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                                                ABSTRACT  

Cancer is second only to cardiovascular disease in the number of deaths every year and 

millions of deaths are caused by cancer globally. Current therapies for many cancers are 

still not sufficient to achieve a long term cure. One of the important hallmarks of cancer 

is rapid cell division. Another hallmark of cancer is avoidance of senescence. Telomere 

stabilisation facilitates rapid cell division and is one of various factors that contribute to 

the avoidance of senescence. Telomeres are tandemly repeated sequences found at the 

end of eukaryotic chromosomes. Telomerase is an enzyme complex that extends 

telomeric repeat sequences, protects cells from senescence and has a major role in the 

acquisition of high proliferative potential by cancer cells. Thus, down-regulation of 

expression of the catalytic subunit of telomerase may be an effective way to treat 

cancer.  

Interventions that target cancer metabolism can also prevent proliferation of cancer 

cells. Downregulation of expression or complete silencing of expression of those genes 

which encode products that are essential for cancer metabolism is one of the key future 

strategies for cancer treatment. In this regard, the products of genes including  lactate 

dehydrogenase A (LDHA), monocarboxylate transporter 1 (MCT1), cluster of 

differentiation 147 (CD147) and pyruvate kinase isoenzyme 2 (PKM2) are critically 

required for aerobic glycolysis and are possible targets for cancer therapy. Upregulation 

of expression of these gene products favours tumour progression. Thus, silencing the 

expression of these gene products may provide a non-conventional approach for cancer 

treatment.   
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In this study, non-conventional methods for selective killing of cancer cells were 

investigated. This study also represents an application of RNAi technology, however in 

this research a different method for generating the RNAi was used. Plasmid constructs 

were designed in which the intron in the Enhanced Green Fluorescent Protein (EGFP) 

marker gene was replaced with artificial intron sequences that incorporate RNAi 

sequences. Thus, in these constructs expression of the EGFP marker protein is an 

indicator of the expression of the small hairpin ribonucleic acid (shRNA) used to silence 

the expression of target gene products. This is because following transient transfection 

of a plasmid construct into cancer cells both EGFP and shRNA are transcribed from the 

same RNA polymerase II-dependent promoter. The aim was to use this EGFP-intron 

expression system to generate shRNA that would inhibit telomerase activity and also 

knock-down expression of gene products which play important roles in energy 

metabolism pathways in cultured cancer cells. In addition, an attempt was made to use 

bacterial cells for delivery of the plasmid construct into the cancer cells.  
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1.1 General introduction 

Although  significant advances  in  medical  research  have  been  made,  cancer  still 

remains as  one of the leading causes of death. The effects of cancer suffering impact on 

many lives and families. Also, this insidious disease represents a huge financial and 

socioeconomic burden to both the family and health care systems. 

Cancer is a complex disease that includes multigenic, multicellular and multisystemic 

aspects. Recently, the International Agency for Research on Cancer (IARC) announced 

that 8.2 million deaths in 2012 were due to cancer and that there is on average 14.1 

million new cases per year worldwide. Also, it has been reported that 57% of cancer 

deaths are in developing countries. Lung  cancer  is  the  most  common  cancer causing 

death and was responsible  for approximately  1.59  million  deaths  worldwide  in  2012 

(IARC, 2012).  Non-small-cell lung cancer (NSCLC) is the most common form of lung 

cancer (Farhat and Houhou, 2013). 

Current conventional treatment options such as surgery, chemotherapy and radiotherapy 

are used independently or, in some cases, in combination. However, many of these 

treatment options are only effective for  early stage tumours and even after surgery there  

is  still  a  high  potential  for  tumour  recurrence  in  patients.  In addition to the 

conventional treatments of cancer, there are also a number of relatively new therapies 

that include targeted cancer therapy, biological or immunotherapy, and gene therapy. 

Unlike conventional methods, these developing treatments can be more effective and 

have fewer side effects.  Nevertheless, these treatments are not sufficient to improve the 

life span of cancer patients. Therefore, there is still an urgent need for the development 

of novel cancer therapies. 
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1.2 Understanding Cancer 

In order to develop new cancer therapeutics, researchers have studied different aspects 

of tumours in fine detail. Traditionally, tumours were thought to be a mass of rapidly 

dividing cells and all therapeutics were designed to stop or reverse cellular proliferation. 

More recently, progress has been made in determining finer details of the nature of 

tumours and their microenvironment in order to identify more specific targets for 

therapeutics and potential avenues for cancer gene therapy. Hanahan and Weinberg 

(Hanahan and Weinberg, 2000, 2011) identified six hallmarks as well as two emerging 

hallmarks and two enabling characteristics common to cancer (Figure 1.1). 

Sustaining proliferative signaling: In normal tissues, production and release of signals 

that promote growth are tightly controlled. On the other hand, cancer cells deregulate 

these signals by using them to their own advantage and may produce growth factor 

ligands for their own receptors. In addition to this autocrine proliferative stimulation, 

cancer cells also may send signals from the tumour microenvironment or surrounding 

tissue to trigger normal cells to supply various growth factors to the cancer cell (Cheng 

et al., 2008; Bhowmick et al., 2004). 

Evading growth suppressors: Cancer cells must evade the actions of tumour suppressor 

genes, which restrict cell growth and proliferation. The two prototypical tumour 

suppressor genes encode the retinoblastoma-associated protein (RB) and tumour protein 

p53 (TP53) which govern the decision of cells to proliferate or to activate senescence 

(biological aging) (Hanahan and Weinberg, 2000). 

Resisting cell death: Programmed cell death (apoptosis) plays an important role as a 

factor preventing development of cancer. Since the beginning of the last decade, many 

research studies have been conducted to elucidate the structure of the apoptotic 
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machinery and how cancer cells avoid undergoing apoptosis. These studies have shown 

that tumour cells have evolved many strategies to limit or evade apoptosis.  One  of  the  

most  well-known  is  the  loss  of  function of tumour suppressor TP53 (Hanahan and 

Weinberg, 2011). 

Enabling replicative immortality: Cancer cells must have unlimited replicative potential 

in order to generate macroscopic tumours. A large body of research suggests that 

telomeres, which are repetitive sequences at the ends of chromosomes, provide 

unlimited proliferation. Most cancer cells have elongated telomeric repeats (Blasco et 

al., 2005; Shay and Wright, 2000). 

Inducing angiogenesis: Like normal cells, tumour cells require the uptake of nutrients 

and oxygen as well as the discharge of carbon dioxide and metabolic waste. The 

induction of angiogenesis addresses these basic cellular needs. But unlike normal tissue, 

tumours sprout new blood vessels that facilitate and sustain expanding neoplastic 

growth as they develop (Hanahan and Folkman, 1996). 

Activating invasion and metastasis: Metastasis is responsible for approximately 90% of 

cancer-associated mortality. A primary tumour must proceed through the following 

steps to metastasise: a) Intravasation: Firstly, a cancer cell invades local tissues and 

thereby enters the microvasculature of the circulatory and lymphatic systems. b) 

Extravasation: A tumour cell maintains itself in the microvasculature and begins its 

movement through the bloodstream to microvessels of distant tissues where it leaves the 

bloodstream. c) Colonisation: The migrated tumour cell survives within the 

microenvironment of its new location and benefits from the local tissue in terms of cell 

proliferation resulting in formation of a secondary macroscopic tumour (Chaffer and 

Weinberg, 2011). 
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In addition to the original hallmarks, newly emerging hallmarks and enabling 

characteristics have also been added in recent years (Hanahan and Weinberg, 2011). 

Reprogramming energy metabolism: Cancer cells utilise different glucose metabolism 

pathways than normal cells (Warburg, 1930). These alterations in energy metabolism 

are mostly orchestrated by the same proteins that are responsible for the other hallmarks 

of cancer.  

Evading immune destruction: Tissues are constantly monitored by the immune system. 

The immune system detects and eliminates newly-formed tumours, however tumour 

cells appear to escape such immune surveillance. This escape may be achieved by 

disabling key components of the immune system (Vajdic and van Leeuwen, 2009).  

Genome instability and accumulation of mutations: Although the genome maintenance 

systems of cells have the ability to detect and repair DNA damage and this reduces the 

frequency with which spontaneous mutations arise, cancer cells exhibit an increased 

mutation rate due to disruption of the genome maintenance machinery (Negrini et al., 

2010; Salk et al., 2010). Also, loss of telomeric DNA plays a role in genomic instability 

(Artandi and DePinho, 2010).  

Tumour-promoting inflammation: It has been observed that inflammation can provide 

the tumour microenvironment with bioactive molecules, such as growth factors that 

promote proliferative signalling, proangiogenic factors, survival factors, etc. (DeNardo 

et al., 2010; Grivennikov et al., 2010; Qian and Pollard, 2010; Karnoub and Weinberg, 

2006, 2007).  
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Figure 1.1: Hallmarks of cancer and possible corresponding treatments. 

(Reproduced from Hanahan and Weinberg et al., 2011). 
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1.3 Solid tumours and their microenvironment 

90% of all cancers are solid tumours. The composition of the tumour microenvironment 

is highly variable, with differences between patients and often even between different 

areas of the same tumour. Also, this microenvironment is often altered as the disease 

progresses (Zalatnai, 2006). However, the tumour microenvironment usually contains a 

heterogeneous mixture of tumour cells, non-tumour cells, secreted soluble factors 

within a non-cellular solid material known as extra cellular matrix (ECM). This 

complex mixture is supported by an irregular vascular network. Blood vessels in 

tumours are different from normal blood vessels. In tumour tissue, blood vessels have 

unsteady blood flow leading to impaired clearance of metabolic products from the 

tumour. 

Solid tumours have hypoxic regions in which some genes can be activated or 

upregulated for the benefit of the malignant phenotype (Saggar et al., 2013, Cretu and 

Brooks, 2007). In addition, hypoxia can prevent tumour cell differentiation and promote 

the maintenance of cancer stem cells.  Hypoxia, however, prevents the differentiation of 

mesenchymal stem/progenitor cells, which is a potential source of tumour-associated 

stromal cells (Lin and Yun, 2010). The extracellular matrix in solid tumours regulates 

signalling between the tumour and normal stromal cells (Wojton and Kaur, 2010).  

It is clear that new therapeutic strategies must be developed to cure cancer. One of the 

promising approaches may be cancer gene therapy, which is a method involving 

delivery of a vector carrying a therapeutic gene into cancer cells. However, some 

barriers to the successful delivery of the genes to the tumour cells exist. The efficiency 

of gene delivery is constrained and set by the tumours and their microenvironments. 
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Therefore, these constraints must be overcome for gene therapy to be successful as a 

therapeutic option for cancer. 

 

1.4 Current cancer treatments 

Conventional cancer treatment methods such as surgery, chemotherapy and radio-

therapy can be used as a single remedy or sometimes, in order to get more effective 

results, as a combination of up to all three. However, there is still the potential of 

recurrent cancer in patients who receive treatment with these methods. 

In addition to these conventional ways of treating cancer, there are also relatively new 

therapies that include bacterial oncolysis treatment, targeted cancer therapy, gene 

therapy, etc. In contrast to conventional methods, these developing treatments can be 

more effective and have fewer side effects. 

 

1.4.1 Surgery and Chemotherapy 

Surgery and chemotherapy are common methods for treatment of cancer. In surgery, 

tumour tissue is physically removed and this process is more often used for treatment of 

solid tumours than other cancer therapy methods. Combining it with other treatment 

modalities has enhanced surgery’s effectiveness (Gavhane et al., 2011). 

Surgery is usually successful when the cancer is identified early and it is localised to a 

limited area or regional lymph nodes. Removing nearby tissue can help prevent the 

tumour from reoccurring. However, surgery may bring about some side effects 

including anesthesia complications, infections, and immune suppression.  Also, surgery 
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reduces the levels of growth control factors (endostatin and angiostatin) which may 

result in uncontrolled spreading of the tumour after surgery (Oliver, 1995). 

Chemotherapy uses chemotherapic agents the majority of which kill cells that divide 

rapidly. Thus, as a side effect, these cytotoxic antineoplastic agents also kill 

proliferative healthy cells. Many chemotherapeutic agents target cell cycle as well as 

microtubule and protein function. The mechanism of action of chemotherapy may be 

the arrest of the cell cycle of cancer cells at the different stages of the cell cycle (e.g. 

inhibiting DNA synthesis at S phase). Chemotherapy is often used with other 

conventional methods such as surgery and radiotherapy. 

 

1.4.2 Radiotherapy 

Radiotherapy is an important method for the treatment of cancer patients and is applied 

either alone or in combination with other modes of treatment such as surgery or chemo-

therapy. Although researchers try to accurately target the site of the tumour by using 

tumour selective markers to make radiotherapy more individualised, more studies need 

to be conducted to enhance the success rate of radiotherapy (Yaromina et al., 2012). In a 

typical radiation therapy small doses are given to the cancer patients over a period of 

weeks or months. Such a strategy causes decreasing tumour tissue mass while still 

allowing an increase in the mass of normal tissue. According to generally accepted 

views the effects of radiation therapy include effects on processes such as repair of sub-

lethal cellular damage which provides a radiosensitive phase of tumour development, 

reoxygenation of the hypoxic region of tumours, and increased migration of normal 

cells into the irradiated tissues to provide healthy cells (Connell and Hellman, 2009). 
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Although radiotherapy has been shown to offer some benefits for cancer patients e.g. 

improvement of survival rates, it causes DNA damage, including single- and double- 

strand breaks (Radford, 1985). Due to this potentially harmful effect, targeted 

therapeutics need to be developed for cancer treatments. 

 

1.4.3 Targeted cancer therapy 

Targeted cancer therapies involve prevention of the growth and spread of solid cancers 

through the use of targeted therapeutics that specifically inhibit the proliferation of 

cancer cells. Such therapeutics can be chemicals or monoclonal antibodies. These 

therapies usually target proteins that are engaged in those cell signalling pathways that 

regulate basic cellular functions and activities. For instance, bevacizumab, a monoclonal 

antibody that has effects on vascular endothelial growth factor (VEGF), blocks 

angiogenesis. Angiogenesis is fundamental to cancer growth and spread (metastasis). 

Bevacizumab has been successful as a therapy for cancer, either alone or in combination 

with other cancer treatments (Françoso et al., 2017).   

Targeted cancer therapies can block signalling through those pathways that make cancer 

cells grow and divide uncontrollably and result in the induction of cancer cell death 

through  a process known as apoptosis (Mok et al., 2009; Sandler et al., 2006).   

Some targeted therapies and cytotoxic agents target immune signalling pathways and 

affect immune responses. This suggests that these treatment strategies might be 

effectively combined with immunotherapy. Immunotherapy endeavours to stimulate a 

host immune response to achieve permanent tumour destruction and thereby to improve 

clinical outcomes.  As a result, targeted therapies may help to optimise the anti-tumour 

immune responses induced by immunotherapies. Similarly, immunotherapies may serve 
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to consolidate impressive clinical responses to targeted therapies into long-lasting 

cancer remissions (Vanneman and Dranoff, 2012).  

 

1.4.4 Gene therapy 

Gene therapy is a relatively new method compared to other treatments. It involves a 

therapeutic gene that is selectively delivered to a specific cell or tissue using a vector or 

delivery vehicle. The first successful treatment of a human disease using gene therapy 

techniques was for the treatment of X-linked severe combined immunodeficiency (X-

SCID). X-SCID is an inherited disorder affecting production of T and NK (Natural 

Killer) cells. An ex vivo gene replacement therapy was performed. The trans gene 

introduced into the bone marrow stem cells was stably expressed in the differentiated T 

cells they gave rise to. Moreover, the trans gene in the mature T cells conferred a 

selective growth advantage over the defective parental T cells (Kohn et al., 2003). 

Viral vectors are the most widely used vector system for gene therapy.  Within Europe 

and the United States, gene therapy protocols are mostly used for cancer. Research on 

cancer gene therapy has mainly focused on melanoma, prostate cancer, ovarian cancer 

and leukaemia (Gottesman, 2003). Some of these protocols for the treatment of cancer 

using gene therapy make use of the thymidine kinase gene and the genes for 

immunomodulatory cytokines such as IL-2 or granulocyte-macrophage colony-

stimulating factor (GM-CSF) and have yielded varying amounts of success (Lechanteur 

et al., 2000). 

To deliver the therapeutic genes to the diseased tissue trans genes that encode cytokines 

or viral thymidine kinase were transduced into autologous cells, either normal cells or 

cancer cells. However, the delivery of these therapeutic genes had limited efficacy. This 



                                                                                                                                                                                                                  12 
 

was attributed to the inability to achieve a pharmacological dose of the gene at the target 

tissue.  

Low efficacy of transduction is the biggest obstacle for systemic gene therapy. Some of 

the other restrictions that affect efficacy of gene therapy for cancer comprise: a) 

identification of key target genes responsible for the disease pathology and progression; 

b) identification of therapeutic genes that can inhibit disease progression; and c) optimal 

transgene expression for suppressing the target gene (Scanlon, 2004). However, in some 

cases, it is not sufficient to inhibit the target gene and related signalling pathways in 

order to inhibit the disease process. This is due to the fact that the cancer cells can adapt 

and use different signalling pathways to compensate for the pathway that is inhibited 

(Scanlon et al., 1994). Therapeutic genes used for gene therapy for cancer can be a 

tumour suppressor gene (p53), antisense oligonucleotides that inhibit expression of 

oncogenes, ribozymes and short inhibitory RNA, and genes that encode pro-apoptosis 

proteins (Scanlon, 2004; Lebedeva and Stein, 2001; Scanlon et al., 1994; Kashani-Sabet 

and Scanlon, 2002; Ohta et al., 1996). 

Appropriate promoters and enhancers are required in order to increase the efficiency 

and extend the duration of transgene expression in the cell or tissue. Promoters can be 

classified as constitutive or inducible. The constitutive promoters can be either viral or 

tissue-specific promoters like the melanin gene promoter for melanoma. Inducible 

promoters can be induced with hormones or other small molecules to express 

transgenes. The location of enhancers is often at great distances from promoters and 

their function is to increase transgene expression 2-100 fold if the transgene product is 

required in very high amounts in the cell. In cancer cells, the duration of transgene 

expression can be up to 30 days (Scanlon, 2004; Kirn and Scanlon, 2002). 
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                            1.4.5 Therapeutic Cancer Vaccines 

There are two main types of cancer vaccine: preventive (prophylactic) and therapy 

vaccines. As the terms would imply, preventive vaccines are used to prevent cancer 

development in healthy people while therapy vaccines strengthen the immune system 

against the cancer (Lollini et al., 2006). Preventive cancer vaccines target infectious 

agents which cause or promote the development of cancer. For example, L1 protein 

which is a viral capsid protein of Human Papilloma Virus (HPV) is used as an antigen 

to raise a vaccine that causes neutralisation of the virus to prevent HPV-infection-

related cancers (Frazer et al., 2007). Adjuvants, which are chemicals used to boost the 

immune response, are often added to treatment vaccines. In some cases, adjuvants are 

given to the cancer patients separately from the vaccine itself (Chiarella et al., 2007).  

Therapeutic cancer vaccines are raised against and target a wide range of antigens 

which are closely related to the tumour. The tumour microenvironment and 

immunosuppressive factors are the main obstacles that lower vaccine efficacy. 

However, some strategies currently being developed use immune stimulants, which are 

inhibitors of immune suppression. Other strategies combine therapeutic cancer vaccines 

with certain chemotherapeutic agents and/or other treatments. Use in combination 

therapies may provide a significant improvement in the efficacy of cancer vaccines in 

the future (Schlom, 2012). 

