=4 

Human 

29 
sp|P28340|DPOD1_HUMAN 

DNA polymerase delta catalytic subunit OS=Homo sapiens 
GN=POLD1 PE=1 SV=2 

Human 

30 
sp|P26640|SYVC_HUMAN Valine--tRNA ligase OS=Homo sapiens GN=VARS PE=1 SV=4 

Human 

31 

sp|P21912|SDHB_HUMAN 

Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, 

mitochondrial OS=Homo sapiens GN=SDHB PE=1 SV=3 

Human 
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10.4.2: Confirmation of protein-protein interaction between the selected proteins and 

GAEC1 

 

According to LC-MS/MS analysis, GAEC1 interacts with HIGD1A, Granulin, eIF3j and 

Rhotekin. To verify the possible interaction between GAEC1 and the four selected proteins, we 

performed co-immunoprecipiatetion assay using SW48 cell lysate. Lysates were prepared from 

SW48 cells were immunopercipitated with anti-GAEC1 and/or selected proteins or normal IgG 

following western blot. As shown in the Fig. 2, endogenous GAEC1 interacys with HIGD1A, 

Granulin, eIF3j and Rhotekin. 

 

 
 



116 
 

Figure 10.2: Protein-protein interaction confirmation by Western blot followd by Co-

immunoprecipitation. Protein extraction (1mg) was prepared from SW48 cells and co-

immunoprecipitated with ant-GAEC1 monoclonal antibody/ control IgG. Whole cell lysate and 

immunoprceiptation eluted protein was separated by SDS-PAGE and immunoblotted with 

either GAEC1 or HIGD1A/Rhotekin/EIF3J/Granulin antibody. Co-immunoprecipitaipn was 

done with every individual antibody (HIGD1A/Rhotekin/EIF3J/Granulin) and immunobloted 

with HIGD1A/Rhotekin/EIF3J/Granulin or GAEC1 antibody following separation by SDS-

PAGE (Fig. 10.2). 

 

10.4.3: Silencing GAEC1 in human colon cancer cells decreased the expression of 

HIGD1A, Granulin, eIF3J and Rhotekin 

 

Western blot analysis was performed to find out the impact of modulation of GAEC1 on 

the expression of the selected proteins in colon cancer cells. As seen in figure 3, GAEC1- 

shRNA mediated knockdown of GAEC1 in SW48 cells showed reduced expression of 

HIGD1A, Granulin, eIF3J and Rhotekin when compared to control shRNA transfected cells 

(Fig. 10.3). 
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Figure 10.3. Slinceincg of GAEC1 reduced the expression of HIGD1A, Granulin, eIF3J 

and Rhotekin. Human colon cancer cell line SW48 was transfected with GAEC1- shRNA or 

control and whole cell lysate were separated by SDS-PAGE and immunoblotted with GAEC1, 

HIGD1A, Granulin, eIF3J and Rhotekin. The expression of GAPDH was used as loading 

control. 

 

10.5: Discussion 

The current study has first time investigated the protein-protein interaction with GAEC1 

in colon cancer cells. We have identified 31 different proteins interact with GAEC1 in colon 

cancer cells. We have also noted that modulation of GAEC1 expression directly affects the 

expression of four interacting proteins which have a specific role in cancer cell growth, 

proliferation, migration. 

HIGD1A (Hypoxia inducible gene domain family member 1A) is a HIF-1α targeted 

mitochondrial protein which is generally induced by hypoxia (Ameri et al., 2013). A recent 

report demonstrated that human cancer cells induce expression of HIGD1A in response to 
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hypoxia response elements within its promoter which bind to HIF-1 (Ameri et al., 2015). 

Another report showed that HIGD1A is highly expressed in the perinecrotic tumor regions in 

tumor xenograft model which suggests that HIGD1A is expressed in conditions where cancers 

cells survive by triggering dormancy mechanism in HIF-1 independent manner (Ameri et al., 

2015). In this report we noted that oncogene GAEC1 interact with HIGD1A.  In addition, stable 

knock down of GAEC1 in SW48 cells significantly reduced the expression of HIGD1A. In our 

previous report we showed that down regulation of GAEC1 in colon cancer cell lines reduced 

the cell proliferation, increased apoptosis and inhibit the tumor formation in tumor xenograft 

models (Wahab et al., 2017). The finding of this present report and the previous report 

collectively suggest that protein-protein interaction between oncogene GAEC1 and HIGD1A 

may trigger potential signal transduction pathway which facilitates the survival of colon cancer 

cells. Furthermore studies showed that dormant cells are resistant to therapies which enable the 

tumor cells to survival and cause frequent cancer recurrence (Indraccolo, 2013; Lin et al., 

2012). Therefore modulation of HIGD1A by targeting GAEC1 may open a new avenue to cure 

colon cancers. 

Granulin is secretory growth factor which is also known as PC cell-derived growth 

factor. It has different roles in a physiological mechanism such as wound response (He et al., 

2003) and cancer progression (Bateman et al., 2009). Studies showed that granulin is 

overexpressed in 70% of hepatocellular carcinoma (HCC) (Cheung et al., 2004). Studies also 

showed that granulin increase cell proliferation, invasion, immune escape and resistance to 

chemotherapy (Cheung et al., 2004; Cheung et al., 2011; Cheung et al., 2014). Furthermore 

overexpression of granulin was associated with increased chemoresitance to a range of 

chemotherapies in breast cancer and multiple myeloma (Wang et al., 2006; Tangkeangsirin et 

al., 2004;  Kim et al., 2006). In this study we have found that granulin is an interacting partner 

of oncogene GAEC1. In addition, knockdown of GAEC1 in SW48 cells down regulates the 
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expression of granulin suggesting the potential oncogenic role of granulin through interaction 

with GAEC1.  As granulin plays a role in cancer cell growth, it is not surprising that interaction 

between GAEC1and granulin will confer resistant phenotype in response to chemotherapy in 

colon cancer. Regulation of granulin in an inducible fashion and through the modulation of 

GAEC1 expression will assist our understanding the role of the mechanistic pathway involving 

GAEC1-graunilin interaction in colon cancer progression. 