Although cancer vaccines are relatively safe to use there is risk of an acute reaction such 

as anaphylaxis or other reactions such as erythema and pruritis. Also, vaccines with 

adjuvants are more likely to cause side effects (Pazdur and Jones, 2007). 

 

 



                                                                                                                                                                                                                  14 
 

1.5 Bacterial Oncolysis 

In the 1890’s a surgeon named William B. Coley described for the first time how 

certain bacteria could be used as immune stimulants to treat cancer (Coley, 1893).  

Since then, scientists have been developing microorganisms such as Clostridium, 

Bifidobacterium, Salmonella, Mycobacterium, and Bacillus for use in specifically 

targeting cancers.  Many of these bacteria also have oncolytic properties. For instance, 

anaerobic bacteria grow in the core of solid tumours, a highly hypoxic area. This 

hypoxic environment within tumours is a major factor in the failure of most traditional 

and also many emerging therapeutics.  

Anaerobic bacteria are also promising vectors for delivery of therapeutic genes to the 

core of the tumour by virtue of their specificity for the hypoxic tumour 

microenvironment. Intratumoural injection of some species of bacteria can be used to 

deliver therapeutics, including suicidal genes carried on plasmids which kill the cancer 

cells via apoptosis. The hypoxic core of solid tumours is advantageous for colonisation 

and proliferation of anaerobic bacteria. It has been claimed that the anaerobic 

environment of hypoxic-necrotic regions within tumours provides for faster growth of 

both obligate anaerobic and facultative anaerobic bacteria. Necrotic areas may also 

supply nutrients (especially purines) to promote the growth of bacteria (Wei et al., 2007; 

2008). 

Obligate anaerobic and facultative anaerobic bacteria tested so far fall into three classes: 

(a) the lactic acid producing, gram-positive anaerobic bacteria; (b) the intracellular, 

gram-negative facultative anaerobes, and (c) the strictly anaerobic, gram-positive 

saccharolytic/proteolytic Clostridia (Wei et al., 2007). 
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                            1.5.1 Use of Bifidobacteria for cancer therapy 

The members of the Bifidobacterium genus are Gram-positive, obligate anaerobic, non-

motile and nonsporulating. Three species of the Bifidia, Bifidobacterium infantis, 

Bifidobacterium longum and Bifidobacterium adolescentis, are common flora of the 

human intestine. Because of this, these native species have been used as probiotic 

agents and are generally considered as “safe” bacteria.  They have been used in the 

prevention and treatment of both animal and human gastrointestinal disorders, such as 

colonic transit disorders, intestinal infections as well as colonic adenomas and cancer 

(Kopp-Hoolihan, 2001). The initial experiments in which Bifidobacteria were used in 

cancer therapy were reported in the 1980s and involved mice with Ehrlich ascites 

tumours.  The bacteria were shown to be highly selective and localised primarily within 

the tumour and no bacteria were found in other organs 96 hours following injection. 

Nevertheless, this study found no antitumour effects of Bifidobacteria (Kimura et al., 

1980). However, another study using animal models found that Bifidobacteria 

adolescentis prevented the occurrence of colorectal carcinoma and induced apoptosis of 

tumours in vivo. Bifidobacteria are non-sporulating and more difficult to store and they 

are more susceptible to nonpermissive conditions, which reduce their effectiveness for 

cancer therapy (Wang et al., 1999). 

 

1.5.2 Use of Salmonella for cancer therapy 

It has been known for more than 50 years that Salmonella can colonise tumours 

(Graham and Coleman, 1952; Giel, 1954). However, most Salmonella strains have 

pathogenic effects. Thus, Salmonella typhimurium was genetically modified to reduce 

its pathogenic effects and first used as an antitumour agent in 1997 (Pawelek, 1997). 
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The most important characteristic of Salmonella is the higher accumulation rates in 

tumour tissues compared to normal tissues. This provides the potential to deliver high 

levels of specific toxic therapeutic agents directly to the tumour with reduced risk of 

systemic toxicity (Low et al., 1999, 2004).  

In addition to Salmonella typhimurium, attenuated Salmonella choleraesuis has also 

been reported to colonise and amplify within tumours (Lee et al., 2004). Furthermore, 

this species was shown to be capable of transferring a eukaryotic expression vector 

carrying a gene that encodes a therapeutic protein into the tumour cells (Lee et al., 

2005-I; Lee et al., 2005-II). Another Salmonella (S. typhimurium A1) has also been used 

very successfully for inhibition of tumour growth and induced tumour regression (Zhao 

et al. 2005). Salmonella has also been used in combination with other anti-cancer agents 

such as chemotherapy and radiotherapy with better results for tumour control (Platt et 

al., 2000). 

 

1.5.3 Use of Clostridia for cancer therapy 

The third genus of bacteria used as a tumour targeting vector system is Clostridia. 

Strains of Clostridia are strictly anaerobic, sporulating Gram-positive bacteria. 

Clostridial spores delivered intravenously have been used to induce tumour lysis. Also, 

Clostridia have advantages over Bifidobacterium and Salmonella, such as easy 

production, better survival during storage and impressive oncolytic effects (Wei et al., 

2007). 
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1.5.3.1 Clostridia in oncolysis 

Spores of a non-pathological strain of Clostridium sporogenes have been used as an 

oncolytic agent.  Although this therapy had no adverse side effect, it was not effective 

enough to eradicate cancer or to extend the life span of cancer patients (Liu et al., 2002; 

Theys et al., 2001, Nuyts et al., 2002).  However, recent molecular biology technologies 

enable the genetic modification of these anaerobic bacteria to facilitate the expression of 

cytokines, enzymes and anti-angiogenic factors which will enhance the oncolytic 

potential of these bacteria (Nuyts et al., 2001; Fu et al., 2005; Dang et al., 2001; Dang et 

al., 2004; Bettegowda et al., 2003). Clostridia  novyi  and  Clostridia  sordelli,  which  

are  two  proteolytic  strains,  have been reported to show considerable colonisation and 

oncolysis of colonic cancers (Agrawal et al., 2004; Cheong et al., 2006). 

 

1.6 Use of microbial vectors for gene delivery 

One of the most challenging issues in gene therapy studies is the delivery of the 

therapeutic gene. Current viral-based gene delivery strategies have prominent 

limitations and restricted applications for cells and tissues. The type of tissue to be 

targeted by gene delivery determines the method to be used for delivering genes 

(Kashani-Sabet and Scanlon, 2002). Commonly used vectors are retroviruses, 

adenoviruses, adenoassociated viruses and herpes simplex viruses. In cancer therapy, 

viruses such as Newcastle disease virus offer a promising delivery technology as 

replication-competent viruses (Kirn and Scanlon, 2002). Non-viral technologies are also 

used for gene delivery as well as viral-based delivery methods. The advantages of non-

viral delivery methods compared to viral-based delivery methods include less toxicity, 

reduced adverse immune responses and ease of producing larger quantities of 
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therapeutic DNA (Nishikawa and Huang, 2001). It has been reported that nanoparticles 

which are chemically synthesised, e.g. DNA/stearyl polylysine-coated lipids or DNA-

coated with glycine oligomers (Peptoids) are effective therapeutics against cancer-

related angiogenesis. As a result, such molecules show promise as new strategies for 

systemic gene delivery (Kirchweger, 2002). 

In addition, bacteria have been developed as vectors for gene delivery to cancers. Some 

of these genetically modified bacterial cells, such as Salmonella and Clostridium novyi, 

are already in Phase 1 clinical trials for cancer therapy (Nemunaitis et al., 2003). 

 

1.7 Use of small oligonucleotides for gene silencing 

Fire et al. (1998) discovered RNA interference (RNAi). RNAi is a mechanism that 

modulates the expression of genes using small single-stranded ribonucleic acids. Such 

ribonucleic acids can bind to other molecules, e.g. mRNA, and affect gene expression. 

Correspondingly, RNAi has become a promising tool for researchers to use in the 

treatment of genetic diseases and cancer (Ji et al., 2009; Liu et al., 2011; Liu et al., 

2008; Takeshita et al., 2005). 

RNAi has huge potential for use to inhibit target gene expression and compared to 

drugs, RNAi technology promises greater specificity and application to a wider range of 

targets. Small RNAs that are currently used for RNAi have been grouped into four 

major classes: small interfering RNAs (siRNA), short hairpin RNA (shRNA), 

microRNAs (miRNAs), and P-element-induced wimpy testis (PIWI)-interacting RNAs 

(piRNA). In addition to these components, newly discovered qiRNA and other new 

small RNAs have been added to the small RNA world (Farazi et al., 2008; Olejniczak et 

al., 2010). 
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1.7.1 Use of siRNA for regulation of gene expression  

The first applications of RNA technology for gene silencing started with the use of 

synthetic siRNA (Elbashir et al., 2001). Briefly, the mechanism of gene silencing by 

this method includes the following: an artificial double-stranded RNA (dsRNA) is 

introduced into the cells via various methods including transfection, electroporation etc. 

The long dsRNA molecules are then cut into 19-23 nucleotide RNAs, called siRNAs. 

The siRNAs use base-pairing to guide them to the complementary mRNAs which are 

then cleaved (Parrish et al., 2000). siRNA directly incorporates into  the RNA-induced  

silencing  complex  (RISC),  where  its  guide strand  binds to and results in cleavage of 

the complementary mRNA. After the cleaved mRNA is released and degraded, the 

RISC binds to a different mRNA. Thus, a new cycle of cleavage is started (Wang et al., 

2011). Target mRNA can be cleaved by siRNA in both the cytoplasm and the nucleus 

(Robb et al., 2005). 

Furthermore, siRNAs can be used as primers for an RNA-dependent RNA polymerase 

that synthesises extra dsRNA. This results in production of additional siRNA, which in 

turn amplifies the effect of the original siRNA (Sijen et al., 2001; Lipardi et al., 2001). 

 

1.7.2 Use of shRNA in regulation of gene expression 

Short hairpin RNA (shRNA) has been developed for long-term gene silencing (Lee et 

al., 2002; Yu et al., 2002; Miyagishi and Taira, 2002). shRNA with a hairpin loop is 

transcribed from artificial short double-stranded DNA, which is introduced into cells 

with a plasmid or other delivery method and is imported into the nucleus. Afterward, 
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the shRNA transcript is processed and incorporated with RISC in the cytoplasm in the 

same manner as described above for siRNA. Nonetheless, there are some differences 

between siRNA and shRNA. Firstly, only approximately 1% of duplex siRNA remains 

in the cells 48 hours after its introduction into the cells. The loss is caused by the high 

rate of degradation. On the other hand shRNA is constantly synthesised in host cells and 

thus results in more durable gene silencing. Secondly, vector-generated shRNA levels in 

cells can only be modified by manipulating the expression of that shRNA. This is 

because shRNA, in contrast to siRNA, is synthesised in the cell nucleus and not taken 

up by cells and then has to be transported to the cytoplasm for further processing. 

Within the argonaute proteins that are pivotal components of RISC, only Ago2 shows 

endonuclease activity and can cleave shRNA in order to generate it active single-

stranded shRNA (Rao et al., 2009). 

 

1.7.3 Use of MicroRNA in regulation of gene expression 

Another group of small non-coding RNAs includes the microRNAs (miRNAs). 

miRNAs have highly conserved  structures and have a major role in gene regulation. 

Firstly, the miRNA is transcribed from its precursor RNA (which can be transcribed 

from intergenic DNA sequences or be present in introns) to generate a primary 

transcript (pri-miRNA) in the nucleus. In the second step, the pre-miRNA is processed 

by Drosha enzyme, which is an RNase III-family endonuclease. The processing is then 

followed by export of the pre-miRNA to the cytoplasm. In the cytoplasm, pre-miRNA is 

cleaved by another RNase III-family enzyme, which is called Dicer. Dicer generates 20-

23-base pair-long mature miRNAs that include both guide and passenger strands with 
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some mismatches. Mature miRNA cooperates with RISC to promote degradation of 

specific mRNAs, thus, miRNA regulates the expression of genes (Bartel et al., 2004). 

The difference between siRNA and shRNA and on the one hand and miRNA on the 

other is that both siRNA and shRNA require a perfect sequence match with the target 

mRNA for cleavage to occur, in contrast to miRNA. A change in the expression level of 

a single miRNA may affect the expression of more than a hundred different genes (John 

et al., 2004). miRNA participates in gene regulation in various ways. Primarily, miRNA 

binds to the 3’ UTR region of the target mRNA and represses the translation of that 

mRNA (Bartel, 2004). Nevertheless, several studies have shown that miRNA can also 

recognise and bind to the coding regions or the 5’ UTR region to repress gene 

expression, although with lower efficiency than binding at the 3’ UTR (Tay et al., 2008; 

Lytle et al., 2007). Other studies have also reported that miRNA can bind to the 5’ UTR 

region of an mRNA and promote protein translation or can bind to DNA and induce 

gene expression (Orom et al., 2008; Place et al., 2008). It has been proposed that failure 

in regulation of miRNA can cause a variety of human diseases, including cancer (Lu et 

al., 2008). A better understanding of the mechanism of action of miRNAs and the 

regulation of miRNA expression may result in the development of successful RNAi-

based therapies for the treatment of cancer and other diseases. 

 

1.7.4 piRNA and gene regulation 

PIWI-interacting RNAs (piRNAs) are small non-coding RNAs which interact with 

proteins known as P-element-induced wimpy testis (PIWI) proteins. These proteins 

belong to the argonaute protein family and they are expressed mostly in the germline of 

different organisms including Drosophila and mammals. piRNAs maintain silencing of 
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repetitive elements and the integrity of the genome and promote the development of 

gametes. It has been stated that both PIWI proteins and piRNAs are necessary for 

silencing of transposons. Furthermore, it has been indicated that a subset of piRNAs in 

Drosophila function in silencing of protein-coding genes (Siomi et al., 2010). piRNA-

PIWI complexes are assumed to directly control transposon activity. piRNAs bound to 

PIWI proteins show homology-dependent target mRNA transcript cleavage in vitro. As 

a result, transposons are likely silenced through post-transcriptional transcript 

destruction (Khurana and Theurkauf, 2010). 

 

1.8 RNAi phenomena and their use in gene therapy for cancer 

Due to their effectiveness and specificity, siRNA and shRNA have been extensively 

used to silence cancer-related gene products. One of the best examples of the 

application of RNAi in cancer therapy is an important study on one of the most 

dangerous cancers, metastatic pancreatic cancer. The gene known as pancreatic 

duodenal homebox-1 (PDX-1) acts as an oncogene and is overexpressed in pancreatic 

adenocarcinoma. A plasmid encoding a shRNA that targets PDX-1 expression was 

tested in an animal pancreatic cancer model. The expression of PDX-1 was significantly 

reduced in the PDX-1 specific shRNA experimental group compared to that in the 

control group. Moreover, silencing of PDX-1 expression inhibited tumour growth in 

malignant pancreatic cancer in this animal model (Liu et al., 2011; Liu et al., 2008). 

Another study has shown that human enhancer of zeste homolog 2 (EZH2) silencing 

using a systemic siRNA delivery system prevents metastasis of prostate cancer to bones 

and regional lymph nodes (Takeshita et al., 2005). A study conducted using a prostate 

cancer model in 2005 showed that retrovirus-encoded shRNA can be used to silence 
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Pin1 expression. Pin1 is an enzyme that catalyses the cis/trans isomerisation of peptidyl-

prolyl peptide bonds and is overexpressed in prostate and breast cancers. In this study, 

shRNA-mediated knockdown of Pin1 significantly inhibited tumour growth and tumour 

metastasis (Ryo et al., 2005). 

RNAi methodology has also been used to target the vascular endothelial growth factor 

(VEGF) pathway which is the most important pathway for angiogenesis of tumours. 

siRNA has been used to selectively silence VEGF and VEGF receptors and this was 

effective in arresting angiogenesis. Correspondingly, tumour growth was markedly 

suppressed (Takei et al., 2004).  

In conclusion, RNAi is used to silence specific genes which play important roles in 

cancer development and disease progression in different cancer types.  

 

1.9 Telomere biology 

Eukaryotic chromosome ends, which are called telomeres, consist of short nucleotide 

repeats (e.g. TTAGGG in humans). Telomeric repeats are double-stranded DNA 

repeats, except at the very end of the chromosomes where there is a single-stranded 3’ 

overhang (Blackburn et al., 2005). The average telomere length in human somatic cells 

varies from approximately 5 to 15 kb, the exact length depending on the cell type and 

age (Figure 1.2) (Wright et al., 2005, Cairney et al., 2008). 

The dependence of DNA replication on primers creates intrinsic difficulties for 

replication of DNA at the termini of chromosomes. For this reason, telomeres shorten 

by 50-200 bp during each cell division (Zhao et al., 2009; Hayflick et al., 1965; Shay et 

al., 2003). Such shortening in human cells can trigger pathways that lead to senescence 

or apoptosis. Thus, shortening of telomeres limits the human life span and other 



                                                                                                                                                                                                                  24 
 

eukaryotes that have linear chromosomes both at the cell level and the level of the 

organism (Counter et al., 1996).  

 

 

Figure 1.2: Telomere structure in human cells. The ends of linear human 

chromosomes contain TTAGGG repeat sequences, the length of which extends from 5 

to 15 kb (Figure reproduced from Sharpless et al., 2004).  

 

 

1.9.1 Telomerase and cancer 

Telomerase is the enzyme complex that is primarily responsible for the de novo 

synthesis of telomeric repeat sequences. Telomerase consists of the telomerase reverse 

transcriptase (TERT, hTERT in human cells) and telomerase RNA (TR, TER or TERC). 

TR is used as the template for the extension of telomeric repeats (Cairney et al., 2008). 

The single-stranded telomeric DNA anneals to the template region of the TR and the 

single-stranded telomeric DNA acts to prime the replication of the telomeric repeats of 

TR by TERT (Cech et al., 2004). After a telomeric sequence has been replicated the 

telomerase then repeats this process. This is called repeat addition processivity (RAP) 

(Greider et al., 1991).  
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It is known that the cells in approximately 85–90% of all tumours are telomerase-

positive. This implies that telomerase activation or upregulation may be a necessary step 

for oncogenesis. Telomerase expression may cause bypass the normal lifespan limits in 

those cells (Kim et al., 1994). Telomere maintenance is also achieved by an alternative 

telomere lengthening mechanism (ALT) in some cancer cells (Reddel, 2014). 

Experiments on human cells in vitro have shown that cells can evade senescence and 

undergo further cell divisions if cell cycle checkpoint mechanisms are defective. 

Bypassing senescence allows the cells to reach crisis which is a period when cell 

division is balanced with cell death (Wright et al., 1989). In a minority of cells in crisis 

telomerase may be reactivated, resulting in cellular immortalisation and this may lead to 

cancer (Figure 1.3) (Blackburn et al., 2005; Shay et al., 2011). Following reactivation of 

telomerase in these cells the telomeres are stabilised as short sequences (Shay et al., 

1995, 1997).  

In any given cancer cell population, some cells function as cancer stem cells. Cancer 

stem cells have the ability to renew themselves and sustain the cancer.  Some studies 

have proposed that following reactivation of telomerase following crisis the cancer stem 

cells are most likely to have short telomeres (~3.5 kb) (Marian et al., 2010 a,b). These 

studies found that such cancer stem cells, which were identified using specific cell 

surface markers, have telomeres that are similar in length or even shorter than those in 

the general population of cancer cells in the same tumour. This also supports the view 

that the telomeres of cancer stem cells may have a characteristic length (Marian et al., 

2010 a,b).  

The relationship between telomere length and life span can be different in telomerase-

upregulated proliferative cells than in normal cells. It has been demonstrated in some 
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studies that telomere shortening and senescence are closely related and that telomerase 

activity enables extension of the life span of human cells.  Bodnar and others (1998) 

found that introduction of the hTERT gene caused activation of telomerase in hTERT-

negative cells and this increased the life span of those cells by at least 20 doublings, 

relative to untreated cells. Furthermore, ectopic expression of hTERT in human cells 

that had no detectable telomerase activity resulted in the formation of longer telomeres 

and a reduction in the level of β-galactosidase, a senescence marker (Bodnar et al., 

1998). It has also been observed that human cells immortalised by ectopic hTERT 

expression have normal karyotypes and no obvious chromosomal changes in favour of 

malignant transformation (Bodnar et al., 1998; Morales et al., 1999). However, in mice, 

the telomere replication mechanisms seem to be different from those in humans (Calado 

et al., 2013).  

In addition to cancer, abnormal telomere maintenance is also observed in some rare 

inborn diseases such as dyskeratosis congenital (DC) and pulmonary fibrosis (Stanley et 

al., 2015). Short telomeres may impact the function of critical checkpoint pathways and 

this may result in chromosomal aberrations, such as fusion of chromosome ends, 

aneuploidy, etc., (Davoli et al., 2010). 
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Figure 1.3: Telomeres, telomerase and cancer: Telomeres of some male reproductive 

cells and embryonic stem cells are mostly full length as there is telomerase activity in 

those cells. On the other hand, in pluripotent stem cells telomeres gradually shorten 

throughout their life. Somatic cells generally lose their telomeres at a faster rate because 

of a lack of telomerase activity.  Without cell cycle checkpoints, cells can enter a stage 

called crisis, bypassing senescence. A cell that reactivates its telomerase in crisis can 

become a cancer cell (Figure reproduced from Shay et al., 2011). 

 

Due to the fact that critical telomere shortening triggers the DNA damage response 

pathways that mediate replicative senescence or apoptosis, proper telomere length must 
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be preserved. However, telomere length in most human cells tends to decrease due to 

the nature of the DNA replication process. On the other hand, a degree of telomere 

length stabilisation occurs in stem cells, although there is still shortening of telomeres in 

these cells. Only for embryonal stem cells and cancer stem cells telomere shortening 

does not seem to occur (Hiyama et al., 2007). 

Telomerase activity is under the control of strict cell signaling pathways in 

hematopoietic stem cells. Telomerase expression is upregulated in hematopoietic stem 

cells and activated lymphocytes (Sharpless et al., 2004). Corresponding to the cytokine-

based proliferation signal, the telomerase level increases in hematopoietic cell 

progenitors and gradually decreases in subsequent differentiated cells (Chiu et al., 

1996). Telomerase expression can also be activated in neural precursor cells during 

brain development (Haik et al., 2000). 

 

1.9.2 Telomerase activation and telomere length regulation  

The human telomerase ribonucleoprotein (RNP) consists of the RNA component (hTER 

or hTR), hTERT, and associated accessory proteins such as dyskerin cofactor (DKC), 

nucleoproteins (NOP10, NHP2, GAR1), chaperones (HSP90, p23) and the ATPases 

reptin and pontin. All of these components are involved in telomerase assembly and 

maturation (Figure 1.4) (Low et al., 2013; Schmidt et al., 2015; Venteicher et al., 2008).  

Telomeres in cells that have telomerase activity can be classified on the basis of 

parameters such as the absolute telomerase activity level, the number of telomerase–

telomere interactions and the number of additional telomeric repeats at the telomere. 

There are two main factors that determine the number of telomeric repeats that are 

added to the chromosome ends by the telomerase. The first factor is the activity of 
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telomerase (i.e. how fast telomerase can catalyse nucleotide addition) and the second 

factor is repeat addition processivity (Schmidt et al., 2015).  

The activity of hTERT protein and the level of its mRNA transcript both increase in S 

phase (Zhu et al., 1996; Xi et al., 2014). On the other hand, telomerase recruitment to 

telomeres appears to be restricted to only S phase. This suggests that, like yeast 

telomerase, human telomerase activity peaks after DNA is synthesised (Jady et al., 

2016; Tomlinson et al., 2006). Telomerase can be found in Cajal bodies (CBs) for most 

of the cell cycle (Figure 1.4) (Schmidt et al., 2015). Cajal bodies are found in the nuclei 

as highly organized compartments and known for their role in ribonucleoprotein 

biogenesis (Hebert et al., 2013).  

Cajal body RNA chaperone (TCAB1) must bind to the hTR in human cells for 

recruitment of telomerase to telomeres. When TCAB1 is absent, recruitment of 

telomerase will not occur, even if telomerase is overexpressed (Stern et al., 2012).   

hTERT is transferred from the cytoplasm where it is synthesised to the nucleus and 

interacts with the chaperones HSP90 and p23. In the nucleus, hTR binds dyskerin, 

NOP10, NHP2, and NAF1. ATPases reptin and pontin facilitate hTR and hTERT 

assembly into a catalytically active telomerase. TCAB1 interacts with telomerase and 

recruits it to the CBs. Telomerase is finally recruited to telomeres by the physical 

interaction of the TEN domain of hTERT with the telomeres. This occurs only in S 

phase of the cell cycle, i.e. before DNA replication is completed (Figure 1.4) (Schmidt 

et al., 2015). 
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Figure 1-4: Telomerase recruitment to telomeres: The assembly of telomerase and its 

recruitment to the telomeres involves many factors, such as hTERT, hTR, dyskerin, 

NOP10, NHP2, GAR1, HSP90, p23, reptin and pontin (Figure reproduced from 

Schmidt et al., 2015). 
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In mammalian cells, a protein complex called shelterin protects the chromosome ends 

from DNA damage and regulates telomerase recruitment (Palm et al., 2008). Shelterin is 

composed of: telomere repeat-binding factor 1 (TRF1), telomere repeat-binding factor 2 

(TRF2), TRF-interacting nuclear factor 2 (TIN2), TIN2-Interacting protein 1 (TPP1), 

protection of the telomeres 1 (POT1), and repressor/activator protein (RAP1) (Figure 

1.4, Figure 1.5).  

The proteins TRF1 and TRF2 recognise the sequence TTAGGG in the repeats and bind 

the double-stranded DNA of human telomeres.  Both TRF1 and TRF2 inhibit DNA 

damage signalling at the telomere and promote the assembly of shelterin (Palm et al., 

2008). TIN2, by binding to TRF1/TRF2 and TPP1, provides a link between the subunits 

that bind double-stranded telomeric DNA and the subunits that are attached to the 

single-stranded ends of the telomere (Ye et al., 2004; Abreu et al., 2010). TPP1 is 

required for telomerase recruitment to the telomere. POT1 of the shelterin complex 

binds a single-stranded 3′ overhang of the telomere and prevents the single-stranded 

DNA from inducing a DNA damage response. The DNA damage response is a cellular 

process that maintains genome stability under DNA damaging conditions (Baumann et 

al., 2001; Denchi et al., 2007). POT1 is bound to the TPP1 protein (Liu et al., 2004; Ye 

et al., 2004; Xin et al., 2007; Abreu et al., 2010; Tejera et al., 2010). RAP1 also plays a 

role in telomere protection as part of a heterodimer with TRF2 (Rai et al., 2016) (Figure 

1.5). 
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Figure 1.5: The shelterin complex at telomeres. Shelterin consists of six proteins: 

TRF1, TRF2, TIN2, TPP1, POT1, and RAP1. These proteins function to form the 

telomeric loop (T loop) which serves to protect telomeres. The single-stranded overhang 

D loop anneals to one strand of the double-stranded DNA at the telomere and the 

shelterin complex protects the single-stranded D loop from detection by the DNA 

damage response machinery (Figure reproduced from Buckingham et al., 2011).  D 

loop: Displacement loop, T loop: Telomeric loop. 
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1.9.3 hTERT gene 

The hTERT gene is located on the short arm of human chromosome 5 (5p15.33). It is >2 

kb away from the telomere region of the same chromosome (Cong et al., 1999; Bryce et 

al., 2000; Leem et al., 2002). The hTERT gene is over 40 kb in length and comprises 16 

exons and 15 introns (Cukusic et al., 2008). The hTERT promoter is inactive in normal 

cells, however, it is activated during oncogenic transformation and therefore active in 

cancer cells (Cong et al., 1999). The core promoter of the hTERT gene extends from 330 

bp upstream of the ATG (the translation start site) to 37 bp after the start of the second 

exon (Cong et al., 1999; Cukusic et al., 2008). The hTERT promoter has no TATA or 

CAAT boxes. TATA and CAAT boxes are binding sites for different transcription 

factors in the upstream region of DNA and are involved in transcription.  However, the 

hTERT promoter has a substantial number of CpG dinucleotides and Sp1 sites.  Sp1 

sites are binding sites for zinc finger transcription factors. The CpG nucleotides and Sp1 

sites may compensate for the lack of TATA and CAAT boxes (Suske et al., 1999; 

Horikawa et al., 1999; Takakura et al., 1999). 

Transcription factors such as Myc, nuclear factor κ-light chain enhancer of activated B 

cells (NF-κB), and beta-catenin can act as activators of hTERT mRNA expression in 

cancer cells (Greenberg et al., 1996; Yin et al., 2000; Zhang et al., 2012). 

A telomerase repressor region located on the short arm of chromosome 3 has been 

discovered (Abe et al., 2010). It is highly complex in structure with copious binding 

sites for various transcription factors, including both positive and negative 

transcriptional regulators of hTERT (Cukusic et al., 2008). It has been revealed that 

hTERT transcription is inhibited once the total hTERT gene is methylated. However, the 

hTERT promoter must be hypomethylated (i.e. less methylated) in order to be 
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recognised by the CCCTC-binding factor (CTCF). CTCF is a transcriptional repressor 

of hTERT gene expression (Renaud et al., 2007).  

A number of studies have examined the self-association of G-rich sequences located in 

the hTERT promoter region to form G-quadruplexes a tetrad of stacked guanines 

(Figure 1.6). It has been suggested that G-quadruplexes play an important role in the 

inhibition of hTERT transcription. In support of this role is the fact that G-quadruplexes 

prevent Sp1 binding to the hTERT promoter (Palumbo et al., 2009; Davis et al., 2004; 

Patel et al., 2007).  

 

 

 

Figure 1.6: G-quadruplexes in the hTERT promoter region. Left: Structure of 

guanine quartets.  Right: Possible conformations of G-rich sequences within G-

quadruplexes in DNA (Figure reproduced from de Cian et al., 2008). 
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1.9.4 TERT protein  

In many organisms, there are four main functional domains in TERT protein: the 

telomerase N-terminal (TEN) domain, TR-binding domain (TRBD), reverse 

transcriptase domain, and C-terminal extension (CTE) (Figure 1.7) (Schmidt et al., 

2015; Blackburn et al., 2011). The TEN domain of hTERT has a critical role in 

telomerase recruitment to telomeres and telomeric repeat synthesis (Jurczyluk et al., 

2011; Robart et al., 2011; Schmidt et al., 2014; Wu et al., 2014). hTR interacts with 

specific interaction sites located in the TRBD and reverse transcriptase domains (Lai et 

al., 2001). The reverse transcriptase domain is the catalytically active site of the 

telomerase and, as expected, its amino acid sequence shows homology with the reverse 

transcriptase domains of retrotransposons and retroviral reverse transcriptases (Lingner 

et al., 1997; Nakamura et al., 1997). 

 

1.9.5 hTR 

It has been suggested that hTR gene transcription is controlled by a special mechanism 

involving small nucleolar RNA. Unlike the gene that encodes the RNA component of 

the first characterised telomerase complex, that of Tetrahymena (a motile, unicellular 

protozoan), the hTR gene has its own promoter and is transcribed by RNA polymerase 

II (Feng et al., 1995; Fu et al., 2003). The mature hTR RNA lacks polyadenylation and 

the 3′ end is instead protected from cleavage by an associated protein known as dyskerin 

(Fu et al., 2003).  

hTR is also important in human embryonic stem cells (hESC). Unlike the telomerase 

activity in other cell types, the telomerase activity in hESC is limited by the level of 
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hTR instead of the level of hTERT (Chiba et al., 2015). Thus, cellular levels of hTR 

may also affect the lifespan of some types of cells.  

 

 

 

Figure 1.7: Domain structure of hTR and hTERT. A) Secondary structure of hTR. 

B) Domain structure of hTERT (Figure reproduced from Schmidt et al., 2015).    
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1.9.6 Non-canonical functions of TERT 

Other than telomere elongation, TERT has many and varied functions which do not 

require reverse transcriptase activity. For instance, TERT has a role in the Wnt/β-

catenin signalling pathway. The Wnt/β-catenin signalling pathway has a fundamental 

role in embryonic development and tissue homeostasis through its ability to promote 

cell proliferation and influence cell fate decisions (McDonald et al., 2009). Park and 

coworkers have shown that TERT involve in the modulation of Wnt/β-catenin 

signalling (Park et al., 2009). According to this study, TERT associates with the protein 

encoded by the brahma-related gene (BRG1), an ATP-dependent chromatin-remodeling 

protein, and this results in the transcriptional activation of Wnt-dependent promoters. In 

addition, TERT specifically localises to chromatin at Wnt/β-catenin target genes, such 

as the genes that encode c-Myc and cyclin D1. These results suggest that TERT has a 

role not only in cell proliferation, but also in pathways required for embriyonic 

development and regulation of stem cell differentiation. 

TERT may also play a role in inflammation via its effect on NF-κB-dependent 

transcription. NF-κB has a major role in the signalling pathway that leads to 

inflammation. As mentioned elsewhere, chronic activation of NF-κB leads to chronic 

inflammation, one of the hallmarks of cancer (Ghosh et al., 2012). It is known that NF-

κB and β-catenin are activators of TERT expression (Figure 1.8) (Zhang et al., 2012; 

Yin et al., 2000). Unexpectedly, it has been demonstrated that TERT, in turn, is able to 

activate NF-κB signalling by binding to a subset of NF-κB target promoters (e.g. the 

interleukin-6/IL-6 promoter) via cooperation with the transcription factor p65. p65 is a 

ubiquitous protein that is involved in several biological processes. This serves to form a 

telomerase/NF-κB feed-forward loop which drives uncontrolled proliferation of 

inflammatory mediator cells and causes chronic inflammation (Ghosh et al., 2012). 
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The relationship between TERT and NF-κB and β-catenin pathways suggests that TERT 

may also impact on other pathways involved in oncogenesis due to the cross-talk 

between the NF-κB and β-catenin signalling pathways and other oncogenic signalling 

pathways, such as the Notch and signal transducer and activator of transcription 

(STAT)3 signalling pathways (Ang et al., 2007; Fragaso et al., 2012). Thus, it can be 

stated that TERT can potentially affect mechanisms that drive cancer independently of 

its telomere elongation function.  
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Figure 1.8: Telomerase plays a role in diverse cellular processes via interaction 

with different cellular signalling proteins. Telomerase has additional roles in many 

physiological processes, such as angiogenesis, apoptosis, inflammation, the immune 

response, cancer invasion and metastasis, cellular energy metabolism, and growth 

signalling, as well as its primary role in maintenance of genomic stability and 

replicative immortality (Figure reproduced from Low et al., 2013).   
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TERT expression in some mouse stem cells has been shown to promote cell 

proliferation without any increase in expression of the telomerase RNA component and 

without any measurable telomere extension. This finding indicates that TERT can 

function in cell proliferation signalling independently of its function in telomere 

elongation (Sarin et al., 2005). As stated above, TERT has roles in several growth factor 

signalling pathways. Lindvall et al. (2003) reported that epiregulin, a ligand of the 

epidermal growth factor receptor (EGFR), is secreted by hTERT-immortalised human 

fibroblasts, but not by normal human fibroblasts. Intriguingly, the inhibition of 

epiregulin expression reduced the growth rate of these immortalised cells. 

TERT also participates in DNA damage response signalling and regulation of chromatin 

architecture via functional interactions with the ataxia telangiectasia mutated (ATM) 

and breast cancer 1 (BRCA1) proteins, and H2AC histone family member X (H2AX). 

H2AX is a second product of the gene that also encodes H2A. H2AX phosphorylation 

occurs during the DNA damage response. It was observed that silencing of the the 

TERT gene caused a decrease in H2AX phosphorylation and a change in the overall 

structure of heterochromatin. These changes were associated with the prevention of a 

proper DNA damage response (Masutomi et al., 2005). 

Studies performed using human mammary epithelial cells (HMECs) have revealed that 

proliferation of HMECs that ectopically express hTERT is stimulated by the ectopic 

hTERT expression. It has been shown that this is due to the ability of hTERT to 

stimulate EGFR signalling. Furthermore, the expression of anti-proliferative factors, 

e.g. IL-1 receptor (IL-1R) antagonist and parathyroid hormone-related peptide, are 

downregulated in HMECs that ectopically express hTERT. This finding supports the 

idea that hTERT may function to promote the proliferation of cancer cells by interfering 

with anti-proliferative signalling (Smith et al., 2003).  
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The upregulation of EGFR and basic fibroblast growth factor (bFGF) expression in 

glioma cells results in the over-expression of catalytically-inactive TERT. This 

stimulates proliferation and inhibits differentiation of these cells (Beck et al., 2011).  

Furthermore, it has been shown that RNAi-dependent silencing of TERT expression in 

xenografted glioblastoma cells reduces the production of proangiogenic factors, such as 

VEGF and bFGF, and reduces the formation of microvessels (George et al., 2009). This 

non-catalytic function of TERT may be directly attributable to the ability of TERT to 

activate the transcription of VEGF (Zhou et al., 2009). Another study using skin cells 

showed that a mutant form of TERT that lacks reverse transcriptase activity can still 

promote the proliferation of skin cells through its ability to transcriptionally activate 

both Wnt and c-Myc–dependent signalling pathways (Chou et al., 2008). 

Even low levels of transforming growth factor beta (TGF-β), a cytokine, prevent the 

growth of nonmalignant cells, however malignant cells of epithelial or haematopoietic 

origin resist the anti-proliferative effects of TGF-β signalling (Fynan et al., 1993). 

TERT expression in HMECs, mouse embryonic fibroblasts (MEFs) and cells that do not 

express p16INK4a leads to a loss of TGF-β-dependent anti-proliferative signalling 

without concomitant elongation of telomeres (Stampfer et al., 2001; Geserick et al., 

2006).  

TERT can also be found in mitochondria. In cancer cells, mitochondrial TERT 

functions to decrease levels of ROS that might otherwise result in damage of nuclear 

DNA. Thus mitochondrial TERT protects cells from ROS-dependent oxidative damage 

(Singhapol et al., 2013). Mitochondrial TERT also protects cancer cells from apoptosis 

by inhibiting caspase-mediated apoptotic signalling (Cao et al., 2002).  
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Several studies have found that TERT expression has an effect on tumour cell 

metastasis and invasion, possibly via indirect mechanisms (such as involving on NF-κB 

signalling pathway) (Huber et al., 2004; Fukuyama et al., 2007; Pestana et al., 2017).  

Taken together, these studies reveal that the role of TERT is not restricted to providing 

the telomerase catalytic activity responsible for telomere elongation, but that TERT also 

has telomerase-independent roles in a variety of other cellular processes (Figure 1.8). 

 

1.10 Modulating the expression of key genes that control cancer metabolism 

In normal cells, most ATP is obtained from glucose through oxidative phosphorylation 

(Rolfe and Brown et al., 1997).  By contrast, many cancer cells produce most of their 

ATP by conversion of glucose to lactate and show lower oxidative phosphorylation 

activity. Tumour cells generate high yields of lactic acid and produce ATP by aerobic 

glycolysis with or without oxygen. This phenomenon is called the “Warburg effect” 

(Warburg et al., 1930).  