Rhotekin is involved in resistance of apoptosis through cell cycle modulation (Liu et al., 

2004). shRNA mediated loss off function studied in lung adenocarcinoma demonstrated notable 

anti-cancer activity by inhibiting cell cycle and DNA replication machinery (Zhang et al., 

2016). In another study in colon cancer demonstrated higher expression of Rhotekin in colon 

cancer tissue compared to normal adjacent colon tissues (Qu et al., 2015).  They also showed 

that down regulation of Rhotekin decrease cell proliferation, invasion, migration and cells cycle 

arrest at G1 phase through reducing the expression of PCNA, MCM2/3/5 and CDK1/2 

expressions. We have found that Rhotekin interacts with GAEC1 and reduction of Rhotekin 

expression following silencing of GAEC1 in SW48 cells. In our recent report we demonstrated 

that silencing of GAEC1 significantly reduced colon cancer cell proliferation, migration and 

increased apoptosis. Based on these finding and previous finding of other we infer that GAEC1-

Rhotekin-MCMs/CDKs/PCNA has a regulatory function in colon cancer progression. The 

further intensive investigation is needed to confirm by in-vitro and in-vivo experiments. 

Interaction of ribosome with eukaryotic translation initiation factors (eIFs) is a crucial 

step in eukaryotic protein synthesis. Multi protein complex eIF3 is a vital factor in the 

recruitment and assembly of translation initiation machinery which stimulates several steps in 

protein synthesis. There are 13 different subunits of eIF3 which are called eIF3a to eIF3m 

according to the decreasing molecular weight organised around a core complex (Siridechadilok 

et al., 2005; Masutani et al., 2007; Querol-Audi et al., 2013). eIF3j forms a links with the 
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decoding centre of the 40S ribosomal subunits where it directs the binding of mRNA and 

several initiation factors to form scanning competent initiation complex (Fraser et al., 2004; 

Miyamoto et al., 2005;  Nielsen et al., 2006; Fraser et al., 2007; Sokabe et al., 2014). The study 

also demonstrated that eIF3j facilitates dissociation of mRNA during ribosomal recycling steps 

(Pisarev et al., 2007).  In addition, cleavage of eIF3j alone cannot prevent its association with 

40S ribosomal subunit (Fraser et al., 2004). In our result we have shown that eIF3j interacts 

with GAEC1 and furthermore reduced expression of eIF3j followed by knockdown of GAEC1 

in colon cancer cells. Taken together,r our findings and that of others collectively indicate that 

oncogene GAEC1 can modulate the association of eIF3j with 40S ribosomal subunit and 

governs the synthesis of other target proteins in the progression of colon cancer. 

In summery we have shown that GAEC1 has a number of potential interacting protein in 

colon cancer. Also, changes in the expression of HIGD1A, Rhotekin, eIF3J and Granulin 

following silencing of GAEC1 suggest the potential role of this protein-protein interaction in 

colon cancer pathogenesis. Further understanding of the exact nature of this protein-protein 

interaction and their function may lead to the design of rational targeted therapy in colon cancer 

treatment. 
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Chapter-11: Aim-5 

Aim-5: Role of GAEC1 and its interaction partners in colon cancer pathogenesis 

11.1: Overview 

GAEC1 have been reported previously that GAEC1 is frequently amplified and 

overexpressed in colon cancer tissues. In the present study we aimed to unveil the oncogenic 

potential of GAEC1 in colon carcinogenesis and underlying cellular functions and molecular 

interactions by various in-vitro and in-vivo experiments.   

Transient overexpression GAEC1 with pcDNA3.1-GAEC1 and silencing with GAEC1-

siRNA was performed and several downstream assays were done such as migration, clonogenic 

and apoptotic assay. Analysis of cell kinetics was done using flow cytometry and cell counting 

kit-8 was used for cell proliferation assay. Immunofluorescence and western blot assay was used 

to determine the expression of different target proteins. Co-immunoprecipitation was used to 

confirm the protein-protein interaction.  

The overexpression of GAEC1 increased cell proliferation, migration, reduced apoptosis 

in colon cancer cells. Also, these cells showed cell cycle arrest at the synthetic phase, activation 

of Bcl-2, Kras proteins and inhibition of p53, PUMA, p21 and BAX proteins. Conversely, 

knockdown of GAEC1 reduced cell proliferation, migration, decreased the phosphorylation of 

Akt and cleavage of poly (ADP-ribose) polymerase (PARP). Co-immunoprecipitation revealed 

GAEC1’s interaction with p53. In addition ectopic over expression and silencing of GAEC1 lead 

to reciprocal effects of p53 protein expression. Moreover, knockdown of GAEC1 reduced the 

nuclear translocation of mdm2. Collectively our study demonstrates that GAEC1 exhibits the 

oncogenic role in colon cancer by diminishing the expression and function of p53 tumor 

suppressor.  
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11.2: Introduction 

The p53 tumour suppressor protein, widely known as “the guardian of the genome”, is a 

crucial transcriptional factor and plays central regulatory role in cell cycle, DNA repair, 

apoptosis, angiogenesis and senescence (Levine., 1997; Vogelstein et la., 2000; Teodoro et. Al., 

2007; Schuler et al., 2001; Khoo et al., 2014). As p53 has an impostant role in the suppression 

of oncogenesis and it is very common that in almost half of all human cancers, the p53 gene is 

functionally inactivated or mutated (Hainaut et al., 2000).  P53 inactivation through the 

interaction with endogenous inhibitors, particularly murine double minute 2 (MDM2), is a well-

known event in human carcinoma that preserve wild-type p53 (Hainaut et al., 2000; Feki et al., 

2004).  MDM2 directly binds to the N-terminus transactivation domain of p53 and controls the 

function of p53 through a self-regulatory feedback loop (Wu et al., 1993; Juven-Gershon et al., 

1999; Chen et al., 1993; Picksley et al., 1994).  Upon activation p53 transcriptionally up 

regulates the level of MDM2. In turn, MDM2 which is also an E3- ubiquitin ligase binds to the 

transactivation domain of p53 and inhibits its transcriptional activity promoting the proteasome 

mediated degradation of p53 upholding low basal lvele of p53. Since, the MDM2-P53 

interaction is an effective mechanism to detain p53 function and abolishment of this interaction 

has deserved particular attention as an efficient and highly selective therapeutic strategy against 

tumour with wild-type p53 (Khoo et al., 2014; Wang et al., 2012). 

GAEC1(Gene amplified in esophageal cancer 1)  is located at 7q22.1 and it was first 

identified by comparative DNA finger printing using inter-simple sequence repeat polymerase 

chain reaction (ISSR-PCR) and showed a series of amplifications and deletions in oesophageal 

cancer(Tang et al., 2001).  The study showed that GAEC1 has tumorigenic potential almost 

equal to the Ras gene family and over expression of this gene played a vital role in the cancer 

transformation of oesophageal squamous cell carcinoma (Law et al., 2007). GAEC1 is 

expressed in a number of tissues including oesophagus, small intestine and colon containing a 
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full length messenger RNA of 2052 base pair and encodes a nuclear protein of 109 amino acids.  

It was reported previously by our group that GAEC1 had higher amplification in colorectal 

adenocarcinoma tissues when compared to non-cancer colorectal tissues (Gopalan et al., 2010).  