In the fast proliferating tumour cells that are growing in hypoxic environments, high 

ATP levels are provided mainly by accelerated glycolysis. In addition to glycolysis, 

increased glutaminolysis also promotes cell growth and division by supplying metabolic 

intermediates that are essential for biosynthesis of macromolecules (Mazurek and 

Eigenbrodt et al., 2003). Although the conversion of pyruvate into lactate also occurs in 

normal cells under hypoxic conditions, tumour cells produce excessive amounts of 

lactate even when oxygen is not limiting. It has been stated that this glycolytic 

phenotype results from the adaptation of premalignant lesions to spasmodic hypoxia 

(Gatenby and Gillies et al., 2004). It is possible that the down-regulation or the 

complete silencing of the expression of gene products essential for cancer metabolism 
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hold the key to improved methods of cancer treatment. In this respect, genes such as 

LDHA, MCT1, CD147, PKM2, and HK2 encode proteins that are critical for aerobic 

glycolysis and that they are possible targets for down-regulation of expression in cancer 

therapy. 

LDHA (lactate dehydrogenase A) is an enzyme that is responsible for reducing pyruvate 

to lactate coupled with the recycling of nicotinamide adenine dinucleotide (NAD
+
). 

Since tumour  metabolism produces copious  amounts  of  lactate  independently  of  O2   

limitation and since lactate production is essential for energy generation down-

regulation  of expression of the LDHA  gene product can  be  effective  in  blocking  

energy  metabolism  and hence preventing tumour growth. Accordingly, studies have 

shown that silencing of LDHA gene expression restricts the ability of tumour cells to 

grow beyond small lesions (Fantin et al., 2006; Le et al., 2009). Inhibition of LDHA 

expression also results in apoptosis and prevents tumour progression (Xie et al., 2009).  

As a result, LDHA is an important target gene product for cancer gene therapy. 

MCT1 (monocarboxylate transporter 1) and CD147 (cluster of differentiation 147) are 

proteins that are important for lactate transport across the plasma membrane. MCT1 is 

found in the plasma membrane of cells and is expressed in many solid tumours 

including lung cancer (Sonveaux et al., 2008). CD147 is a chaperone which is also 

essential for lactate transport. It is encoded by the basigin (BSG) gene and is a 

multifunctional transmembrane protein (Iacono et al., 2007).  MCT1 activity depends 

on CD147 (Pinheiro et al., 2010), therefore down-regulation of CD147 affects the 

function of MCT1 and decreases transport of lactate across the plasma membrane.  

Pyruvate kinase (PK) catalyses the final step of glycolysis in which phosphoenol 

pyruvate and ADP+Pi are converted into pyruvate and ATP. There are four isoforms of 
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PK in mammalian cells named L, R, M1, and M2. The L, R and M1 isoforms are found 

in various normal tissues. The PKM2 isoform  is  the  most  abundant  isoform  in  all  

human  cancer  cell  lines (Blumlein et al., 2011; Imamura et al., 1972). Although 

PKM2 can also be present in normal proliferating cells, it is highly over-expressed in 

tumour cells (Blumlein et al., 2011; Shi et al., 2010). The PKM2 isoform in healthy 

individuals is expressed predominantly in foetal muscle, brain and liver, but expression 

then decreases during the development from foetus to adult and PKM2 is replaced by 

PKM1 in adults (Imamura et al., 1972). Therefore, PKM2 can be used as a specific 

target for knockdown in cancer therapy (e.g. using RNAi technology) without the risk 

of cytotoxicity. Inhibition or knockdown of the PKM2 isoform in cancer cells has been 

shown to result in substantial tumour regression (Goldberg and Sharp et al., 2012). 

Another study has found that a combination therapy involving both an siRNA against 

PKM2 and cisplatin (an anticancer drug) resulted in enhanced antitumour activity (Guo 

et al., 2011).  

Hexokinase enzymes are responsible for catalysing the first reaction of glycolysis. 

There are four hexokinase isoforms found in mammalian tissues, HK1 to HK4. HK2 is 

the isoform that is predominantly found to be over-expressed in malignant tumours.  

HK2 is located on the outer mitochondrial membrane where it gains access to ATP 

generated by mitochondria which helps it to phosphorylate glucose and at the same time 

be protected from inhibition by its product glucose–6–phosphate. Thus, cancer cells 

over-express HK2 to accelerate the reaction between glucose and ATP to produce high 

levels of glucose–6–phosphate. This mechanism provides a highly glycolytic phenotype 

to the cancer cells and results in uncontrolled proliferation. In addition, HK2 can help 

immortalise the cancer cells by modulating particular signalling events related to 

apoptosis (Mathupala et al., 2009, Fang et al., 2012).  It has been shown that down- 
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regulation of HK2 expression in colon cancer cells using RNA interference results in an 

increased rate of apoptosis (Peng et al., 2009). 

1.11 Aims 

Aim 1: To develop an effective plasmid construct that makes use of an intron-splicing 

mechanism to express shRNAs that target telomerase and to test the ability of this 

construct to knockdown telomerase activity in cancer cells. 

Aim 2: To determine the ability of Salmonella typhimurium to deliver an shRNA 

expression plasmid to, and induce oncolysis in cancer cells. 

Aim 3: To develop an effective plasmid construct that makes use of an intron-splicing 

mechanism to express shRNAs that target gene products important for energy 

metabolism and to test the ability of this construct to knockdown expression of gene 

products important for energy metabolism in cultured cancer cells. 
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2.1 Cell culture and transfection 

Non-small cell lung cancer-derived cell lines A549 (ATCC), Spc-A1 (ATCC), cervix 

cancer-derived cell line HeLa (ATCC) and breast cancer-derived cell line MCF7 

(ATCC) were used for in vitro experiments.  The plasmid vector, pEGFP-C1, that 

carries gene encoding the enhanced green fluorescent protein (EGFP), and a plasmid, 

pEGFP-Intron, that carries the EGFP gene with the shRNA-intron cassette were also 

used. Salmonella typhimurium (VNP20009) was used as the bacterial delivery agent. 

A549, HeLa, MCF7, and Spc-A1 cell lines were cultured in DMEM containing 10% 

heat-inactivated Fetal Bovine Serum (FBS), 110 mg/L sodium pyruvate, 25 mM HEPES 

(pH 7.1), 100 U/ml penicillin and 100 µg/ml streptomycin. All cell lines were grown in 

a 5% CO2, 37°C incubator (Sanyo CO2 incubator supplied by VWR International, 

Queensland, Australia). All bacterial strains used in this study were grown in Luria-

Bertani (LB) medium (solid or liquid) at 37°C. In liquid culture, bacteria were grown 

with shaking at 210 RPM overnight. LB plates contained 1.5% w/v agar. Agar and broth 

cultures of Escherichia coli were stored at 4°C. Plasmid DNA was transfected into 

mammalian cells using either Lipofectamine LTX™ (Life Technologies, Victoria, 

Australia) or JetPRIME reagent (Polyplus-Transfection, New York, USA). Cells were 

grown in 6-well plates to a density of 2.0x10
5
 cells/well. Prior to transfection, 2.5 µg of 

DNA and 8 µl of JetPRIME reagent per well were mixed and vortexed. Then, 200 µl 

mix of plasmid DNA and JetPRIME reagent was added to the cells and then the cells 

were cultured in antibiotic-free medium in a 5% CO2, 37°C incubator. The fluorescence 

of light filters GFP was detected using an Olympus CKX41 fluorescence microscope 

with FITC after 24 or 48 hours of continuous transfection. The number of fluorescent 
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cells and total number of cells were counted using a haemocytometer. The results were 

then used to calculate the transfection efficiency.  

Agarose gel electrophoresis, plasmid DNA isolation from bacteria, and transformation 

of E.coli with plasmid DNA were performed using routine procedures (Sambrook and 

Russell et al., 2001). 

shRNA sequences were designed using the NTI molecular biology software suite (Life 

Technologies, Victoria, Australia). To introduce the shRNA-encoding sequences into 

the EGFP-Intron plasmid a modified EGFP ORF containing the desired shRNA-

encoding sequences in the introns was chemically synthesised by GenScript (New 

Jersey, USA). The DNA sequence encoding the modified EGFP gene with shRNA 

sequences in the introns was digested with BsrGI and BmtI restriction enzymes and 

ligated with the pEGFP-C1 vector also that had been digested with BsrGI and BmtI to 

replace the wild type EGFP gene with the modified EGFP gene. pEGFP-Intron has a 

kanamycin antibiotic resistance marker. E.coli cells transformed with the new plasmids 

were plated on LB agar containing kanamycin and colonies were picked after overnight 

incubation at 37 °C.    

 

2.2 RNA isolation and cDNA synthesis 

Transfected cells and non-transfected cells were harvested after 48 hours and RNA was 

extracted.  The  cells  were  gently  mixed  with  1  ml  of  TRIZOL  reagent (Life 

Technologies, Victoria, Australia) and incubated for 5 minutes at room temperature. 0.2 

ml of chloroform was added to the mixture and the tubes were shaken vigorously by 

hand for 15 seconds. The mixture was incubated for 5 minutes at room temperature and 

then centrifuged at 12,000 x g for 10 minutes at 4°C. The aqueous phase was transferred 
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to a fresh tube, 0.6 volume of isopropanol was added to the aqueous phase, and the 

sample was incubated at room temperature for 10 minutes. The sample was centrifuged 

again at 12,000 x g for 10 minutes at 4°C and the supernatant was carefully removed. 

The RNA pellet was washed with 75% ethanol and then dried. The dried RNA pellet 

was re-suspended in 50 µl of MilliQ water. The RNA concentration was measured 

spectrophotometrically using a Nanodrop spectrophotometer (Thermo Scientific, 

Delaware, USA). 

1 µl of SuperScript III reverse transcriptase (10U/µl) (Life Technologies, Victoria, 

Australia) was used to synthesise 2 µg of cDNA in this study. 2 µg RNA were mixed 

with 1 µl oligo dT primer (10nM), 1 µM dNTP mix (250nM each) and MilliQ water 

was used to make the volume up to 13 µl. The mixture was heated to 65°C for 5 

minutes and then put on ice for 1 minute. Then 4 µl of 5x First-strand synthesis buffer 

were added into each tube followed by 1 µl of 0.1 M DTT, 1 µl of MilliQ water, and 1 

µl of SuperScript reverse transcriptase (10U/µl). First, tubes were heated at 50°C for 60 

minutes. Then, the temperature was changed to 70°C for 15 minutes. The products were 

stored in a – 20°C freezer. 

 

2.3 Real Time Quantitative Reverse Transcription PCR 

Real Time Quantitative Reverse Transcription PCR (RT-qPCR) analysis of mRNA 

levels was used to assess down-regulation of target gene expression after 72 hours of 

continuous transfection with pEGFP-Intron plasmid DNA. Transfection with plasmid 

DNA of pEGFP-C1 empty vector was used as a negative control. Expression levels in 

cells transfected with pEGFP-Intron were expressed as fold-differences from expression 

levels in the control cells. All experiments were performed three times. Data shown 
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were the mean of three replicates with error bars to indicate the standard error of the 

mean. RT-qPCR in this study was carried out using SYBR Green ER Universal qPCR 

Supermix (Invitrogen Life Technologies). 1 µg of cDNA was mixed with 0.5 µl of each 

reverse and forward primer combination (10 mM), 7.0 µl of RNAse- and DNAse-free 

MilliQ water, and 8 µl of RT-qPCR Supermix. The RT-qPCR was performed using an 

iCycler (BIO-RAD Life Science, Australia) real-time PCR thermocycler. 

 

2.4 Protein extraction, SDS-PAGE electrophoresis and western blotting  

Proteins were quantitated using a Pierce™ BCA protein kit (Thermo-Fisher Scientific, 

Victoria, Australia), according to the manufacturer’s instructions. All protein expression 

analysis was carried out by western blotting. Each experiment was repeated three times. 

Cells were grown to 80% confluency, then washed twice with cold PBS and harvested. 

After harvesting the cells, the cell pellets were collected by centrifugation and lysed in 

cell extraction buffer (Invitrogen Life Technologies) on ice for 30 minutes, with 

vortexing at 10 minutes intervals. The extracts were centrifuged at 12,054 x g for 10 

minutes at 4°C. The supernatants (cleared lysates) were transferred to fresh tubes and 

saved for further analysis. 

Proteins present in extracts were separated by electrophoresis on SDS-PAGE gels. The 

separation was carried out using a Mini-Protean III electrophoresis apparatus tank (BIO-

RAD) filled with SDS-PAGE running buffer. 40 µg of protein sample was loaded into 

each well. To determine polypeptide size, 10 µL of Spectra™ Multicolor Broad Range 

pre-stained markers (Thermo-Fisher Scientific, Victoria, Australia) were loaded in a 

well adjacent to those loaded with the protein extract samples. Electrophoresis was 

performed at 150V, 15mA for 1 hour.  
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Once separation had finished, the gel was detached from the glass plates and the 

resolved proteins were transferred to a polyvinylidene fluoride (PVDF) membrane for 

Western Blot analysis. The transfer was done using a Mini Transblot tank (BIO-RAD) 

filled with chilled transfer buffer. The transfer was performed at 150V, 15mA for 1 

hour. 

The PVDF membranes bearing transferred proteins were first blocked with 5% w/v 

skim milk with gentle agitation for 1 hour at room temperature. This blocking step 

prevents non-specific binding during incubation with antibodies. After blocking, 

membranes were washed 3 times each with 1 x Tris-Buffered Saline (TBS)-Tween 20 

(1% w/v) for 5 minutes. This was followed by incubation with the respective primary 

antibodies in TBS-Tween 20 with 5% skim milk. Incubation with a (1:1000) dilution of 

primary antibody was done overnight at 4°C with gentle agitation. Following incubation 

with primary antibodies, membranes were washed with Tris-Buffered Saline and Tween 

20 (TBST) three times. Next, followed incubation of the membranes with the 

horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG or goat anti-rabbit IgG 

secondary antibody (Santa Cruz, Texas, USA) in TBS-Tween 20 according to the 

manufacturer’s instructions. Incubation was performed with gentle agitation for 2 hours 

at room temperature. At the end of the incubation, membranes were washed with 

1xTBS-Tween 20 as previously described. Chemiluminescence detection of the proteins 

recognised by the primary antibodies was finally performed using the SuperSignal® 

West Pico Chemiluminescent Substrate detection system (Thermo-Fisher Scientific, 

Victoria, Australia) and images were captured using a BIO-RAD VersaDoc gel 

documentation apparatus (BIO-RAD). 
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2.5 Telomerase activity assay 

A QTD Telomerase Detection Kit (Allied Biotech, Inc., California, USA) was used to 

assess telomerase activity according to the manufacturer’s instructions. Briefly, proteins 

were extracted from cells of each group and stored at -80°C until use. Each reaction 

included 2xQTD premix and 100 ng of the corresponding crude extract. The same 

amount of crude extract from untransfected cancer cells that had been heated to 80 °C 

for 10 min was used as a negative control. The reactions were accomplished using the 

IQ5 Multicolor Real-Time PCR detection system (Bio-Rad). A telomerase activation 

step (25 °C for 20 min) was performed followed by PCR amplification in which the 

cycle conditions were initial denaturation at 95 °C for 30 s and 40 cycles of PCR in 

which the steps were denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, and 

extension at 72 °C for 30 s. The Ct values obtained from the experimental group were 

compared to those of the control groups. The relative telomerase activity was shown as 

percentage of the activity in transfected cells.  

 

2.6 Cell viability assay  

The number of viable cancer cells after treatment with plasmid constructs and 

expression of shRNAs was evaluated by the MTT (3-[4,5-methylthiazol-2-yl]-2,5-

diphenyl-tetrazolium bromide) assay. MTT reagent was obtained from Sigma-Aldrich, 

Merck, Castle Hill NSW, Australia. In brief, A549, HeLa, and MCF7 cancer cells were 

seeded (at 1 × 10
4
 cells/well) in a 96-well plate and incubated overnight for attachment. 

The next day, the medium was replaced with fresh medium with different 

concentrations of plasmid constructs and shRNAs with cells were transfected 

continuously for 24 or 48 h. Four hours before the completion of the incubation, 20 μl 
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of MTT (5 mg/ml) was added to each well. After completing the incubation, 100 μl of 

solubilisation buffer (10% SDS with 0.01 N HCl) was added to each well and incubated 

overnight at room temperature. The colour that developed during the reaction was 

measured spectrophotometrically at 570 nm using an Olympus microplate reader 

(Thermo-Fisher Scientific, Victoria, Australia). 

 

 

2.7 Analysis of data 

Statistical analyses were performed using the GraphPad Prism 5 software suite 

(GraphPad Software Inc., La Jolla, CA, USA). A significance level of 0.05 (p<0.05) and 

Student’s t-test were used for analysis of the statistical significance of differences 

observed between experimental and control groups. The experiments were carried out 

three times (i.e. three biological replicates) and the data were presented as the means 

with error bars representing the standard error of the mean.  
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                                                 CHAPTER 3  

 

INHIBITION OF TELOMERASE ACTIVITY USING AN EGFP-

INTRON SPLICING SYSTEM ENCODING MULTIPLE RNAi 

SEQUENCES  

 

 

 

A part of the work described in this chapter has been published.  

(Sakiragaoglu, O., Munn, A., L. 2016 Inhibition of Telomerase Activity Using an 

EGFP-Intron Splicing System Encoding Multiple RNAi Sequences. Mol Biotechnol 

58:832–837.) 
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Part 1: Design and application of the shRNA expression plasmid construct that 

targets telomerase expression 

 

3.1 Introduction 

Cancer has high morbidity and mortality rates worldwide. Current therapies are limited, 

so there is a pressing need for more effective therapies. RNAi has the potential to 

address this need by knockdown of the expression of gene products which are critical 

for cancer cell proliferation and spread (Wang et al. 2011). Telomerase, which is a 

ribonucleoprotein complex, stabilises telomere length, thus avoiding senescence and 

allowing immortalisation (Blackburn et al., 1991; Shay and Wright et al., 2005). 

Increased telomerase activity can be found in approximately 85% of all tumours and the 

A549 and MCF7 cancer cell lines, but not in most normal tissues (Kim et al., 1994; 

Wright et al., 1996). Telomerase activity is absent in most somatic cells, however it is 

found in germ cells and other cells that have the capacity for rapid cell division (Liu et 

al., 2004a, b).  

Telomere shortening is caused by intrinsic DNA replication failure at the ends of 

chromosomes. It results in the loss of approximately 50 to 200 bps of telomeric repeat 

sequence per cell division in most somatic cells until replicative senescence is reached 

(Chiu et al., 1997; Harley et al., 1990). On the other hand, in those cells that have 

telomerase activity, telomeric DNA is maintained via the addition of hexameric repeats. 

This prevents recognition by the DNA damage response machinery and DNA damage 

signalling (Liu et al., 2004a, b).   

Telomerase activity can be effectively inhibited in human cancer cells by knockdown 

of the expression of the human telomerase reverse transcriptase (hTERT) gene product 
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by RNAi-mediated silencing, e.g. by expression of small hairpin RNAs (shRNAs). 

hTERT is the catalytic subunit of telomerase. (Kosciolek et al., 2003; Shen et al., 2008). 