Gopalan et al., 2013 reported a significant correlation of GAEC1 copy number variations with a 

longer survival time of patients with colorectal adenocarcinoma (Gopalan et al., 2013).  In our 

recent work we reported the oncogenic properties of GAEC1 in colorectal cancer in-vivo and 

in-vitro (Wahab et al., 2017). 

With the present work, it was intended to elucidate the molecular mechanism of GAEC1 

underlying the colon cancer pathogenesis and the potent in-vitro antitumor activity through 

selective activation of a p53 pathway involving the disruption of p53-MDM2 interaction by 

inhibiting GAEC1 expression. 

 

11.3: Materials and methods 

11.3.1: Cell culture and transfection 

 Human colon cancer cell lines (SW480, SW48, HCT116 cells) and non-neoplastic 

colonic epithelium cell (FHC cells) were purchased from American Type Culture Collection 

(ATCC).  All the cell lines were grown according to the condition mentioned in page 85. All 

the cells were routinely checked for mycoplasma contamination. SW480 and SW48 cells were 

transiently transfected with GAEC1 siRNA using Lipofectamine 2000 (Invitrogen, Carlsbad, 

CA, USA) following manufacturer’s instructions. For stable transfection, SW480 and SW48 

cells were transfected with GAEC1 shRNA using Mega Tran 1.0 (OriGene, Rockville, MD, 

USA) following the instructions of the manufacturer.  
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11.3.2: Western blot analysis  

A custom made monoclonal antibody (Promab, Richmond, CA, USA) was used for the 

first time to quantify GAEC1 protein expression. Other antibodies targeting α-tubulin (ab18251, 

Abcam, Cambridge, UK) and  p53(Pab1801), bcl-2 (N-19), K-ras (F234), Bax, PUMA, MDM2, 

PARP-1 proteins as well as a control antibody, GAPDH, were also used for the studies of the 

downstream pathway (Santa Cruz Biotechnology, Santa Cruz, CA, USA).  All the treated and 

control cells were harvested and lysed with NP40 (Thermo Fisher Scientific, Waltham, MA, 

USA) buffer enriched with complete protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO, 

USA). Protein concentration was determined by using protein quantification assay kit 

(Macherey-Nagel, Düren, Germany). Nuclear-cytoplasmic fractionation was done by using an 

NE-PERTM nuclear-cytoplasmic extraction reagents kit (Thermo Fisher Scientific) according to 

the manufacturer’s protocol. Western blot analysis was performed as the method mentioned in 

page 81. 

 

11.3.3: Cell proliferation assay 

 The effect of GAEC1 knockdown on cell proliferation was measured by using a cell 

counting kit (CCK-8 kit) (Sigma-Aldrich, St Louis, MO, USA) based on the MTT (3-[4, 5-

dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide) assay. SW480 and SW48 cells were 

seeded in flat bottom 96 well plates with 5000 cells per well. At days 0, 1, 2, 3, 4 following 

transfection with GAEC1 siRNA or control siRNA, 10 μl of cell counting kit-8 reagent in 100 

μl media was added to each well and incubated for one hour at 37°C.  Absorbance was 

measured by using a fluorescence polarization microplate reader Polar Star Omega (BMG 

TABTECH, Ortrenberg, Germany) at a wavelength of 450 nm.  
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11.3.4: Wound healing assay 

 In vitro wound healing assay was performed to examine the migration of SW480 and 

SW48 cells transfected with either GAEC1 siRNA or control siRNA. After 24 hours of post-

transfection, 1x106 of cells were seeded in the new 6-well plate and allowed to grow in the 

respective culture media. After reaching 90% confluence, wounds were made by a single 

scratch on the monolayer using a yellow pipette (200μl) tip and the wounded layers were 

washed with phosphate buffered saline (PBS) to remove cell debris. Measurement of the 

closure or filling of the wounds at 0, 24, 48 and 72 hours was done under contrast microscope.  

All experiments were performed in triplicate.  

 

11.3.5: Annexin-V staining 

 Apoptosis assay on GAEC1 siRNA transfected, control siRNA transfected cells and 

wild-type cells were performed using Annexin V-FITC conjugated apoptosis detection kit 

(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions.  Briefly, GAEC1 

siRNA and control siRNA transfected cells were washed with PBS and resuspended in binding 

buffer containing Annexin V and propidium iodide (PI). Fluorescence intensity was measured 

using flow cytometry with a BD FACS CaliburTM flow cytometer (BD Bioscience, Franklin 

Lakes, NJ, USA). All these assays were repeated three times to validate the results.  

 

 

11.3.6: Clonogenic assay  

 To assess GAEC1 induced clonogenic effects in colon cancer cells, all the 

treated/control cells were seeded in 6-well plates (200 cells/well).  After two weeks, cells were 

fixed with 70% cold ethanol for 10 minutes.  Following fixation, 5% crystal violet solution was 

added and incubated at room temperature for 2 hours. Then, 10% fetal bovine serum (FBS) 
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containing media was added and pipetted properly to wash off cells.  Plates were allowed to dry 

after that photos were taken and clones were counted under a microscope. 

 

11.3.7: Cell cycle analysis 

 SW480 and SW48 were transfected either with GAEC1 siRNA or control siRNA.  They 

were harvested after 48 hours by trypsinization and washed with PBS.  After fixing cells with 

ice-cold 70% ethanol, cells were pelleted via centrifugation at high speed for 5 minutes and the 

supernatant was discarded.  To ensure that only DNA was stained, the cells were treated with 

RNase A to degrade the RNAs. Then, 400 μl of propidium iodide (PI) was added directly to 

cells containing RNaseA solution.  Finally, the cells were analyzed in flow cytometry BD 

FACS Calibur (BD Biosciences) flow cytometer-US in PI/RNase A solution after incubation 

for 5 to10 minutes in a dark room. 

 

11.3.8: Immunofluorescence 

 Cultured cells (shRNA transfected SW480 and SW48 cells) were fixed with 70% cold 

ethanol for 10 min and permeabilized with 0.1% Triton X-100 for 5 minutes. Cells were then 

incubated with primary antibody for GAEC1 at 1:150 dilution for 12 hours at 4°C and with 

fluorescein isothiocyanate (FITC) / Texas Red conjugated goat anti-mouse secondary antibody 

(ab6787, Abcam, Cambridge, UK) at 37°C for one hour. Then the slides were washed with 

phosphate buffered saline (PBS) and mounted with coverslips. Images were taken using a 

confocal microscope (Nikon A1R+, Nikon Inc., Tokyo, Japan).  