However, there are still concerns associated with the use of shRNA vectors. High-level 

EGFP (Enhanced Green Fluorescent Protein) marker gene expression in the shRNA 

constructs is not always accompanied by equivalent levels of shRNA expression. Also, 

safety issues may emerge from the use of viral-based constructs. To address these issues 

we have adopted an approach using a system which is based on a non-viral vector 

construct in which shRNA is expressed at levels in direct proportion to the EGFP 

marker gene. In transiently transfected cells, expression of both artificial miRNA and 

EGFP marker protein driven by the same RNA polymerase II dependent promoter is 

more efficient when artificial intron sequences introduced into the EGFP marker gene to 

replace its native intron (Du et al., 2006). Another study has reported that intronic 

sequences which encode multiple shRNAs directed against one or more target gene 

products of interest can be added into the coding sequence of the EGFP marker gene. 

Thus, in this construct EGFP marker protein expression is an indicator of shRNA 

expression (Li et al., 2011). We set out with the aim of using this EGFP-intron splicing 

system to inhibit telomerase activity in A549 and MCF7 cancer cell lines and test the 

effect on cancer cell viability.  

 

3.2 Materials and Methods 

 

3.2.1 Generation of the EGFP-Intron/shRNA expression construct 

Sequences of two different siRNAs (see Table S1) that are known to target hTERT 

mRNA were used to design shRNA units (Shen et al., 2008; Xie et al., 2011). To 
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exclude any off-target effect, the sequences were submitted to the BLAST software. An 

EGFP gene with DNA sequences encoding the shRNAs and intronic sequences was 

synthesised and inserted into the pUC-57 vector by GeneScript (GeneScript, New 

Jersey, USA). The artificial (synthesised) intronic DNA sequence with inserted shRNA 

sequence units was digested with BmtI and BsrGI restriction endonucleases (NEB, MA, 

USA) and used to replace the intronic DNA without shRNA sequences located in the 

EGFP gene of the pEGFP-C1 backbone vector. The DNA sequence of this plasmid 

construct was confirmed by DNA sequence analysis. 

 

3.2.2 Cell culture and transfection 

A549, HeLa, and MCF7 human cancer cell lines were grown in Dulbecco’s modified 

Eagle medium (DMEM) containing 10% v/v fetal bovine serum, 25 mM HEPES (pH 

7.1), 100 IU/ml penicillin, and 100 µg/ml streptomycin at 37 °C with 5% CO2. All 

reagents for cell culture were provided by Thermo Fisher Scientific (Thermo Fisher 

Scientific, MA, USA). 

Cells were transfected using JetPRIME reagent (Polyplus-transfection, New York, 

USA). Cells were grown to 2.0 x 10
5
 cells/well in 6-well plates. Prior to transfection, 

2.5 µg of DNA and 8 µl of JetPRIME per well were mixed and then added to the cells. 

Cancer cell lines were divided into groups. The experimental group was transfected 

with pEGFP-hTERT-Intron while the control groups were transfected with either the 

pEGFP-C1 backbone vector, a pEGFP-Intron plasmid that expresses a scrambled 

control shRNA (Santa Cruz, Texas, USA), or were mock-transfected (i.e. treated with 

transfection reagent only). Untransfected cells (i.e. no transfection reagent or DNA) 

were also used as a negative control. The transfection efficiency was determined by 
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assessing the number of cells that exhibit EGFP fluorescence following transfection 

with pEGFP-Intron or pEGFP-hTERT-Intron using a hemocytometer chamber and an 

epifluorescence microscope.  

 

 

3.2.3 RNA isolation, cDNA synthesis and RT-qPCR 

After 48 h of continuous transfection, total RNA was extracted from transfected (with 

plasmids and mock control) and untransfected cells using TRIzol® reagent (Thermo 

Fisher Scientific) following the protocol recommended by the manufacturer and was 

then stored at -80°C until use. 2 µg of total RNA was converted to cDNA using an 

iScript™ Reverse Transcription Supermix for RT-PCR Kit (BIO-RAD, NSW, 

Australia) following the protocol recommended by the manufacturer (for primer 

sequences see Table S2). Diluted cDNA (1:10) was used as a template for RT-qPCR 

using SYBR Green I labelled nucleotides (BIO-RAD) and an IQ5 Multicolor Real-Time 

PCR detection system (Bio-Rad). The Ct values for hTERT mRNA were normalised 

using those of GAPDH mRNA. The ∆∆Ct method was used to assess relative mRNA  

expression levels. All experiments were performed in triplicate.     

 

3.2.4 Telomerase activity assay 

A QTD Telomerase Detection Kit (Allied Biotech, Inc., California, USA) was used to 

assess telomerase activity using the protocol recommended by the manufacturer (As 

described in detail in Materials and Methods chapter).  
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3.2.5 Statistical Analysis 

RT-qPCR and telomerase activity assays were performed in triplicate. GraphPad Prism 

software was used to determine the statistical significance of observed differences 

between the control and experimental groups using the one-way analysis of variance 

(ANOVA) test and Student’s t test. The data is shown are the means ± SEM. 

Differences with p values of 0.05 or less were considered statistically significant. 

 

3.3 Results  

 

3.3.1 Construction of the EGFP-Intron/shRNA expression plasmid 

The EGFP-Intron/shRNA expression system was designed as shown in Figures 3.1 and 

3.2. The pEGFP-C1 plasmid carrying the EGFP gene was used as a vector to make a 

new construct (pEGFP-hTERT-Intron). pEGFP-C1 was also used as a control for 

transfection assays and gene expression analyses. DNA sequences that encode artificial 

introns that incorporate shRNA sequences were inserted into the EGFP gene (Figure 

3.1). The structure of such synthetic introns comprises splice donor and acceptor sites 

(which function as recognition sites for spliceosome machinery so the intron is spliced 

out from the primary transcript), a branch-point domain, and a poly-pyrimidine tract as 

well as the sequences encoding shRNA (Ying and Lin et al., 2006). Each shRNA 

sequence consists of complementary sense and antisense sequences with a non-

complementary sequence between. It is expected that once the artificial introns are 

spliced out, the complementary sense and antisense strands will anneal to form a 
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predicted shRNA secondary structure (Figure 3.2). The designed pEGFP-hTERT-Intron 

shRNA expression plasmid was successfully constructed and its DNA sequence was 

confirmed by DNA sequence analysis (Figure 3.3).  

 

 

Figure 3.1: The generalised structure of the artificial intron with introduced 

sequences encoding shRNAs. The artificial intron with sequences encoding shRNAs  

includes the splice donor site (5’-GTGAGTAC-3’), the branch-point domain (5’-

CCCTGAC-3’), the poly-pyrimidine tract (5’-CCCTTTTCTTTTTCCTCC-3’), and the 

splice acceptor site (5’-AGGT-3’) (Ying and Lin et al., 2006). Each shRNA sequence 

has complementary sense and antisense sequences with an intervening non-

complementary sequence. 
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Figure 3.2: Processing of the transcripts transcribed from the pEGFP-hTERT-

Intron expression plasmid. Two different shRNA sequences were introduced into the 

introns of the EGFP gene in the pEGFP-C1 backbone vector. After transcription, the 

introns in the primary transcripts are expected to be spliced out and form the secondary 

structure, characteristic of shRNA while the exons are expected to be spliced together to 

create the mature EGFP mRNA. The efficiency of EGFP transcript splicing can be 

assessed by the expression level of the EGFP protein.  

 

 

 



                                                                                                                                                                                                                  62 
 

 

 

Figure 3.3: Confirmation of the restriction map of the pEGFP-hTERT-Intron 

plasmid construct. An artificial EGFP intron sequence containing two copies of a 

sequence encoding an shRNA that targets the hTERT gene product was ligated into the 

backbone vector pEGFP-C1 to replace the native intron (see Materials and Methods for 

details). To check their restriction maps both pEGFP-C1 and pEGFP-hTERT-Intron 

were cut with the same restriction endonuclease enzyme (SacI, New England Biolabs, 

MA, USA). pEGFP-hTERT-Intron has two SacI restriction sites whereas pEGFP-C1 

has only a unique SacI restriction site. The sample in lane 2 was retained and used for 

further analyses.  
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Lanes 1, 5: size markers. Lanes 2-4: pEGFP-hTERT-Intron digests. Lanes 6,7: pEGFP-

C1 digests. For pEGFP-C1: 4.731 kb in size. For pEGFP-hTERT-Intron 676 bp and 

4.259 kb in size. Mass Ruler DNA ladder was used as the DNA size markers (Thermo 

Scientific, Delaware, USA). 

 

3.3.2 Optimisation of the transfection  

In order to determine which conditions are most suitable for effective transfection of 

cells using JetPrime reagent (Polyplus-transfection, New York, USA), different relative 

amounts of JetPrime transfection reagent and pEGFP-hTERT-Intron expression plasmid 

DNA were combined and used for different times of transfection. Transfections using a 

2:1 ratio of JetPrime (µl):plasmid DNA plasmid (µg) yielded a higher frequency of 

EGFP-expressing cells compared to the other ratios tested (Figure 3.4). It was observed 

that the frequency of EGFP-expressing transfected cells in the population gradually 

decreased after 48 h of continuous transfection, which is likely due to cell death and 

attributable to the nature of the transient transfection process (Figure 3.5). A549, HeLa, 

and MCF7 cancer cell lines were used in all of the optimisation assays. We found that 

the maximal transfection efficiency and the optimal ratio of transfection reagent:plasmid 

DNA were similar for each cell line tested. The transfection efficiency was calculated 

using a hemocytometer chamber and an epifluorescence microscope (Figure 3.6).  
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  a                          b                           c 

     

Figure 3.4: Determination of the optimal ratio of JetPrime transfection reagent to 

plasmid DNA for transfection. HeLa cells were transfected with pEGFP-hTERT-

Intron plasmid DNA using JetPrime transfection reagent. Each picture depicts the 

transfection results obtained using a different ratio of JetPrime (µl): plasmid DNA (µg). 

a) 1:1, b) 1:2, c) 2:1. The scale bars represent 100 µm. 

 

 

  a                             b 

    

Figure 3.5: Determination of the optimal time of transfection. HeLa cells were 

transfected with pEGFP-hTERT-Intron plasmid DNA using JetPrime transfection 

reagent. a) at 24 h of continuous transfection; b) at 48 h of continuous transfection. The 

scale bars represent 100 µm. 
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Figure 3.6: Relative transfection efficiencies of A549 and MCF7 cancer cell lines. 

The transfection efficiencies were calculated as follows: (number of cells showing 

fluorescence in the observed field / total number of cells in the observed field) x 100. 

The transfection efficiency of A549 and MCF7 cancer cell lines with pEGFP-hTERT-

Intron plasmid DNA were 72% and 79%, respectively. The transfection efficiency of 

A549 and MCF7 cancer cell lines with pEGFP-C1 vector plasmid DNA were 70% and 

73%, respectively.  

 

3.3.3 Delivery of the pEGFP-hTERT-Intron shRNA expression plasmid into the 

cancer cells and assessment of its effect 

A549 and MCF7 cancer cell line experimental groups were transfected with pEGFP-

hTERT-Intron plasmid DNA (Figure 3.7). Control groups were transfected with 

pEGFP-C1 vector plasmid DNA, a plasmid expressing a scrambled control shRNA, or 

mock transfected (i.e. treated with transfection reagent only). MTT assay showed that 

cell viability of control groups and experimental groups after continuous transfection for 



                                                                                                                                                                                                                  66 
 

48 h (Figure 3.8).  Total RNA and protein were extracted from both A549 and MCF7 

cancer cell lines after 48 h of continuous transfection because the transfection efficiency 

was higher at this time. The total RNA was used to prepare cDNA for comparison of 

mRNA levels whereas the protein was used to assay telomerase activity. After 

transfection of A549 and MCF7 cancer cells with pEGFP-hTERT-Intron, the mRNA 

level of hTERT decreased by approximately 55% and 85%, respectively (Figure 3.9A). 

There was no significant change in hTERT mRNA level in any of the control groups. 

Correspondingly, similar decreases in telomerase activity were observed in the A549 

and MCF7 cell line experimental groups compared to the respective control groups with 

approximately 23% and 22% reductions in telomerase activity, respectively (Figure 

3.9B).  
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Figure 3.7: Transfection of the plasmid into the cancer cell lines.  Panels a-e show 

the A549 cancer cell line, panels f-j show the MCF7 cancer cell line. Panels from above 

to below show BF and fluorescence through FITC, DAPI, and CY5 filters. a, f 

untransfected cells (48 h); b, g cells transfected with pEGFP-hTERT-Intron (48 h of 

continuous transfection); c, h cells transfected with pEGFP-C1 empty vector (48 h of 

continuous transfection); d, i cells that were mock-transfected (i.e. treated with 

transfection reagent only (continuous treatment for 48 h); e, j cells transfected with a 

plasmid that expresses a scrambled control shRNA (48 h of continuous transfection). 

Cells transfected with pEGFP-C1 empty vector were used as a positive EGFP 

transfection control whereas untransfected, mock-transfected, and plasmid expressing a 

scrambled control shRNA groups were used as negative controls. At the same 
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microscope settings the negative control cells showed no detectable fluorescence under 

FITC optics. Also, no background fluorescence was observed with the DAPI and CY5 

filters.  EGFP expression was assessed by epifluorescence microscopy. BF: Bright-

Field; FITC: Fluorescein isothiocyanate fluorescence; DAPI: 4',6-diamidino-2-

phenylindole fluorescence; CY5: Cyanine 5 fluorescence. The scale bars represent 100 

µm. 

 

 

 

Figure 3.8: The effect of transfection with shRNA expression construct pEGFP-

hTERT-Intron on cell viability of A549 and MCF7 cell lines. An MTT assay was 

performed to determine the cytotoxicity of each treatment. Shown are the data for the 

control groups and the experimental group after 48 h of continuous transfection. Shown 

are the means of cell viabilityexpressed as a percentage of the viability of the 

untransfected control group. The error bars represent the S.E.M. 
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Figure 3.9: Knockdown of hTERT mRNA expression level and telomerase activity 

after 48 h of continuous transfection. A hTERT mRNA levels in A549 and MCF7 

cancer cell lines.  RT-qPCR was used to assess relative mRNA levels with 

normalisation based on GAPDH mRNA expression levels. Cells transfected with 

plasmid that expresses a scrambled control shRNA, pEGFP-C1 empty vector, or mock-

transfected (i.e. treated with transfection reagent only) and also untransfected cells (i.e. 

no plasmid DNA or transfection reagent) were included as control groups. The mRNA 

expression levels of hTERT in cells transfected with pEGFP/hTERT-Intron were 

compared to those of the control groups. B Telomerase activity in A549 and MCF7 

cancer cell lines. A QTD telomerase activity kit was used to assay telomerase activity in 

cells transfected with pEGFP-hTERT-Intron or untransfected cells (i.e. no plasmid 

DNA or transfection reagent). Telomerase activity is expressed relative to that of 

untransfected cells. Experiments were performed in biological duplicate or triplicate. 

The means were plotted and the error bars represent the SEM.  * P < 0.05. 
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3.4 Discussion 

Non-viral EGFP-Intron splicing systems have some advantages over other 

methodologies to knockdown gene expression. Firstly, due to the fact that they employ 

non-viral-based delivery, they are relatively safer than viral-based vectors. Although 

viral-based vector systems are capable of achieving efficient gene transfer into 

mammalian cells, they can cause serious issues such as eliciting an immune response or 

generating replication-competent viruses in mammalian cells (Ibraheem et al., 2014). 

However, non-viral delivery allows safer transient as well as stable transfections. 

Secondly, the EGFP-Intron splicing system allows for higher EGFP protein expression 

and better RNAi knockdown (Du et al., 2006; Li et al., 2011). Various DNA sequences 

encoding shRNAs can be inserted into the intronic sequences of the EGFP gene such 

that the shRNA is released into the nucleus of the cells upon splicing of the primary 

transcript.  

In the current study, a non-viral EGFP-Intron splicing system containing two different 

shRNA sequences was used to target hTERT gene expression in different cancer cell 

lines (Figure 3.1 and 3.2). Although we have also used the EGFP-Intron splicing system 

to express individual shRNA sequences, the hTERT mRNA knock-down was much less 

efficient and reproducible with single shRNAs than when multiple shRNAs were used. 

The shRNAs were designed based on two different siRNA sequences which have been 

shown previously to be effective for downregulating hTERT expression (Shen et al., 

2008; Xie et al., 2011). Our experiments showed that hTERT mRNA expression levels 

were reduced by using the EGFP-Intron splicing system. Correspondingly, a reduced 

telomerase activity caused by hTERT knockdown confirmed that the EGFP-Intron 

splicing system successfully inhibited telomerase activity in A549 and MCF7 cancer 

cell lines after 48 h of continuous transfection. Interestingly, we observed a better 
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silencing effect of the pEGFP-hTERT-Intron construct in MCF7 cells compared to 

A549 cells. Indeed, the silencing effect of the pEGFP-hTERT-Intron construct in MCF7 

cells was even better than has been reported previously using conventional shRNA 

expression plasmids. Thus, in the future a construct like this coupled to a targeted 

delivery system may be used for breast cancer treatment. Our results showed that the 

pEGFP-hTERT-Intron system can reduce telomerase activity efficiently. This is 

significant because non-viral-based constructs have been shown to have a better safety 

profile than viral-based constructs. 

Although we focussed on only one gene, hTERT, the EGFP-Intron splicing system can 

also be applied to silence the expression of gene products that associate with the 

telomerase complex or telomeric regions of chromosomes. Moreover, a long-term goal 

would be to use other systems (e.g. intracellular bacteria, see Part 2) to deliver this 

construct more efficiently into the cells of animal models to inhibit telomerase activity. 

 

 

 

 

 

 

 

 

 



                                                                                                                                                                                                                  73 
 

Part 2: Delivery of the pEGFP-hTERT-Intron plasmid into cancer cells using 

bacteria 

 

3.5 Introduction 

 

3.5.1 Gene delivery systems 

Conventional cancer therapies, such as surgery, chemotherapy and radiotherapy, have 

only limited capacity to provide a complete recovery. The recurrence of cancer 

following these therapies is all too frequent resulting in a low likelihood of long-term 

patient survival for some cancers. Many therapeutic interventions are compromised by 

the emergence of drug resistance or have unacceptable adverse side effects due to 

inadequate specificity for the tumour and issues such as these have to date prevented the 

development of an effective anti-tumour therapy (Ryan et al., 2006). Thus, it is crucial 

that better strategies to fight cancer are developed.  

From this perspective, it appears that gene therapy optimised to deliver therapeutic 

agents into cells may have potential for significant impact in advancing cancer research. 

Gene delivery systems can be grouped together into two main categories: the non-

biological systems which use chemical and physical approaches to transfer DNA into 

mammalian cells and biological systems in which bacterial- and viral-based methods are 

exploited. Physical techniques, such as electroporation, focus on creating temporary 

pores in cell membranes to allow the entry of therapeutic genes into the cell cytoplasm 

(Ahmad et al., 2010; Tangney et al., 2006; Casey et al., 2010).  
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Chemical methods involve using cationic complexes, such as liposomes, to facilitate 

entry of genes into the cell (Walsh et al., 2006). In biological approaches, viral-based 

gene delivery vehicles provide more efficient delivery of DNA, but also raise some 

safety concerns. On the other hand, non-viral gene delivery systems present a better 

safety profile compared to the viral-based delivery vehicles because they use plasmids 

to transfer therapeutic genes into target cells. The plasmids that are used as delivery 

vehicles usually do not have the capacity to replicate in mammalian cells and this is a 

feature that increases their safety (Baban et al., 2010).  

 

3.5.2 Bacterial-based gene delivery 

As an alternative approach, bacteria can be used as gene therapy vehicles. The 

biological characteristics of bacteria provide advantages when it comes to the efficient 

delivery of DNA into cells. Although the advantages of using bacteria for gene delivery 

have been known for many years, the capacity of some bacteria to induce tumour 

regression has been known for more than 100 years (Svoboda et al., 1999). The hypoxic 

areas within solid tumours are attractive environments for certain bacteria to accumulate 

and this allows for efficient colonisation of those areas of the tumour (Wei et al., 2008). 