 

11.3.9: Co-Immunoprecipitation 

Cells were harvested and lysed with IP lysis buffer (Thermo Fisher Scientific, Waltham, 

MA, USA), followed by enrichment with complete protease inhibitor cocktail (Sigma-Aldrich, 
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St Louis, MO, USA). Protein concentration was determined by using a protein quantification 

assay kit (Macherey-Nagel, Düren, Germany). Co-immunoprecipitation was done using mouse 

IgG, GAEC1 and p53 according to the manufacturer’s protocol. The quantification of protein 

expression was confirmed using Western blot analysis. In the case of immunoblotting with 

GAEC1 and p53, goat anti-mouse was used as a secondary antibody. 

 

11.4: Results 

11.4.1: Expression of GAEC1, p53 and MDM2 in colon cancer cells 

 The expression levels of GAEC1 p53 and MDM2 protein varied in different 

pathological stages of human colon cancer cells. As shown in Figures 1A, the expression of the 

GAEC1 protein is increased in all colon cancer cells (SW480, SW48 and HCT116 cells) when 

compared to normal human colon epithelial cells (FHC cells). The expression of p53 is 

decreased and MDM2 is elevated in all the cancer cell lines (SW480, SW48 and HCT116 cells) 

when compared to normal colon epithelial cells (FHC) (Fig. 11.1).  

 

Figure 11.1. Expression of GAEC1, p53 and mdm2 protein and interaction between 

GAEC1 and p53 in different stages of colon cancer cells. 

  (A)The result showed that GAEC1 protein was highly expressed in colon cancer cells of 

stages II and III (SW480 & SW48) when compared to non-neoplastic colon epithelial cell line 

(FHC) and Stage IV colon cancer cell line (HCT116). The expression of p53 was lower in 
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different stages of colon cancer cells in compare to FHC cells. MDM2 was highly expressed in 

all the colon cancer cells when compared to FHC cells. (B) For protein-protein interaction 

SW480 and SW48 cells were lysed and whole cell lysste was co-immunoprecipitated with 

GAEC1 and p53 antibody and immunobloted with GAEC1 and p53 and vice versa. 

 

11.4.2: GAEC1 interact with p53 endogenously in colon cancer cell lines 

To verify the possible interaction between GAEC1 and p53, co-immunoprecipitation 

assay was performed using SW480 and SW48 cell lysate. Whole cell lysates were co-

immunoprecipitated with anti-GAEC1 and normal mouse IgG following western blot blotting. 

As shown in figure 1B endogenous p53 was co-immunoprecipitated with endogenous GAEC1 

which indicates that GAEC1 interacts with p53 in both cell lines (Fig. 11.2).  

 

Figure 11.2: Endogenous interaction of GAEC1 with p53 in SW 480 and SW48 colon 

cancer cell lines. Protein extraction (1mg) was prepared from SW480 and SW48 cells and co-

immunoprecipitated with ant-GAEC1 monoclonal antibody/ control IgG. Whole cell lysate and 

immunoprceiptation eluted protein was separated by SDS-PAGE and immunoblotted with 
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either GAEC1 or p53 antibody. Co-immunoprecipitaipn was done with p53 antibody 

immunobloted with p53 or GAEC1 antibody following separation by SDS-PAGE. 

 

11.4.3: Overexpression of GAEC1 and impact on colon cancer cell proliferation capacity 

of clonogenicity 

 Transient transfection with pcDNA3.1-GAEC1 revealed that overexpression of GAEC1 

caused significant increase in cell viability in SW480 and SW48 (Fig. 11.3A) cells when 

compared to cells transfected with empty vector or non-transfected cells. To examine the 

duration of the effect of pcDNA3.1-GAEC1 on cell proliferation, we performed the assay for 4 

days and found a significant increase in cell viability when compared to control cells. 

pcDNA3.1-GAEC1 transfected cells formed more and more significant number of colonies than 

empty vector transfected and non-transfected cells (Fig. 11.3B). These data indicate that 

GAEC1 helps in the growth of colon cancer cells. 
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Figure 11.3. Upregulation of GAEC1 increase cell proliferation in colon cancer cells. (A) 

SW480 (Stage II) and SW48 (Stage III) cell transfected with pcDNA3.1-GAEC1 plasmid 

showed increased cell proliferation when compared to control and non-transfected cells on a 

different time interval.   (B) GAEC1 overexpression with pcDNA3.1-GAEC1 plasmid 

transfection in SW480 (Stage II) and SW48 (Stage III) cells significantly increased the colony 

formation capacity in comparison with control and non-transfected cells.  All the experiments 

were performed in triplicates in three independent experiments and results are shown as the 

mean + standard deviation (SD). The level of significance is **p<0.01 and *p<0.05 when 

compared to control and non-transfected cells. 

11.4.4: Overexpression of GAEC1 increase migration of colon cancer cells 

 A wound healing assay was performed to observe the migration capacity after a knock 

in of GAEC1.  Overexpression of GAEC1 significantly increased the migration of SW480 and 

SW48 cells at 24, 48, and 72 hours respectively (Fig. 11.3A and 3B) when compared to control 

cells. 
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Figure 11.4. Effect of overexpression of GAEC1 on migration capacity of SW480 and SW8 

colon cancer cells. (A) Upregulation of GAEC1 in SW480 (stage II) cells demonstrated more 

migration capacity when compared with the empty vector transfected cells and non-transfected 

cells. (B) Similar results were found in the case of SW48 (stage III) cells where non-transfected 

and empty vector transfected cells showed slower wound healing properties than pcDNA3.1-

GAEC1 plasmid transfected cells. Wound areas of all experiments were recorded from day-0 to 

day-3. The data is a representative of three independent experiments.  All the experiments were 

performed in triplicate and results are expressed as mean +SD (C and D). The level of 

significance is *P < 0.05 when compared to control and non-transfected cells. 

 

11.4.5: Upregulation of GAEC1 reduced apoptosis in colon cancer cells 

 The Annexin-V staining revealed a significant reduction in apoptotic cells in both 

pcDNA3.1-GAEC1 transfected colon cancer cells (Fig. 11.5). Briefly, in flow cytometry, 

Annexin-V is generally used for detection of apoptotic cells by its binding capacity to an 

apoptosis marker called phosphatidylserine on the outer part of the plasma membrane. Flow 

cytometric analysis showed a significant decrease (71-74%) in apoptotic cells in pcDNA3.1-

GAEC1 transfected SW480 cells and in the case of pcDNA3.1-GAEC1 treated SW48 cells, the 

percentage increase of apoptotic cells were 60-65% when compared to empty vector treated 

cells.  
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Figure 11.5. Overexpression of GAEC1 by pcDNA3.1-GAEC1 plasmid reduces apoptosis 

in colon cancer cells. (A)The level of apoptosis of SW480 (Stage II) and SW48 (Stage III) 

colon cancer cells was determined following GAEC1 overexpression and treated with H2O2 

(apoptosis inducers) with annexin V-fluorescein isothiocyante and propidium iodide (PI).  

Overexpression of GAEC1 decreased the number of apoptotic cells in both cell lines. The 

scatter plot is a representative of three independent experiments.  The apoptotic cells were 

determined from three independent experiments and the results are shown as mean     + SD. The 

level of significance is **p<0.01 when compared to control and non-transfected cells.  

 

11.4.6: Knockdown of GAEC1 increase the expression of cleaved PARP and increase the 

expression of cytochrome c in colon cancer cell lines 

To confirm the reduced cell proliferation after knockdown of GAEC1 in SW480 and 

SW480 was p53- dependent, the level of p53 target proteins were compared with control 

siRNA transfected cells. The results obtained demonstrated increased expression of p53, p21, 

Bax and increased PARP cleavage in both cell lines compared to non-transfected and control 

cell lines (Fig. 11.6A). It was also noted that down regulation of GAEC1 in SW480 and SW48 
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cell lines increased the expression of cytochrome c (Fig. 11.6B). These data indicate that 

reduced cell proliferation following knockdown of GAEC1 in SW480 and SW48 cells is p53 

dependent.   

 

Figure 11.6: A. Effect of GAEC1 over expression in SW480 and SW8 cells on expression of 

PARP and cleaved PARP. B. Transient downregulation of GAEC1 in SW480 and SW48 cells 

release cytochrome c in the cytosol. GAPDH was used as a loading control. Immunoblots 

represent one of three independent experiments. 

11.4.7: Overexpression of GAEC1 alter the cell cycle events in colon cancer cell lines 

 The flow cytometry analysis of both types of the cells demonstrated significantly higher 

accumulation of pcDNA3.1-GAEC1 transfected cells in S phase when compared to non-

transfected cell and empty vector transfected cells (Fig. 11.7A and 5B). In the case of empty 

vector transfected  SW480 cells, the percentage of S phase population was 14.4 + 2.3%, while 

in pcDNA3.1-GAEC1 transfected SW480 cells the S phase population significantly increased to 

33.9 + 3.52% (p<0.01). Similarly in the pcDNA3.1-GAEC1 transfected SW48 cells the 

population in S phase remarkably (p<0.01) increased (12.9% vs 29.9 + 2.14%) when compared 

to that of control cells. These increases were analogous to a reduction of the cell population in 
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G0/G1 phase. These results suggest that DNA synthesis phase of the cell cycle can be altered 

due to the overexpression of GAEC1 in colon cancer cell line.  

 

Figure 11.7. Effect of GAEC1 overexpression on cell cycle kinetics of colon cancer cells.  

Cell cycle analysis by flow cytometry showed that transient transfection with a pcDNA3.1-

GAEC1 plasmid in SW480 and SW8 cells induced cell cycle arrest at S phase. The 

representative histogram of cell cycle analysis is of cells with non-transfected, empty and 

pcDNA3.1-GAEC1 plasmid transfected SW480 (Stage II) (A) and SW48 (Stage III) (B) cells. 

The bar graph shows the percentage of cells in different phases. The result represented as mean 

+ SD from three independent experiments. The level of significance is **P < 0.01 when 

compared to control and non-transfected cells. 

 

11.4.8: Impact of GAEC1 modulation on p21, BAX, Bcl-2, Akt, pAkt, PUMA and KRAS 

protein expression in colon cancer cell lines 

Transient overexpression of  GAEC1 reduce the expression of p53, PUMA, p21, BAX 

and increase the expression of Bcl-2, Kras, pAkt in SW480 and  SW48 colon cancer cells (Fig. 

11.8A).  In contrast, silencing of GAEC1 in SW480 and SW48 cells elevated the expression of 

p53, PUMA, p21, BAX  and downregulated Bcl-2, Kras, pAkt protein expression. (Fig. 11.8B). 



135 
 

 

Figure 11.8. Effect of GAEC1 overexpression in SW480 and SW48 cells on expression of 

different target proteins. 

(A)Western blot analysis shows that transient overexpression of GAEC1 in both cell lines 

increase the expression of pAKT, bcl-2, Kras protein and decrease the expression of Bax, p21, 

PUMA and p53 when compared to non-transfected and empty vector transfected cells. The data 

is a representative of three independent experiments. (B)Western blot analysis shows that 

knockdown of GAEC1 in both cell lines decrease the expression of pAKT, bcl-2, Kras protein 

and increase the expression of Bax, p21, PUMA and p53 when compared to non-transfected 

and empty vector transfected cells. The data is a representative of three independent 

experiments.   

 

11.4.9: Silencing of GAEC1 reduces the nuclear import of MDM2 and increase the 

expression of p53 in the nucleus 

A co-immunoprecipitation assay was performed both in SW480 and SW48 cells after 

stable knockdown of GAEC1 by GAEC1-shRNA transfection. Despite robust up regulation of 

p53 and MDM2 proteins, only a minimal amount of MDM2 could be detected in the nuclear 

fractions of both cells (Fig. 11.9).   



136 
 

 

Figure 11.9. Knockdown of GAEC1 stabilize the p53 expression by blocking its 

interaction with MDM2 in SW480 and SW48 cells.  

(A) and (B) GAEC1 was stably knockout with shRNA transfection in SW480 and SW48 cells. 

Whole cell lysates were immunoprecipitated with p53 antibody and IgG followed by 

immunobloting with p53 and MDM2. GAPDH was used as a loading control. In (A) and (B) 

immunoblots represents one of three independent experiments. 
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11.4.10: Silencing of GAEC1 in SW480 and SW48 cells reduces the nuclear expression of 

MDM2 and increase the expression of p53 

Immunostaining assays revealed a cytoplasmic expression of the MDM1 protein in both SW480 

and SW48 colon cancer cell lines where as it was espressed both in the nucleus and cytoplasm 

of control shRNA transfected cells (Figure 11.10 A and B).  The nuclear and cytoplasmic 

fraction also showed nuclear expression p53 is increased and MDM2 is decrease in compare to 

control shRNA transfected SW480 and SW48 cells (Figure 11.10 C and D).  