The lowered partial pressure of oxygen in these areas of the tumour arises from a failure 

of blood supply. These hypoxic regions and necrotic layers within solid tumours support 

the growth of strictly anaerobic and facultative anaerobic bacteria. Previous reports have 

proposed that the diffusion of nutrients, including purines, serine and galactose, away 

from the tumour and into neighbouring tissues provides a chemical gradient that 

chemotactic bacteria can migrate along, thus resulting in directed migration of the 

bacteria towards the necrotic areas within tumours and the subsequent promotion of 
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bacterial growth in those regions of the tumour (Al-Mariri et al., 2002; Kasinskas et al., 

2007). On the other hand, other aspects of the tumour microenvironment than hypoxia 

also play a major role in bacterial colonisation and growth within the tumour. The 

leaky, irregularly formed blood vessels within the tumour tissue allow bacteria to 

migrate to the tumour, invade the tumour and to lodge locally and colonise the tumour 

(Samoszuk et al., 2004). It has been shown that when administered intravenously 

bacteria tend to lodge in and colonise cutaneous wounds which in the process of healing 

exhibit new vascularisation similar to that found in tumours (Yu et al., 2004). It has also 

been observed that, in contrast to the bacteria that colonise tumours, the bacteria that 

colonise the newly vascularised cutaneous wounds are efficiently eliminated, possibly 

by the host immune system. This is the opposite to what has been observed for bacteria 

that colonise tumours. Thus, the idea arose that bacterial elimination may be prevented 

in tumour tissues due to the tumour somehow disabling the immune system (Bermudes 

et al., 2000; Sznol et al., 2000). 

Non-invasive bacteria can be used to carry a plasmid-borne gene that encodes a 

therapeutic protein into the tumour microenvironment. In some cases, this can be 

effective as an anti-tumour therapeutic strategy. In other cases, it may be necessary to 

deliver the plasmid-borne gene into the tumour cells themselves. In such cases the use 

of non-invasive bacteria may not be appropriate and invasive bacteria can be used 

instead. Invasive bacteria, unlike non-invasive, bacteria are able to deliver therapeutic 

genes into the tumour cells after systemic administration.  Delivery of plasmid-carrying 

therapeutic is achieved through entry of the entire bacterium into target cells. 

Spontaneous or induced bacterial lysis provides release of plasmid (Baban et al., 2010). 

The replication of bacteria in the tumour cells can be tracked in real-time by monitoring 

the expression of marker (or reporter) genes. The gene that encodes green fluorescent 
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protein (GFP) and luminescence (lux) genes are commonly used as reporter genes in 

bacterial delivery experiments (van Pijkeren et al., 2010; Vassaux et al., 2006).  

Genetic material that encodes the therapeutic protein product is delivered by the entry of 

the entire bacterium. The plasmid is then present in the target cell. Bacterial cell lysis, 

either experimentally induced or spontaneous, causes the release of the plasmid 

containing the genetic material that encodes the therapeutic protein from the bacterium 

into the host cell where it may enter the nucleus and be expressed. Invasive bacteria are 

used to treat solid tumours as for these tumours active invasion of bacteria is necessary 

for therapeutic gene delivery. For therapeutic gene delivery to phagocytic immune cells 

non-invasive bacteria can be used and the bacterial cells are delivered by passive uptake 

by phagocytosis (Baban et al., 2010).  

The plasmid that is used to carry therapeutic genes from the bacteria into the 

mammalian cells consists of a bacterial origin of replication, a therapeutic gene (or a 

reporter gene) that is transcribed from a eukaryotic-specific promoter such as the 

cytomegalovirus (CMV) promoter and an antibiotic resistance gene. Entry of the 

plasmid DNA into the cytosol of the mammalian cell is the most important step in 

bacteria-based plasmid delivery (Baban et al., 2010). To assist in the efficient lysis of 

the bacteria in the phagosome and associated plasmid release the bacteria may be either 

engineered to express bacteriophage-derived lysin genes or preloaded with lysis-

inducing antibiotics (Pilgrim et al., 2003; Tangney et al., 2010).  

One of the strategies used in gene therapy is to kill the cancer cells directly by 

introducing into them a plasmid that expresses one or more proteins that are lethal for 

cancer cells. This can be achieved by the delivery of specific genes (called suicide 

genes) into the malignant cells. Alternatively, a bacterium such as Clostridium or 



                                                                                                                                                                                                                  77 
 

Salmonella can be used that itself has a natural ability to induce oncolysis (Zhong et al., 

2007).  It has been observed that following intravenous administration the spores of 

Clostridium germinate and give rise to vegetative cells that then proliferate within the 

tumour and kill the cancer cells. Thus, Clostridia have proven in preclinical and clinical 

trials to have oncolytic activity (Wei et al., 2007; Parker et al., 1947; Moese et al., 

1964). It has been stated that treatment of cancer using Clostridia does not elicit an 

immune response and that treatment with Clostridia is well tolerated. In addition, 

although most bacterial colonisation occurs specifically in tumour tissues any Clostridia 

in healthy tissues can be eliminated by the use of appropriate antibiotics, such as 

metranidizole (Theys et al., 2001, 2002).  

 

3.5.3 The use of Salmonella in cancer therapy 

The tumour colonising properties of Salmonella were discovered half a century ago 

(Graham and Coleman, 1952; Giel et al., 1954). Nevertheless, most Salmonella strains 

are pathogenic. To overcome the pathogenicity, Salmonella typhimurium was 

genetically modified to reduce its pathogenicity. The first use of a genetically-modified 

Salmonella typhimurium strain as an anti-tumour agent was reported in 1997 (Pawelek 

et al., 1997). Tumour-targeted Salmonella has great potential as a tumour-selective 

delivery vehicle:  

Systemic administration: Salmonella can be delivered by intravenous (iv), 

intraperitoneal (ip) or intratumoural (it) injection. 

Replication-competent: After low-dose systemic administration Salmonella can 

replicate to generate an effective dose within the target tumour. 
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High degree of tumour specificity: Salmonella accumulates significantly more 

efficiently within a tumour than within normal healthy tissues. This provides the 

potential for delivery of high levels of a specific therapeutic agent directly into the 

tumour and the avoidance of systemic toxicity. Salmonella targets a broad range of solid 

tumours, including melanoma, lung, colon, breast, renal, hepatic and prostate tumours, 

thus it has the potential to become a universal treatment option (Figure 3.10). 

Delivery capacity: Live Salmonella are metabolically active and can be used to produce 

high levels of active therapeutic proteins while they infect tumours. 

Post-treatment eradication: Salmonella are sensitive to antibiotics, thus providing an 

effective method to cease treatment or to eliminate the Salmonella post-treatment (Low 

et al., 1999; 2004). 

Salmonella typhimurium strains have been genetically modified by deletion of both the 

purI and msbB genes to create the strain VNP20009 (Clairmont et al., 2000; Low et al., 

1999). The purI deletion results in the Salmonella becoming dependent on an external 

source of adenine. This mutation therefore has the effect of limiting growth to those 

tissues of the body that have substantial cell turnover and the accumulation of cellular 

debris (e.g. sites of malignant growth) (Pawelek et al., 1997). The deletion of the msbB 

gene, on the other hand, affects lipid A synthesis. Lipid A is a core component of 

lipopolysaccharide (LPS). Hence the msbB gene deletion reduces LPS-induced tumour 

necrosis factor-α (TNF-α) expression and associated toxicity (Khan et al., 1998). 

VNP20009 has been administered intravenously to several species of mammal with 

minimal toxicity or pathogenicity. Also, VNP20009 effectively colonises human tumour 

xenografts in mice and inhibits tumour growth in vivo (Clairmont et al., 2000; Low et 

al., 1999; Lee et al., 2001; Zheng et al., 2000; Luo et al., 2002).  
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It has been shown in phase I clinical trials that S. typhimurium strain VNP20009 and its 

derivative tumour-amplified protein expression therapy-cytosine deaminase (TAPET-

CD), which expresses E. coli cytosine deaminase, are clinically safe (Nemunaitis et al., 

2003; King et al., 2009).  

 

 

Figure 3.10: Comparison of conventional chemotherapy and the use of Salmonella 

as a therapeutic agent in cancer treatment. Left: the schematic in the green box 

shows how chemotherapeutic agents are unable to penetrate the inner layers of the 

tumour. Right: the schematic in the blue box shows the use of Salmonella as a 

chemotherapeutic agent and its more efficient penetration into the tumour (reproduced 

from Wall et al., 2010).  
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                            3.6 Materials & Methods 

 

3.6.1 Bacterial and Mammalian Cell Culture 

HeLa cells were grown according to the protocol mentioned in Chapter 2. All bacterial 

strains used in this study were grown in Luria-Bertani (LB) medium (solid or liquid) at 

37°C. In liquid culture, bacteria were grown with aeration (shaking at 210 rpm) 

overnight. LB solid medium contained 1.5% w/v agar (Sigma-Aldrich-Merck, Castle 

Hill NSW, Australia). Standard transfections of HeLa cells using purified plasmid DNA 

of pEGFP-C1 (see Chapter 3) extracted from Salmonella strain VNP20009 were used as 

a positive control to confirm that HeLa cells that harbour the mammalian expression 

plasmids express EGFP (Figure 3.11).  

 

3.6.2 Electroporation of Salmonella with purified plasmid DNA 

A 40 µl aliquot of frozen electrocompetent VNP20009 Salmonella typhimurium cells 

was thawed gently on ice. 200-1000 µg of purified plasmid DNA (e.g. pEGFP-hTERT-

Intron) was added to the thawed bacterial cells and the cell suspension was mixed and 

incubated on ice for 1 minute. After this incubation, the mixture of plasmid DNA and 

bacteria was transferred to a 0.2 cm electrode gap electroporation cuvette (BIO-RAD 

Gene Pulser cuvette, Gladesville, NSW, Australia). The cuvette was placed in the 

Micropulser (BIO-RAD) and pulsed (2.5 kV for 5.4 ms). The cell suspension was then 

immediately diluted into 1 ml of ice-cold LB liquid medium and gently shaken. This 

was followed by incubation at 37 °C for 2 hours with aeration (shaking at 210 rpm). 

After this incubation the transformed Salmonella cells were spread onto LB agar plates 
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containing the appropriate antibiotic for selection of plasmid-bearing cells. The 

transformant bacterial colonies that formed were picked with an inoculating loop and 

used to inoculate LB liquid cultures which were then grown at 37° C with aeration and 

used for amplification and extraction of further plasmid DNA.  

 

3.6.3 Introduction of Salmonella VNP20009 cells into cultured HeLa cells 

A range of bacterial cell concentrations (1 x 10
6
, 5 x 10

6
, 10

7
, 2 x 10

7
, 5 x 10

7
 bacterial 

cells/ml) of Salmonella strain VNP20009 were tested in experiments aimed to optimise 

the uptake of bacterial cells into cultured HeLa cells (as mentioned in Chapter 2, 2.1). 

To prepare the HeLa cells for introduction of Salmonella cells, first the culture medium 

of the HeLa cells was removed and new culture medium without antibiotics was added 

to the flask. An inoculum of Salmonella VNP20009 cells was added to the flask 

containing HeLa cells and this was followed by incubation at 37 °C for 2 hours with 5% 

CO2. After incubation, the HeLa cells were washed three times with culture medium 

without antibiotics and this was followed by addition of gentamycin (20 µg/ml). Finally, 

the HeLa cells with the introduced VNP20009 Salmonella cells were incubated for 24 

hours at 37 °C with 5% CO2. Immediately after this incubation, the HeLa cells were 

analysed for GFP expression.  
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3.7 Results 

 

3.7.1 Confirmation of plasmid DNA uptake by Salmonella typhimurium strain 

VNP20009 cells  

Salmonella typhimurium strain VNP20009 was transformed with pEGFP-hTERT-Intron 

plasmid DNA. To test if transformed VNP20009 carries pEGFP-hTERT-Intron, HeLa 

cells were transfected with transformed VNP20009 cells. 48 h post-transfection HeLa 

cells were analysed to determine whether the EGFP marker gene was expressed or not 

(Figure 3.11). 

 

a)                              b)                             c) 

     

Figure 3.11: Confirmation of uptake of pEGFP-hTERT-Intron by Salmonella. 

Plasmid DNA was extracted from transformed Salmonella typhimurium strain 

VNP20009 cells and purified. The purified plasmid DNA was then used (with JetPrime 

transfection reagent, Polyplus-transfection, New York, USA) to transfect HeLa cells in 

culture. After 48 h of continuous transfection the HeLa cells were observed by 

fluorescence microscopy to assess expression of EGFP. a) Bright field optics, b) FITC 

fluorescence optics, c) DAPI fluorescence. The DAPI filter was used to check for auto-

fluorescence (as a negative control).  Scale bars in each panel represent 100 µm.  
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3.8 Discussion 

Salmonella typhimurium has the advantage over most other bacteria that it can localise 

to, and proliferate in, tumour cells with a high degree of specificity (Low et al., 1999; 

2004). Because S. typhimurium is a human pathogen, before it could be used as an anti-

tumour therapeutic agent it had to be genetically modified to create an attenuated strain,  

VNP20009 (Pawelek et al., 1997). This attenuated tumour-targeted Salmonella strain 

shows initial promise and, after further development, may prove an effective tumour-

selective delivery vehicle for anti-tumour therapeutics.  

It has been shown that S. typhimurium is able to invade mammalian cells, including 

cancer cell lines such as HeLa cells (Jones et al., 1981). Although the exact mechanism 

by which S. typhimurium cells enter mammalian cells is unknown, it is thought that 

phagocytosis in some cells such as macrophages plays a major role in this process 

(Jeong et al., 2014). 

It was tested here whether VNP20009, an attenuated strain of S. typhimurium, can 

deliver into HeLa cancer cells pEGFP-hTERT-Intron, a plasmid that we designed and 

constructed that expresses multiple hTERT-targeted shRNAs designed to have an anti-

tumour therapeutic effect (see Chapter 3),. In the end, we could not observe any EGFP 

expression in the HeLa cells after incubation with S. typhimurium strain VNP20009 

cells bearing the expression plasmid pEGFP-hTERT-Intron. Although we were able to 

confirm that the S. typhimurium VNP20009 cells were successfully transformed with 

the plasmid pEGFP-hTERT-Intron (Figure 3.11), our analyses of HeLa cells following 

incubation with this transformed S. typhimurium strain showed that there was no 

observable EGFP expression in the HeLa cells.  
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One possible reason for the lack of success with the bacterial plasmid delivery 

experiment was that we could not optimise by testing a range of different conditions for 

the incubation of S. typhimurium cells with HeLa cells. This was due to time and other 

technical restrictions. However, this limitation can be addressed in future studies by 

using a range of different cell culture models such as 3D organotypic culture which 

provides different layers of tissues and xenograft animal experiments for successful 

delivery of the S.  typhimurium. In future studies a range of different cancer cell lines, 

including a phagocytic (e.g. macrophage-derived) cell line, will be tested and the results 

compared.   
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                                                        CHAPTER 4 

TARGETING CANCER CELL METABOLISM USING AN EGFP-

INTRON SPLICING SYSTEM ENCODING MULTIPLE RNAi 

SEQUENCES 

 

 

 

A part of the work described in this chapter is in preparation for an original 

article 

Onur Sakiragaoglu, Alan L. Munn (2017) Inhibition of metabolic gene expression using 

an EGFP-Intron splicing system encoding multiple RNAi sequences (In preparation) 
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4.1 Introduction 

Cancer is considered a metabolic disorder of tissues as well as a genetic disease.  Cancer 

cells exhibit an altered metabolism compared to normal cells, which helps cancer cells 

meet their greater requirement for biomolecules to support rapid proliferation. Thus, 

increased metabolic activity is one of the main characteristics of cancer cells. 

Therapeutics that target metabolic pathways in cancer may help prevent tumour 

formation and help researchers attain a better understanding of the progression of 

disease in cancer.  

 

4.1.1 Warburg effect 

Dividing cells must obtain or synthesise biomolecules to build the essential structures of 

new cells and for replication of their genome. Thus, amino acids, carbohydrates, lipids, 

and nucleotides are required as building blocks for assembly of cell membranes 

(including organelles), protein complexes, newly synthesised DNA and other necessary 

macromolecules. In addition to these chemical building blocks, biosynthesis of these 

structures needed for division and survival requires energy in the form of ATP (Lunt et 

al., 2011; Cairns et al., 2011).  

Normal cells in humans and other eukaryotes utilise both glycolysis in the cytoplasm 

and oxidative respiration in mitochondria to produce the ATP required for biosynthesis 

reactions, however oxidative respiration in mitochondria only functions when O2 is 

present. In the absence of O2, glycolysis continues to produce pyruvate, the end product 

of the glycolytic pathway, and this generates some ATP. However, the pyruvate 

produced in the absence of O2 is reduced to lactate in the cytoplasm and not utilised for 

oxidative respiration in mitochondria (Figure 4.1). However, it was observed 
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approximately one hundred years ago that many cancer cells use a high rate of 

glycolysis with abundant lactate production to produce ATP despite the continued 

presence of O2 in the environment. This phenomenon, a hallmark of cancer, is called the 

Warburg effect (Warburg, 1927). 

 

  

 

Figure 4.1: The glycolytic pathway showing all ten steps from glucose to pyruvate 

as well as conversion of pyruvate to lactate. (Reproduced from Dong et al., 2016).  
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4.1.2 LDHA as a potential target gene product for cancer therapy 

Lactate was first discovered by Carl Wilhelm Scheele in 1780 and it has been revealed 

in the following years that lactate has an important role in metabolism (Gladden et al., 

2008; Pasteur et al., 1858; Meyerhof et al., 1927; Bassett et al. 2002). It is now well 

known that lactate formation functions to regenerate the oxidised NAD
+
 coenzyme from 

the reduced form of the coenzyme NADH that is produced in the oxidative step of 

glycolysis.   

It is well known also that most cells can use lactate (like glucose) as an energy source 

for the production of ATP, including cells of the heart, skeletal muscles, and liver 

(Schurr, et al., 1988). Lactate is also a signalling molecule and plays a role in 

angiogenesis by affecting the expression level of both hypoxia inducible factor-1α (HIF-

1α), a transcription factor that is responsive to hypoxia, and VEGF. Increased lactate 

levels trigger HIF-1α expression and HIF-1α in turn drives angiogenesis via up-

regulation of VEGF expression (Brizel et al., 2001). 

According to the lactate shuttling theory proposed by Sonveaux and colleagues 

(Sonveaux et al., 2008) a hypoxic inner layer of tissue in a tumour might reduce the 

pyruvate to lactate by anaerobic glycolysis in the cytoplasm. The newly-formed lactate 

may then be utilised by the cells of the outer rim of the tumour (for which O2 is not 

limiting) by oxidative respiration in mitochondria. In addition to this utilisation of 

lactate produced by the inner layer of the tumour, the cells of the outer rim of the 

tumour can also utilise the lactate produced by the stromal cells (that are connective 

tissue cells involved maintenance of healthy tissues as well as malignant counterparts) 

that surround the tumour and this latter process is known as “reverse Warburg” 

(Pavlides et al., 2009).  
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Lactate dehydrogenase (LDH) is the enzyme responsible for converting the pyruvate 

formed in the final reaction of glycolysis into lactate. A high level of LDH expression 

has been observed in many types of cancers and is associated with tumour expansion 

and invasion (Kong et al., 2016; Liu et al., 2015). Thus, therapeutic strategies to inhibit 

LDH may block the supply of energy to tumours and result in reduced tumour growth 

and invasiveness.  