 

Figure 11.10. Stable knockdown of GAEC1 in SW480 and SW48 cells reduces the nuclear 

expression of MDM2 and increase the expression of p53. (A) and (B) Nuclear/cytoplasmic 

expression of MDM2 by immunofluorescence in SW480 and SW8 cells with stable knockdown 

of GAEC1. The results showed that MDM2 was expressed both in the cytoplasm and nucleus of 

colon cancer cell lines (SW480, SW48) transfected with control shRNA whereas the GAEC1 

shRNA transfected cells showed no expression of MDM2 in the nucleus. In (C) and (D) the 

immunoblots of cytosolic and nuclear fraction from GAEC1 knockout SW480 and SW48 cells 

showed increased expression of p53 and decreased expression of MDM2 both in cytoplasm and 

nucleus. 
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11.5: Discussion 

GEAC1 gene which was first identified in oesophageal cancer has attracted great 

attention because of its physical localization, stage-dependent expression and in-vitro and in-

vivo oncogenic role in colon cancer cells. It has been reported that knockdown of GAEC1 

reduced the expression of oncogene K-ras, anti-apoptotic Bcl-2 and increased the tumour 

suppressor protein p53 in SW480 and SW48 cells (Wahab et al., 2017).  In this current study 

we demonstrated that knockdown of GAEC1 exerts anti-tumour activity through disruption of 

p53-MDM2 interaction blocking the nuclear translocation of MDM2 in colon cancer cells. 

Our previous report showed that higher GAEC1 copy number changes are associated 

with poor patients’ and pathologically aggressive colorectal adenocarcinomas (Gopalan et al., 

2010; Gopalan et al., 2013).  A non-significant correlation of clinical and pathological 

aggressiveness of oesophageal squamous cell carcinomas was observed with GAEC1 mRNA 

expression and DNA amplification (Law et al., 2007). We have also reported in our latest report 

that GAEC1 protein and mRNA is differentially expressed in different stages of colon cancer 

cells (Wahab et al., 2017).  In this study we observed the lower expression of p53 in different 

stages of colon cancer cell lines where GAEC1 and MDM2 protein expression was elevated in 

comparison to normal colon epithelial cells (FHC).  The stage II (SW480), Stage III (SW48) 

and stage IV (HCT116) colon cancer cell lines used in this research exhibited a decreased p53 

protein expression and augmented MDM2 level when compared with non-neoplastic colon 

epithelial cell line (FHC). This expression pattern of GAEC1, p53 and MDM2 in different 

stages of colon cancer cells lines suggests the possible modulation of p53 a dependent tumour 

suppressive pathway by GAEC1 in the progression of colon cancer. 
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Figure 11.11. Downregulation of GAEC1 in colon cancer cells induces apoptosis and cell 

cycle arrest through the p53 mediated pathway.Knockdown of GAEC1 in SW480 and 

SW48 cells inhibits the interaction of p53 and MDM2 and reduces the nuclear import of 

MDM2 as well as increase the expression of p53. Silencing of GAEC1 also increase the 

different target protein of p53 mediated pathway which leads to the apoptosis and cell cycle 

arrest in colon cancer cells. 

In the progression of cancer, normal cells obtain the potential mechanism to escape 

suppression of growth. Different protein-protein interaction such as CDK4-pRB and p53-

MDM2 play pivotal role in counteracting cancer suppressive function.  Some protein-protein 

interaction may contribute to the distinct characteristics of cancer in the process of tumorigenic 

network reprogramming. In this study we have found that oncogene GAEC1 endogenously 

interact with tumour suppressor p53 and negatively regulate expression of p53 and its target 

genes such as Bax, p21, PUMA.  This result suggests that GAEC1 may play an oncogenic role 

in the progression of colon cancer by down regulation of tumour suppressor p53 through 

protein-protein interaction. 

In the previous study, it was demonstrated that overexpression of GAEC1 in mouse 3T3 

fibroblast cells showed higher cell proliferation and increased colony formation than the mock 
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vector-transfected cells or the ras-transfected cells (Law et al., 2007).  We have also reported in 

our previous findings that knockdown of GAEC1 in SW480 and SW48 cells decreased cell 

proliferation and reduced the colony formation capacity (Wahab et al., 2017). In this present 

study, we noted that overexpression of GAEC1 in SW480 and SW48 colon cancer cells induced 

significantly higher cell proliferation, increased colony formation potential and higher 

migration capacity compared to non-transfected and empty vector transfected cells.  These 

results are in line with our previous finding which suggests that GAEC1 play a critical 

regulatory role in the molecular pathway of colon cancer progression.  Further investigation is 

required to find out the molecular mechanism through which GAEC1 exerts its oncogenic role 

in colon cancer. 

Tumour suppressor p53 is responsible for signalling pathways which are crucial for 

regulating cell growth and apoptosis through the induction of genotoxic and non-genotoxic 

stresses. p53 induces apoptosis through the non-transcriptional and transcriptional pathway 

(Moll et al., 2005; Meulmeester and Jochemsen, 2008). P53 causes the transcription of genes 

like Bax, PUMA, p21 and inhibit the transcription of anti-apoptotic Bcl-2 and Bcl-xL. 

Moreover, in response to apoptotic stimuli p53 can translocates to mitochondria and antagonise 

the anti-apoptotic activities of Bcl-2 and Bcl-xL and activates the pro-apoptotic protein like Bax 

and Bak (Moll et al., 2005). In this study we have found that knockdown of GAEC1 increased 

the expression of p53, Bax, PUMA, p21, cleaved PARP and decreased the expression of Bcl-2. 

Overexpression of GAEC1 reduced the expression of p53, Bax, PUMA, p21 and increased the 

expression of the anti-apoptotic Bcl-2 protein. This result suggests that overexpression of 

GAEC1 inhibits apoptosis by p53-mediated down regulation of Bax, up regulation of Bcl-2 and 

deactivation of cleaved PARP.  
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Manipulation of a gene can modify and interfere with the accumulation of cells in 

different phases. In this study we have observed alteration of cell cycle kinetics upon 

overexpression of GAEC1. Our finding showed that overexpression of GAEC1 facilitated the 

transition of cells from G1 to S phase.  This results indicated that GAEC1 might have a crucial 

role in the regulation of DNA synthesis and overexpression of GAEC1 prompted DNA 

synthesis through the modulation of other molecules involved in cell cycle progression. p21 is 

an inhibitor of CDKs and inhibits the activity of CDK2, CDK3, CDK4 and CDK6 (Harper et 

al., 1993; Gartel and Tyner, 2002). By binding with proliferation cell nuclear antigen (PCNA) 

p21 can inhibit the DNA synthesis (Waga et al., 1994; Chen et al., 1995). The expression of p21 

can be regulated by p53 dependent or independent manner (elDeiry et al., 1993; Gartel and 

Tyner, 1999). In this study we noted that overexpression of GAEC1 led to decreased expression 

of p53 and p21 proteins. Collectively this result suggests that overexpression of GEAC1 inhibit 

the expression of p21 by blocking p53-dependent pathway and causes a transition of cells in the 

DNA synthesis phase. 

 

Several protein kinases have been identified in the regulation of MDM2 

phosphorylation and its function such as p38, AKT, MAPK (mitogen-activated kinase), CDK1, 

CDK2 and DNA-PK (DNA dependent protein kinase) (Araki et al., 1999; Mayo et al., 1997; 

Zhang et al., 2001; Zhu et al., 2002). Studies showed that PI3K/AKT mediated phosphorylation 

facilitates the nuclear localization of MDM2 (Mayo et al., 2002; Gottlieb et al., 2002). 

Activated Ras or growth factors mediated activation of AKT promotes nuclear localization of 

MDM2. We have noted in our study that stable knockdown of GAEC1 in SW480 and SW48 

colon cancer cells reduced the expression of activated AKT (pAKT) followed by decreased 

localization of MDM2 in the nucleus. This finding suggests that GAEC1 may be responsible for 
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the phosphorylation of AKT which in turn play a crucial role in the entry of MDM2 in the 

nucleus.  

Inducing mitochondrial apoptotic pathway by several anticancer drugs is highly 

considered for the cancer therapy due to the higher level of vulnerability of cancer cells to the 

mitochondrial disturbances than the normal cells (Fulda et al., 2010). In our study we have 

found that knockdown of GAEC1 in SW480 and SW48 colon cancer cells increased the overall 

expression of BAX followed by elevated expression of apoptogenic factor cyt c to the cytosol. 

This finding suggests that down regulation of GAEC1 in colon cancer cells activates the 

mitochondria mediated apoptosis. Further investigation is needed to confirm the mitochondrial 

translocation of BAX following silencing of GAEC1 in colon cancer cells. 

This work collectively demonstrates that modulation of GAEC1 has p53 dependent 

effect on cancer cell growth including induction of apoptosis, cell cycle arrest through 

regulation of p53-MDM2 interaction (Figure 11.11). In addition, the GEAC1 expression is an 

essential requirement for the activated AKT dependent entry of MDM2 in the nucleus where it 

interacts with p53. An extensive investigation is needed to find out the GAEC1 mediated signal 

transduction pathway in the p53 dependent suppression of colon cancer cells.  
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Chapter-12: Overall conclusion  

The current study has first time investigated the physical localization, stage dependent 

expression patterns and oncogenic effects of GAEC1 in-vitro and in-vivo in colon cancer cells.  

GAEC1 protein was predominantly expressed in the cytoplasm of all colon cancer cells while in 

non-neoplastic colon epithelial cells it was expressed in the nuclei. This differential expression 

pattern in different colon cancer cell lines may allow the GAEC1 protein to interact with other 

downstream interacting proteins for the initiation and maintenance of colon cancer. 

The current study has also confirmed the stage dependent mRNA and protein expression 

changes in GAEC1 for the first time in colon cancer cells. The stage II (SW480) and Stage III 

(SW48) colon cancer cell lines used in this research exhibited a higher level of protein and 

mRNA expression when compared with stage IV (HCT116) and non-neoplastic colon epithelial 

cell line (FHC). These expression changes in GAEC1 indicate its role in the initiation of colon 

cancer and in turn suggesting its potential use as a molecular target in colon cancer detecting 

the growth and progression of colon carcinomas. The lower level of expression in HCT116 

cells does indicate, however, that GAEC1 may be dispensable in some cancers following the 

development of new expression patterns or mutations. These findings coincide with the aim-1 

in my research goal. 

In this study, we have noted a significant decreased in cell proliferation, migration and 

increased in colon cancer cell apoptosis following GAEC1 knockdown. In addition, silencing of 

GAEC1 in colon cancer cells significantly increased p53 protein expression and decreased the 

expression of anti-apoptotic Bcl-2 and K-ras.  Taken together, the noted associations of GAEC1 

with bcl-2 and K-ras as well as increased p53 expression further imply a direct mechanism for 

the induction of apoptosis and inhibition of specific cell growth assays in colon cancers 

following GAEC1 knockdown. 
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The current study has for the first time substantiated this oncogenic potential of GAEC1 

in human cancer cells in vivo.  Stable GAEC1 knockdown leads to the formation of no visible 

tumour in mice, while the control cells demonstrated the growth of cells with high mitotic 

properties, resulting in the formation of a poorly differentiated carcinoma. The obtained data 

are inconsistent with the aim-2. 

In this study have revealed the expression profiling of GAEC1 mRNA/protein in 

patients with colorectal cancers of different clinical and pathological characteristics.  We have 

noted that high GAEC1 mRNA levels in patients with well and moderately differentiated 

colorectal carcinomas compared to patients with poorly differentiated colorectal carcinomas. 

This finding suggests that GAEC1 exhibits its oncogenic functions during the initiation of 

colorectal cancer pathogenesis and the downstream partners of GAEC1 will lead the future 

genetic progression in these carcinomas.  In addition, this study has also noted a cytoplasmic 

and differential expression pattern for GAEC1 protein in colorectal cancer tissues suggesting its 

regulatory effects on other key interacting proteins in colorectal carcinogenesis. The differential 

expression of GAEC1 protein and mRNA in colon cancre tissues and the correlation with 

clinicopathological characteristics fully match with aim-3. 

The current study has first time investigated the protein-protein interaction with GAEC1 

in colon cancer cells. We have identified 31 different proteins interact with GAEC1 in colon 

cancer cells. The direct endogenous interaction between GAEC1 and four selected proteins 

(HIGD1A, Rhotekin, eIF3J and Granulin) was confirmed by co-immuniprecipitation. We have 

further noted that silencing of GAEC1 in colon cancer cells reduced the expression of 

HIGD1A, Rhotekin, eIF3J and Granulin suggesting the potential role of this protein-protein 

interaction in colon cancer pathogenesis. Further understanding of the exact nature of this 

protein-protein interaction and their function may lead to the design of rational targeted therapy 
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in colon cancer treatment. The findings from the massspectrometric analysis coincide with aim-

4. 

In this current study we have confirmed that oncogene GAEC1 interacts with tumour 

suppressor p53 in SW480 and SW48 colon cancer cells. In this study we have found that 

knockdown of GAEC1 increased the expression of p53, Bax, PUMA, p21, cleaved PARP, 

cytochrome c and decreased the expression of Bcl-2. Overexpression of GAEC1 reduced the 

expression of p53, Bax, PUMA, p21 and increased the expression of the anti-apoptotic Bcl-2 

protein. In addition, we noted that knockdown of GAEC1 exerts anti-tumour activity through 

disruption of p53-MDM2 interaction blocking the nuclear translocation of MDM2 in colon 

cancer cells.  Interaction of GAEC1 and p53 and their role in colon cancer cells proliferation, 

apoptosis and migration support the aim-5 of the research goal. 