In human tissues, the LDH enzyme is involved in the reversible conversion of pyruvate 

to lactate under oxygen-free conditions and concomitant oxidation of reduced NADH 

coenzyme produced by the oxidative step of glycolysis to the oxidised form NAD
+
. The 

LDH expression levels can be increased in order for cells to adapt to various 

environmental stresses, such as hypoxia, tissue injury, necrosis, etc.  

There are five distinct LDH isoenzymes. Each of these is tetrameric. There are two 

different heavy subunits, which are called M (for muscle) and H (for heart). In humans 

the M and H subunits are encoded by the LdhA and LdhB genes, respectively. The ratio 

of A to B subunits determines the efficiency of the conversion of pyruvate into lactate. 

In cells where A chains are more abundant than B chains, LDH isoenzymes act in 

favour of pyruvate conversion to lactate (e.g. LDH5, LDHA). One study demonstrated 

that high-level LDHA expression is found predominantly in cancer cells (Miao et al., 

2013). Furthermore, LDHA may be used as a biomarker for different cancer types, 

including lymphoma, renal cell carcinoma (RCC), etc. (Augoff, and Grabowski 2004; 

von Eyben, 2001; Kolev et al, 2008; Jovanovic et al. 2007; Porporato et al., 2011; Sola-

Penna et al. 2008).  

The expression of LDHA is regulated by various transcription factors. HIF-1 and c-

Myc, which is a regulator of growth, either alone or in combination, can affect the 
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expression of LDH at both the transcriptional and translational levels (Brown et al., 

2012; Le et al., 2010; Koukourakis et al., 2006). The phosphatidylinositol-3 

kinase/Akt/mammalian target of rapamycin (PI3K/Akt/mTOR) pathway, which is a 

signalling pathway that regulates the cell cycle, activates HIF-1α and activated HIF-1α 

then triggers up-regulation of the expression of glycolytic enzymes, e.g. hexokinase M 

(HKM) and LDHA. Increased expression of HKM and LDHA, in turn, increases the 

rate of glycolysis and lactate production, respectively (Cairns et al., 2011). Activation of 

expression of the gene that encodes heat shock factor 1 also plays a role. Heat shock 

factor 1 is one of the activators of the expression of heat shock proteins, but it also 

regulates LDHA gene expression at the transcriptional level (Zhao et al., 2009).  

Activation of expression of the LDHA gene indirectly results in activation of expression 

of the genes that encode pyruvate kinase isoenzyme 2 (PKM2) and epidermal growth 

factor receptor (EGFR). PKM2 has a second role as a transcriptional coactivator and 

physically interacts with HIF-1α in both HeLa and Hep3B cells. It has been shown that 

EGFR up-regulates LDHA expression levels by inducing expression of the gene that 

encodes extracellular signal-regulated kinase 2 (ERK2). ERK2, which mostly regulates 

mitosis, binds directly to PKM2 resulting in PKM2 phosphorylation and this in turn 

leads to PKM2 translocation from the cytosol into the nucleus.  Once in the nucleus, 

PKM2 induces expression of the gene encodes c-Myc via effects on β-catenin. β-catenin 

is a protein that is involved in gene transcription and cell adhesion. c-Myc then, in turn, 

induces expression of the LDHA gene (Yang et al., 2012).  

One study using Neu4145 mammary gland tumour cells derived from an LDHA-

deficient mouse showed that tumour cells utilise LDHA for energy metabolism, 

whereas healthy cells use oxidative phosphorylation (OxPhos). Nevertheless, ectopic 

expression of LDHA in LDHA-deficient tumour cells increased the rate of proliferation 



                                                                                                                                                                                                                  91 
 

under both normal conditions and during hypoxia (Fantin et al., 2006). Thus, LDHA is 

important for tumour cell proliferation. 

4.1.3 The effect of silencing LDHA gene product expression on tumours  

A study found that siRNA-dependent silencing of expression of the LDHA gene product 

in P493 lymphoma cells induces oxidative stress and leads to cell death (Miao et al., 

2013). LDHA expression promotes the growth of pancreatic cancer cells, both in vitro 

and in vivo. An inhibitor of human LDHA, FX11, was shown to prevent tumour growth 

following xenografting of human B lymphoma and pancreatic cancer cells into mice 

(Rong et al., 2013). A study by Yao et al. (2013) found that expression of the LDHA 

gene is up-regulated in oesophageal squamous cell carcinoma and that silencing of 

expression of the LDHA gene product with siRNA inhibits tumour cell growth and 

migration in vitro and also tumour formation in vivo in animal models (Yao et al. 2013). 

The inhibition of expression of the LDHA gene product using siRNA can trigger 

apoptosis and lead to cell death (Rong et al., 2013; Yao et al., 2013). In particular, it has 

been shown that knock-down of expression of the LDHA gene product in HCCLM3 

(human hepatocellular carcinoma cells) can induce apoptosis (Miao et al., 2013). Using 

the same cell line, another study demonstrated that transfection with a lentivirus 

construct, which carries viral components, that expresses an shRNA that targets 

expression of the LDHA gene product reduces cell migration by more than 50% 

compared to control mock-transfected cells. This result is important with respect to the 

relationship between LDHA gene expression and tumour invasion (Sheng et al., 2012). 

Another study using fumarate hydratase (FH)-deficient A549 human lung carcinoma 

cells found that there is a correlation between higher invasive potential and lactate 

production (Xie et al., 2009). These studies confirm that at least LDHA gene expression 
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and LDHA enzyme activity too play a major role in tumour cell proliferation and 

invasion. Moreover, survival of tumour cells under hypoxic conditions relies on 

expression of the LDHA gene (Fantin et al., 2006; Le et al., 2010).  

Silencing of the expression of the LDHA gene product using RNA interference or, 

alternatively, inhibition of LDHA enzymatic activity using small molecule inhibitors 

can prevent tumour cell proliferation and survival in vitro and in vivo (Oermann et al., 

2012). N-hydroxy-2-carboxy-substituted indole molecules have been shown to inhibit 

LDHA enzymatic activity and thereby reduce lactate formation from glucose (Granchi 

et al., 2011; Porporato et al., 2011).  

Cancer cells increase their production of lactate by aerobic glycolysis even in an 

environment in which oxygen is not limited (Warburg et al., 1927, 1956). Non-

proliferating cells consume glucose via oxidative phosphorylation to produce a higher 

amount of ATP compared to that obtained from glycolysis under moderate levels of 

oxygen, whereas proliferating cells, including cancer cells, utilise glucose through 

aerobic glycolysis for rapid production of ATP (Wong et al. 2015). 

 

4.1.4 PKM2 as a potential target gene product for cancer therapy 

Pyruvate kinase (PK) is the enzyme that catalyses the final step of glycolysis in which 

the high energy phosphate is transferred from phosphoenolpyruvate (PEP) to the ADP 

molecule which results in the production of ATP and pyruvate (Xue et al., 2015) 

(Figure 4.2). Following this reaction, pyruvate is either reduced to lactate in the cytosol 

or transported into the mitochondria and converted (oxidised) to acetyl-CoA. Acetyl-

CoA then enters the tricarboxylic acid cycle (TCA, also known as the citric acid cycle 

or Krebs cycle) to produce a high yield of ATP.  
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Figure 4.2: The role of PKM2 in cancer metabolism. PK is the enzyme that catalyses 

the last step of glycolysis which produces pyruvate and ATP. The PKM2 dimer is 

involved in the conversion of pyruvate to lactate, whereas the PKM2 tetramer promotes 

high yield ATP production via oxidative phosphorylation (Reproduced from Wong et 

al., 2015). 

 

Pyruvate kinase (PK) has different isoforms that are distributed in various organs.  

Pyruvate kinase isoform M2 (PKM2) is the predominant PK isoform that is encoded by 

the PKM gene. The PKM gene also encodes a minor isoform of PK known as PKM1. 



                                                                                                                                                                                                                  94 
 

PKM2 is especially active in fetal tissues, cancer cells and proliferating cells (Mazurek 

et al., 2015). In fetal tissues, PKM2 is subsequently replaced by other PK isoforms, 

depending on the tissue type (e.g. by PKL in the liver and PKM1 in skeletal muscle) 

(Noguchi et al., 1986; Yamada et al., 1999; Imamura et al., 1972; Chaneton et al., 2012; 

Muñoz et al., 2013). PKM1 and PKM2 arise via alternative splicing to include either 

exon 9 or exon 10, respectively (Noguchi et al., 1986).  

Having exon 10 gives PKM2 unique abilities in cell metabolism. The presence of the 

domain encoded by exon 10 confers on PKM2 the ability to be present in cells as mono-

, di-, or tetramers. The monomer form of PKM2 is inactive, whereas the tetramer form 

of PKM2 promotes high yield ATP production. Dimers of PKM2 promote the initiation 

of biosynthesis lactate (Figure 4.2) (Mazurek et al., 2005, 2011; Luo et al., 2011; 

Morgan et al., 2013; Gui et al., 2013).  

It has been found that in liver cancer the PKL isoform is replaced by the PKM2 isoform 

(Imamura et al., 1972). This substitution can be observed in almost all cancer types 

(Table 4.1). For example, increased PKM2 expression levels have been observed in 

colon carcinoma, renal cell carcinoma (RCC) and lung cancer (Christofk et al., 2008; 

Brinck et al., 1994; Schneider et al., 2002). Due to its high level expression in RCC and 

testicular cancer PKM2 can be considered as a marker of these cancers (Wechsel et al., 

1999; Oremek et al., 1999; Pottek et al., 2000; Eigenbrodt et al., 1977). PKM2 was also 

found in the faeces of patients who have gastric and colorectal cancer (Hardt et al., 

2003). As expected for a glycolytic enzyme, PKM2 is mostly found in the cytosol. 

Nevertheless, PKM2 may enter the nucleus under certain conditions. 

PKM2 has an important role in tumourigenesis because it acts to promote the Warburg 

effect. Inhibition of PKM2 in various cancer cell lines results in reduced lactate 
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production, decreased glucose uptake and a higher rate of oxygen consumption. In 

addition, these changes were reversed when PKM1 or PKM2 were reintroduced into 

these cells (Christofk et al., 2008). 

PKM2 transcription is regulated by the PI3K–AKT–mTOR signalling pathway which is 

frequently activated in cancer cells and involved in cell proliferation. mTOR activity 

induces expression of PKM2 via the transcription factors HIF-1α and c-Myc under 

normoxic conditions (Sun et al., 2011). Conversely, inhibition of mTOR expression 

reduces PKM2 expression and glycolysis (Iqbal et al., 2012). c-Myc also plays a role in 

regulation of the Warburg effect, but indirectly by promoting PKM2 and LDHA 

expression. Under hypoxic conditions, HIF-1α activates the expression of some genes 

encoding glycolytic enzymes, including PKM2 (Kaelin et al., 2008; Song et al., 2008; 

Wenger et al., 1997; Luo et al., 2011). PKM2 also promotes the expression of the 

LDHA gene by binding to HIF-1α (Luo et al., 2011). 

The increased expression level of PKM2 in a variety of cancers suggests that this 

enzyme is a potential target for cancer therapy. PKM2 depletion makes the cells more 

sensitive to apoptosis and this facilitates chemotherapy (Christofk et al., 2010; Kefas et 

al., 2010). Inhibition of expression of the PKM2 gene using specific inhibitors of PKM2 

expression (i.e. miR-133a and 133b) has a suppressive effect on tumour growth and 

cancer cell survival. miR-133a and miR-133b miRNAs regulate expression of the 

PKM2 gene. Both miRNAs exhibit reduced expression levels in tongue squamous cell 

carcinoma cells compared to normal epithelial cells (Wong et al., 2010). 
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Table 4.1: Increased levels of PKM2 gene expression in different types of human 

cancer. 

 

 

 

 

 

 

 

Tumours with high levels of PKM2 gene expression                                                            References 

 

Breast Cancer                                                                                      (Lüftner et al., 2000)          

Bladder Carcinoma                                                                             (Bluemlein et al., 2011; Li et al., 2013)           

Colon Cancer                                                                                       (Bluemlein et al., 2011; Christofk et al., 2008)           

Esophageal squamous cell cancer                                                       (Zhan et al., 2013)  

Glioma                                                                                                 (Desai et al., 2013; van Veelen et al., 1977) 

Head and neck cancer                                                                          (Desai et al., 2013) 

Liver cancer                                                                                         (Bluemlein et al., 2011; Imamura et al., 1972) 

Lung carcinoma                                                                                   (Bluemlein et al., 2011; Karachaliou et al., 

2013; Schneider et al., 2002) 

Meningiomas                                                                                       (Desai et al., 2013; van Veelen et al., 1977) 

Renal cell carcinoma                                                                           (Bluemlein et al., 2011 ; Brinck et al., 1994; 

Wechsel et al., 1999) 

Renal oncocytoma                                                                              (Bluemlein et al., 2011) 

Thyroid cancer                                                                                    (Bluemlein et al., 2011 Feng et al., 2013) 

Thyroid oncocytoma                                                                           (Bluemlein et al., 2011) 
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4.1.5 MCT1 as a potential target gene product for cancer therapy 

 

The monocarboxylate transporter (MCT) family consists of 14 members. These 

members are encoded by the SLC16 gene family that is conserved in various species, 

such as rat and chicken as well as human (Halestrap and Meredith, 2004). 

MCT1 has a greater capacity to transport different substrates than other MCT family 

members. MCT1 transports monocarboxylates (L-lactate, pyruvate, acetate, propionate, 

D,L-β-hydroxybutyrate and acetoacetate) across the plasma membrane out of cells 

(Halestrap and Meredith, 2004). It has also been shown that butyrate and propionate 

transport in human colonocytes and benzoate uptake across the human blood–brain 

barrier (a process mediated by brain capillary endothelial cells) are facilitated by MCT1 

(Cuff et al., 2002; Kido et al., 2000). As the major transporter of lactate, MCT1 is a 

potential metabolic target for cancer therapy.    

 

4.1.6 CD147 as a potential target gene product for cancer therapy 

Matrix metalloproteinases (MMPs) are endopeptidases that degrade extracellular matrix 

proteins (Small et al., 2016). MMPs are generally expressed only when they are needed, 

thus abnormal expression of MMPs can be found in various diseases, including cancer, 

periodontitis, and tissue ulcers (Huet et al., 2008).      

It has been shown that extracellular matrix metalloproteinase inducer (EMMPRIN), or 

CD147, which is encoded by the BSG gene, is able to induce MMP secretion in healthy 

and tumour tissues (Gabison et al., 2005). CD147, which is a member of the 

immunoglobulin superfamily, contains a transmembrane domain and a short 

cytoplasmic domain. The extracellular domain of CD147 has three N-glycosylation sites 
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that are conserved and glycosylated (Biswas et al., 1995; Miyauchi et al., 1991; 

Muramatsu et al., 2003). Glycosylation of CD147 at those sites induces MMP activity, 

in contrast unglycosylated CD147 is not able to stimulate MMP activity (Li et al., 2003; 

Sun et al., 2001). CD147 was first characterised as a transmembrane glycosylated 

protein on the surface of tumour cells that induces the release of  MMP from fibroblasts. 

It has also been demonstrated that microvesicles released from epithelial cells of the 

ovary and eye contain MMP and CD147 (Millimaggi et al., 2007; Alcazar et al., 2009). 

Higher expression of EMMPRIN and MMPs has been found in different types of cancer 

such as cervical cancer and hepatocellular carcinoma (HCC), as well as other diseases 

such as endometriosis (Wu et al., 2011; Xiong et al., 2014; Braundmeier et al., 2006). 

CD147 plays an important role in tissue invasion and metastasis of tumours. In healthy 

tissues, small numbers of microvesicles that contain EMMPRIN are released only 

following stimulation (Taraboletti et al., 2002); whereas tumour cells shed numerous 

microvesicles constitutively and without regulation (Millimaggi et al., 2007; Burnett et 

al., 2012).  

CD147 association with MCTs is important for cell metabolism. Association of CD147 

and MCTs in the plasma membrane has been shown to facilitate the maturation and 

trafficking to the cell surface of both EMMPRIN and the MCTs (Kirk et al., 2000; 

Gallagher et al., 2007).  MCT1 and CD147 have also been shown to associate in the 

cytoplasm of alveolar sarcoma cells (Ladanyi et al. 2002).  

The aim of this study is to silence simultaneously the expression of multiple genes that 

encode glycolytic pathway enzymes. A plasmid vector based on pEGFP-C1 (See 

Chapter 3) was used to design the new construct. This construct expresses two shRNAs 

to each of the four target genes (LDHA, MCT1, CD147, and PKM2) that encode a 

metabolic enzyme/transporterprotein whose expression is upregulated in tumour cells. It 
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is hypothesised that simultaneous inhibition of expression of these gene products will 

disrupt metabolism in the cancer cells and prevent the proliferation of the tumour cells. 

 

4.2 Materials and Methods 

See Chapter 2. 

 

4.3 Results 

 

4.3.1 Transfection of Spc-A1 cells is more efficient than transfection of A549 cells 

Transfection with the plasmid construct that expresses multiple shRNAs (pEGFP-

Intron, Ming Wei lab., School of Medical Science, Griffith University) was performed 

to knock down expression of the target gene products in mammalian cancer cells. 

Plasmid construct pEGFP-Intron and the empty vector pEGFP-C1 were introduced 

into the A549 and Spc-A1 lung cancer cell lines by transfection. After 24, 48 and 72 

hours of continuous transfection the cells were examined for EGFP expression by 

fluorescence microscopy. The transfection efficiency was calculated by counting the 

transfected cells (as assessed by green fluorescence) via both flow cytometry (FACS 

Calibur, BD Biosciences, Mississauga, Canada) and fluorescence microscopy (in which 

cells were counted using a haemocytometer chamber). The percentage of transfected 

cells was expressed as transfection efficiency for both lung cancer cell lines. The 

transfection efficiency of the Spc-A1 lung cancer cells with pEGFP-Intron and 

pEGFP-C1 plasmids was found to be 64% and 65%, respectively. On the other hand, 
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the transfection efficiency of the A549 lung cancer cells with pEGFP-Intron and 

pEGFP-C1 plasmids was found to be only 38% and 39%, respectively. These results 

demonstrate that A549 cells have low transfection efficiency. Current work is in 

progress to address this issue (Figure 4.3 Figure 4.4). It should be noted that those 

calculations made using haemocytometer have yielded higher transfection efficiences 

for both cell lines (for Spc-A1 cells the transfection efficiencies with pEGFP-Intron 

and pEGFP-C1 were 91% and 88%, respectively, when calculated using 

haemocytometer data, while for A549 cells the transfection efficiencies were 36% and 

34%, respectively, when calculated using haemocytometer data). Since the transfected 

cells were counted first using a haemocytometer and flow cytometry analysis was 

performed only after one extra day, some transfected cells may have lost viability and 

not been detected by flow cytometry and therefore not been counted in the flow 

cytometry data.  