These findings demonstrate that reduction of GAEC1 expression in colon cancer cell 

lines results in reduced cell growth, decreased cell migration and increased apoptosis which 

indicates the future use of GAEC1 in targeted therapies for colon cancer treatment.  The 

differential expression pattern of GAEC1 mRNA/protein as well as its correlation with patients 

with different clinicopathological characteristics have indicated that GAEC1 is a key regulator 

in the initiation colorectal carcinomas.  
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Future directions 

Based on the findings from this research further investigation is required to have the better 

understanding and position of GAEC1 in colorectal cancer. 

1. Identification of key factors influencing the nucleo cytoplasmic localization of GAEC1 

in colon cancer cells would be helpful to figure out the exact signallling pathway in 

colon cancer pathogenesis. 

2. Co-localization and expression of other proteins with GAEC1 would help to understand 

its role in carcinogenesis. 

3. Further in-vitro and in-vivo studies following the interaction between GAEC1 and p53 

would help to identify the exact position of GAEC1 in the signaling pathway of colon 

cancer pathogenesis. 

4. Identification of more interacting proteins of GAEC1 and coordination of their 

molecular function would help to clarify the pathogenesis and therapeutic approach 

targeting GAEC1. 
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Appendix 
 

 

 
 

 

Figure: Human colon cancer cells SW480 transfected with GFP tagged GAEC1-

shRNA. The figure shows that SW480 cells (green) transfected with GAEC1-shRNA 

after 3 weeks treatment with puromycin (Fluoresence microscope x20). 
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Figure: Human colon cancer cells SW48 transfected with GFP tagged GAEC1-

shRNA. The figure shows that SW48 cells (green) transfected with GAEC1-shRNA 

after 3 weeks treatment with puromycin (Fluoresence microscope x20). 
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Sequence of GAEC1 shRNA: 

 

AGAGGTCAGGGCAGTCCCAACCTCCCAGTGCCTCCCAGGCCAGTCCCTGCCTAGGA

CCTGGCCACACCTGCCATGCCCTTGGAAGATTCCTCTCTAAGTTCCACTCCCACTCC

AGTGAGGGCCACCTGAGACCCACCTGCGAGAGCCTCCCCCAGGGCCCTGTCCCCCA

TCTCTGTGCCTTCTCCCTACCAAGGGTTCCTCCAGCCAGGAGGAAGAGCTGGGGGC

GACAGGGATTGATGTCTAGGACTCGGCACTGGGGCTGACTTCCTGCCTGCCGCTGC

CTGCCCCATGTGGGGGCATAATCATCTCACTCAGGGACCCCACACCTACCCTTCCC

AGGCTGCCAAGTCACTGGCTCTGAGCCCCCTGGGGGTCCTAATGGTATAGAGAGAG

AGGTGGCCACCGTCAGGAGCACTAGCCTACTGGATAAATGGATGGGCTTGGAGCTC

AGGGACAGGGTTTCATGGGTTCAGCTGTGGCCCCACCCCCACCCCAGGAAATACCA

CCCCTGCAGGCCATGGCCTGGGCCTGGGCTCGTGACCTTCCCTGGAGGCCATGGTG

GTGGTGGTGGTGGTGGCAGGTGTGTTCCCGTCTCCACCCCTCAGGGAAGAAGCAAG

TTCCAGGAGCCTGGACTTTTGCCCTGCGCACTCTCTGTGTCAGATGGGGAGACAGC

CATGAGGACAGACACTTGAAGTACCCTATAACTGGCACCATGCAAGAGAGACAGG

CAGGAGGAGACTGTGGGAGCTCAGAGGAGACACTTGTGCTGGCCTGGATCAGGGA

GAAAGGAGGGGTGTCGGGAGGCTTCCTGGAAGAAGTGGCTTCTGGATTAATTATTG

AAGTGTGAGTAGGAGTTAGGGAAGAAAGGAGGAAGCACGGGGCAGGGAAAAGGT

CAGGCATGAGCAAAGCTCGTGGGTTCCTCAGTCCCCATCCTCCCCCCACCTTCGTG

AACTCTAACCACCACCACCACTACCCAACTGCCAATGTCCTGATAAGTCCTGCCCC

CAACTCATTGTTCAGGCCCCCAGCACCCTCTTTATTTTCTTTGCACTCATGAAGCCC

AACGCAATAACCACCTCTTGAAGGAAACCTTCCAAACTCCCGACTCCCCTCCCCCA

GTACCAAGGCAGGAGTCTCCTAGGAGACCGCTGGTTTGGAAACCTGTCCTTGAAGC

TAAGCAGGCTCAGCCGGGAGCCCTGTTCTGTCCCTGGGGCTGTCCCTTGGTTATTGA

CTGCAGATTGATGGCGAGGTTGCCCCAAGGAGAGAGGGAATTCCCACGGTGCCCT

ATGGCCCAGAGGCCTCGCAGATGATCTCACAGAAATGGGGCAGCTATTTTTACCTG

GCATTTAATTACATGGTTTGGATCCCAGAGGAGAGATGAGATGGTGATCCCAGGAG

CTGCGAGGGAGGGGCATTCCGGAAACTGTGGGGACCCTGGGAGGACAGGCGAGGG

CATGATCCTCTAACTCATTTCCTTGGAAGGATGGTCGCTTGTCCCCCAACACTAAGC

CGGCTCCTTAGACAGGGACTCCCCAGGCACTACATCACCGCACTTTATCACTATTG

ATAATTTTCCCCCTGGCTTGGATGGGGGCTGTAAGCACACAGCAGGTTGGACCTGT

GTCCCCAGAGGCAATGGCAAGGCCCCCAGGTGATGGGCTGGGCCCAAGCCATGCA

GTTTAGCCATCCAGAGCTGTGAAGGATGGAGGGGCCTGGGAATAAGAGGATGAAG

CTGGGGTGAGGAGACAGCTGGGATTCCTGGATTGGGGATTCAAAATCGGATTTGAA

TGGGAATTCTGGGGGAAGCCAGATTCCAGAACGTGGGAATGTAAGTAGAAGCGTG

CAGGCCATTGTGATGGAAAGAAGCAAGGTCTTCAATGTCCGTACAAAAACTTGGTC

CCTTTAGCCAGGCATGGTAGCTCTTGCCTGTAGTCTGAGCTACTCGGAAGGCTGAG

GCGGGAGGATCGCTTGAGCCCAGGAGTTGGAGGCTGCAGTAAACTGTGATCTCGCC

ACTGCACTCCACCCTGGGAGACACTGCAAGACTCTGTCTC 

 