 

      a )  untransfected  b)  24 h of con- c) 48-72 h of continuous transfection 

                                  tiuous transfection 
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          d) pEGFP-Intron                       e) pEGFP-C1 

       

 

LL: Untransfected cells: (61%)     LL: Untransfected cells: (60%) 

LR: Transfected cells (38%)          LR: Transfected cells (39%) 

Figure 4.3: Assessing the efficiency of transfection of A549 cells with plasmids 

pEGFP-Intron and pEGFP-C1. A549 cells were transfected with pEGFP-Intron and 

pEGFP-C1 plasmid DNA and viewed by fluorescence microscopy. Images were taken 

before (untransfected) and after 24 h or 48-72 h of continuous transfection. Above, a) 

Untransfected A549 cells (with bright field filter), b) A549 cells after 24 hours of 

continuous transfection with pEGFP-Intron viewed by fluorescence (FITC) optics, c) 

A549 cells after 48-72 hours of continuous transfection with pEGFP-Intron viewed by 

fluorescence (FITC) optics. No significant increase in the percentage of transfected 

cells was observed after 48 hours of continuous transfection compared to after 24 hours 

of continuous transfection. Below, flow cytometry analysis of transfected A549 cells. 

The transfection efficiency was determined by counting the transfected (as assessed by 

green fluorescence) and untransfected cells (for normalisation-not fluorescent) using 

the FACSCalibur flow cytometer. The percentages of A549 cells transfected with d) 

pEGFP-Intron or e) pEGFP-C1 plasmids were found to be 38% and 39%, respectively. 

(Note: all flow cytometry experiments were performed by Dr. Ekua Weba Brenu). SSC-
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Height is the intensity of the signal pulse and FL1-Height (emission wavelength 515-

545 nm) is the fluorescence parameter. The fluorescence threshold was set based on the 

background fluorescence (autofluorescence) of the cells in the non-transfected control 

group. 

 

a) untransfected  b)  24 h contin-  c) 48-72 h continuous transfection  

                       uous transfection 

        

 

        d) pEGFP-Intron                             e) pEGFP-C1 

…  

         LL: Untransfected cells: (33%)  LL: Untransfected cells: (34%)  

         LR: Transfected cells (67%)       LR: Transfected cells (66%) 

 

Figure 4.4: Assessing the efficiency of transfection of Spc-A1 cells with plasmids 

pEGFP-Intron and pEGFP-C1. Spc-A1 cells were transfected with pEGFP-Intron 

or pEGFP-C1 plasmid DNA and viewed by fluorescence microscopy. Images were 

taken before (untransfected) and after 24 or 48-72 h of continuous transfection.  
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Above, a) Untransfected Spc-A1 cells (with bright field filter), b) Spc-A1 cells after 24 

hours of continuous transfection with pEGFP-Intron viewed by fluorescence (FITC) 

optics, c) Spc-A1 cells after 48-72 hours of continuous transfection with pEGFP-

Intron viewed by fluorescence (FITC) optics. No significant increase in the percentage 

of transfected cells was observed after 48 hours of continuous transfection compared to 

after 24 hours of continuous transfection. Below, flow cytometry analysis of 

transfected Spc-A1 cells. The transfection efficiency was determined by counting the 

transfected (as assessed by green fluorescence) and untransfected cells (for 

normalisation-not fluorescent) using the FACSCalibur flow cytometer. The 

percentages of Spc-A1 cells transfected with d) pEGFP-Intron or e) pEGFP-C1 

plasmids were found to be 67% and 66%, respectively. (Note: all flow cytometry 

experiments were performed by Dr. Ekua Weba Brenu). SSC-Height is the intensity of 

the signal pulse and FL1-Height (emission wavelength 515-545 nm) is the fluorescence 

parameter. The fluorescence threshold was set based on the background fluorescence 

(autofluorescence) of the cells in the non-transfected control group.  

 

4.3.2 Assessing the down-regulation of target gene mRNA expression levels 

following transfection with pEGFP-Intron   

In Spc-A1 lung cancer cells transfected with pEGFP-Intron, the mRNA expression 

level of the MCT1 target gene was reduced to 70%, while the mRNA expression 

levels of the CD147 and LDHA target genes were reduced by approximately 20% and 

50%, respectively. However, in A549 lung cancer cells transfected with pEGFP-

Intron, mRNA expression levels of MCT1 and CD147 target genes were reduced by 

approximately 60% and 50%, respectively. LDHA target gene was reduced by 
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approximately 21%  (Figure 4.5). 

 

 

 

Figure 4.5: Assessing the down-regulation of target gene mRNA expression levels 

following transfection with pEGFP-Intron. RT-qPCR analysis of mRNA levels was 

used to assess down-regulation of target gene mRNA expression levels in A549 and 

Spc-A1 lung cancer cell lines after 48 hours of continuous transfection with pEGFP-

Intron. pEGFP-C1 DNA was used as a negative control. In the case of the Spc-A1 lung 

cancer cell line, transfection with pEGFP-Intron significantly (p<0.05) reduced the 

mRNA expression levels of the MCT1, CD147, and LDHA target genes .  In the case of 

the A549 lung cancer cell  line, transfection with pEGFP-Intron also significantly 

(p<0.05) reduced the mRNA expression levels of all three target genes. The error bars 

represent the standard error of the mean (SEM).  
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4.3.3 Design and construction of an additional shRNA expression plasmid 

construct (pEGFP-met2) to knock down expression of gene products important for 

metabolism  

In addition to the pEGFP-Intron construct, a second shRNA expression plasmid 

construct was designed and constructed that expresses shRNAs that target gene products 

important for metabolism (pEGFP-met2) (Figure 4.6). This new construct was designed 

based on the EGFP expressing backbone vector (pEGFP-C1) and the previous construct 

(pEGFP-Intron). pEGFP-met2 expresses an additional two shRNAs that target the 

PKM2 gene product as well as the other shRNAs also expressed by pEGFP-Intron that 

target the LDHA, MCT1, and CD147 gene products. The restriction map of the pEGFP-

met2 plasmid construct was confirmed using restriction enzyme digestion and agarose 

gel electrophoresis (Figure 4.7). A549 cells were transfected with purified DNA of this 

construct and EGFP expression was observed after 48 h of continuous transfection 

(Figure 4.8). 
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Figure 4.6: Design of the pEGFP-met2 shRNA expression plasmid construct. The 

new shRNA expression plasmid construct/pEGFP-met2 was designed based on the 

pEGFP-C1 vector and pEGFP-Intron construct. This new plasmid expresses additional 

shRNAs that target the PKM2 gene product as well as the other shRNAs which are 

expressed by the pEGFP-Intron construct. 
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Figure 4.7: Confirmation of the pEGFP-met2 construct by restriction enzyme 

digestion and agarose gel electrophoresis. To construct pEGFP-met2 a synthetic 

intronic DNA cassette encoding two shRNAs each that target the LDHA, MCT1, 

CD147, and PKM2 gene products was ligated into the digested backbone vector 

pEGFP-C1 to replace the native intronic sequence. For restriction site analysis (not 

cloning) both the pEGFP-C1 vector and the synthetic DNA cassette insert were cut with 

the same restriction enzyme (SacI, New England Biolabs, MA, USA). pEGFP-met2 has 

two SacI restriction sites whereas pEGFP-C1 has only one SacI restriction site. The 

pEGFP-met2 isolate in lane 6 was selected and used for further analyses. Lanes 1-2, 

pEGFP-C1 digested with SacI, lane 3, size markers, lanes 4-6, pEGFP-met2 digested 

with SacI. For pEGFP-C1: 4.731 kb. For pEGFP-met2 1.553 kb and 3.994 kb. Mass 
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Ruler™ DNA ladder was used as the DNA size marker (Thermo Scientific, Delaware, 

USA). 

a                        b                       c                        d                        e 

 
Figure 4.8: Transfection of the pEGFP-met2 shRNA expression plasmid into the 

A549 lung cancer cells.  Panels from above to below show the same fields of cells 

viewed using BF, FITC, DAPI, and CY5 light filters. a, untransfected cells (48 h); b, 

cells transfected with pEGFP-met2 (48 h of continuous transfection); c, cells transfected 

with pEGFP-C1 empty vector (48 h of continuous transfection); d, cells that were 

mock-transfected (i.e. treated with transfection reagent only (48 h of continuous 

treatment); e, cells transfected with a plasmid that expresses a scrambled control shRNA 

(48 h of continuous transfection). Cells transfected with pEGFP-C1 empty vector- were 

used as a positive control for EGFP expression whereas the untransfected, mock-

transfected, and plasmid expressing scrambled control shRNA groups were used as 
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negative controls for target gene product knockdown. When viewed using the same 

microscope settings, the control cells showed no detectable fluorescence in the FITC, 

DAPI or Cy5 light filter channels.  EGFP expression was assessed using 

epifluorescence microscopy. BF, bright field; FITC, fluorescein isothiocyanate 

fluorescence; DAPI, 4',6-diamidino-2-phenylindole fluoresence; Cy5, Cyanine 5 

fluorescence. The scale bar represents 100 µm.  

 

4.3.4 Assessing the down-regulation of target gene mRNA expression levels 

following transfection with pEGFP-met2 

The pEGFP-met2 construct was used to transfect A549 cells. mRNA from non-

transfected cells was used as a negative control. All target gene mRNA expression 

levels, except for that of CD147, showed a reduction of approximately 20%. The 

reduction in CD147 mRNA expression level was around 9% (Figure 4.9). 
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Figure 4.9: Assessing the down-regulation of target gene mRNA expression levels 

following transfection with pEGFP-met2. RT-qPCR analysis of mRNA levels was 

used to assess down-regulation of target gene mRNA expression levels in the A549 cell 

line after 48 h of continuous transfection with pEGFP-met2 DNA. It was observed that 

the mRNA expression levels of PKM2, MCT1, and LDHA target genes were 

significantly reduced, (p<0.05). The means of at least three replicates were plotted on 

the graph and the error bars represent the standard error of the mean (SEM).  

 

4.3.5 Assessing the down-regulation of target gene protein expression levels 

following transfection with pEGFP-met2 

Western blot analysis of steady-state protein levels was used to assess down-regulation 

of the PKM2, LDHA, MCT1 target gene product protein expression after 48 hours of 

continuous transfection with pEGFP-met2 DNA. Untransfected cells were used as a 

negative control. Following transfection of the A549 lung cancer cell line, reductions in 
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the steady-state protein expression levels were observed for each target gene product, 

except for the CD147 gene product (Figure 4.10). 

        a)                                                   b) 

 

         c)                                                   d) 

 

 

 

e) 
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Figure 4.10: Assessing the down-regulation of protein expression level of target 

gene LDHA, MCT1, PKM2, and CD147 gene products following transfection of 

the A549 lung cancer cell line with pEGFP-met2 DNA. Shown here is the magnitude 

of the decrease in protein level in transfected cells compared to the untransfected cells. 

All protein expression analysis to determine the steady-state protein expression 

levels of the target gene products was carried out by western blotting. Experiments 

were performed two times. Shown are the steady-state protein expression levels of 

target gene a) PKM2; b) MCT1; c) LDHA and, d) CD147 gene products; e) 

Densitometric analysis of decreases in protein levels as assessed by western blot as 

following transfection with pEGFP-met2 (percentage of untransfected control levels). 

The same filter was probed using an anti-actin antibody (β-actin) to control for gel 

loading. Protein expression levels in pEGFP-met2 transfected cell lysates were 

compared to protein expression levels in lysates prepared from untransfected cells (UT) 

for densitometric analysis using ImageJ software (National Institutes of Health). 

Significant reductions in steady-state protein expression levels were observed for the 

PKM2, MCT1, and LDHA proteins. No significant reduction in steady-state protein 

expression level was observed for the CD147 protein following transfection of the A549 

lung cancer cell line with pEGFP-met2 DNA compared to untransfected control cells. 

 

 

4.4 Discussion 

Tumour cells accumulate substantial amounts of lactic acid when they produce ATP by 

glycolysis independently from oxygen. This special metabolic phenomenon is called the 

“Warburg effect” (Warburg et al., 1930). Only recently has it become a strategy to 
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silence the expression of gene products that are important for this metabolic pathway as 

a treatment for cancer. In this study, sequences that encode multiple shRNAs that target 

the LDHA, MCT1, CD147, and PKM2 gene products were used to build an shRNA 

expression construct. This construct has artificial introns into which the sequences that 

encode shRNAs have been introduced, as was the case in the earlier shRNA expression 

construct pEGFP-hTERT-Intron that targets the hTERT gene product telomerase.  

Two different constructs, pEGFP-Intron (that expresses two shRNAs each targeting the 

LDHA, MCT1, and CD147 gene products) and pEGFP-met2 (that expresses two 

shRNAs targeting the PKM2 gene product in addition to those shRNAs expressed by 

pEGFP-Intron) were used to transfect the A549 and Spc-A1 lung cancer cell lines. The 

pEGFP-Intron construct had already been made and it was tested on both A549 and 

Spc-A1 lung cancer cell lines in this study. On the other hand, pEGFP-met2 was 

designed and constructed in this study. Both constructs successfully reduced the mRNA 

expression levels of the target gene products. Although transfection with pEGFP-met2 

did not reduce the steady-state protein expression level of CD147 in either cell line, the 

CD147 mRNA level was reduced slightly in both cell lines (Figures 4.9 and 4.10). 

Overall, the system that exploits intron splicing to express multiple shRNAs against 

each target gene product was successfully used to knockdown the expression of key 

gene products that are important for metabolism in cancer cells. 
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                                                   CHAPTER 5 

                                GENERAL DISCUSSION 
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Cancer is a complex disease that causes millions of deaths per year worldwide (IARC, 

2012). Current conventional treatment options such as surgery, chemotherapy and 

radiotherapy are not sufficient to cure all types of cancer. These conventional treatments 

are most effective for early stage tumours and even when these therapies are effective 

there is a high risk of recurrence. However, in addition to these conventional treatments 

for cancer, there are also alternative treatments such as targeted cancer therapy (e.g. 

immunotherapy and gene therapy). RNA interference technology is also used in anti-

cancer therapy and it has proven to be a powerful tool for therapeutic intervention in 

cellular signalling pathways important for cancer (Ji et al., 2009; Liu et al., 2011; Liu et 

al., 2008; Takeshita et al., 2005).  

Plasmid or viral-based shRNA-expressing vectors are commonly used against cancer 

and other diseases in research studies. It has been shown that expression of both 

shRNAs and an EGFP marker protein driven by the same RNA-polymerase-II-

dependent promoter is more efficient when artificial intron sequences are introduced 

into the EGFP marker gene and the construct is introduced into cells by transient 

transfection (Du et al., 2006). Thus, plasmid constructs expressing modified forms of 

the EGFP gene with sequences encoding shRNAs introduced into artificial introns were 

used in this study. This system exploits the intron splicing mechanisms of the cells. A 

backbone vector, pEGFP-C1, that carries the EGFP gene was used to make shRNA 

expression constructs that express shRNAs that specifically target gene products 

important for cancer metabolism and proliferation (Figures 3.1 and 4.6). shRNAs were 

expressed in direct proportion to expression of the EGFP marker gene in these 

constructs. These constructs can also be used to express multiple shRNAs which target 

one or more target gene products. The results showed that the EGFP-Intron splicing-

based delivery system expressed the shRNAs (as assessed by successful inhibition of 
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expression of the target gene products) and EGFP (as assessed by the fluorescence) 

from the same promoter.     

A bacterial strain (attenuated Salmonella typhimurium) was tested for the ability to 

deliver the shRNA expression construct into the cancer-derived HeLa cell line. 

However, after incubation with Salmonella typhimurium cells carrying the EGFP/Intron 

construct expressing the shRNAs we could not observe any EGFP expression in the 

HeLa cells. This suggests that there was no EGFP or shRNA expression in the HeLa 

cells. 

Telomeric repeats are double-stranded DNA repeats except at the very end of the 

chromosomes where there is a single-stranded 3’ overhang (Blackburn et al., 2005). The 

average length of telomeres in human somatic cells varies. The exact length depends on 

the cell type and age (Wright et al., 2005; Cairney et al., 2008). 

Telomeres shorten during each cell division due to the mechanism of the DNA 

replication process (Zhao et al., 2009; Shay et al., 2003). Thus, shortening of telomeres 

limits the life span of humans and other eukaryotes that have linear chromosomes 

(Counter et al., 1996). On the other hand, the telomerase enzyme complex has the 

ability to extend telomeric DNA repeats. It has been shown that approximately 85–90% 

of all tumours exhibit telomerase activity, which implies that telomerase activation or 

upregulation of expression may be a necessary step for oncogenesis. The telomerase 

catalytic subunit TERT is the limiting factor for telomerase enzyme activity.  Thus, 

inhibition of hTERT is a valid strategy to limit telomerase activity and hence excessive 

cancer cell proliferation. The target gene products of one of the shRNA expression 

constructs made in this study was the hTERT gene product. The results show that 

expression of the hTERT gene product was reduced by transfection with the 
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pEGFP/Intron plasmid system expressing shRNAs directed against the hTERT gene 

product. Consistent with that result, telomerase activity was also decreased (Figure 3-9).  

 

In healthy cells, ATP is obtained from glucose through both glycolysis and oxidative 

phosphorylation, but in the presence of oxygen predominantly by oxidative 

phosphorylation (Rolfe and Brown et al., 1997).  Tumour cells exhibit a high yield of 

lactic acid and produce ATP predominantly by glycolysis even in the presence of 

oxygen. This metabolic phenomenon is called the “Warburg effect” (Warburg et al., 

1930).  

Down-regulation of the expression of gene products which are essential for cancer 

metabolism is an alternative method of cancer treatment.  

LDHA is responsible for converting pyruvate to lactate. As tumour metabolism requires 

the production of large amounts of lactate, down-regulation of expression of the LDHA 

gene product can restrict tumour growth. It has been observed that silencing of the 

LDHA gene prevents tumour cells from growing beyond small lesions (Fantin et al., 

2006; Le et al., 2009). 

MCT1 (monocarboxylate transporter) and CD147 (cluster of differentiation 147) are 

involved in lactate delivery across the plasma membrane. MCT1 is a plasma membrane 

protein expressed in many tumours (Sonveaux et al., 2008). CD147 is required for 

lactate transport and physically associates with MCT1. Therefore, silencing of the 

expression of these gene products may block the energy supply that feeds the tumour 

cells.  



                                                                                                                                                                                                                  118 
 

Pyruvate kinase (PK) also plays an important role in glycolysis as it catalyses the 

formation of pyruvate with the generation of ATP (Blumlein et al., 2011; Imamura et 

al., 1972). Although PK is present in normal proliferating cells, it is highly over-

expressed in tumour cells (Blumlein et al., 2011). Thus, PKM2 can be used as a specific 

target for cancer therapy. Inhibition of expression of the PKM2 enzyme in cancer cells 

caused substantial tumour regression (Goldberg and Sharp., 2012).  

In addition to targeting hTERT using pEGFP-hTERT-Intron (as described above) other 

shRNA expression constructs were made to target metabolic genes. In this study 

multiple copies of sequences that encode specific shRNAs that target LDHA, MCT1, 

CD147, and PKM2, were used to build the shRNA expression construct pEGFP-met2. 

An additional shRNA expression construct (pEGFP-Intron) had been made  previously 

in the laboratory (by Prof. Ming Wei). These two plasmid constructs (i.e. pEGFP-Intron 

and pEGFP-met2) were transfected into lung cancer cell lines and they successfully 

inhibited the expression of the target gene products (4.10).  

 

5.1 Future directions 

This study tested the ability of the intron-splicing–based shRNA expression constructs 

to knockdown expression of gene products important for cancer and the capacity of 

Salmonella typhimurium strain VNP20009 to deliver these plasmid constructs to cancer 

cells. However, some obstacles such as the conditions in the laboratory and unexpected 

delays caused by issues in gaining biosafety clearances substantially hindered 

assessment of this approach. In future studies, some important improvements may be 

made as follows. A) Salmonella typhimurium strain VNP20009 can be used in 3D 

cell/tissue culture as well as in different in vivo models. Due to the nature of tumour 
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tissues in vivo, it will be necessary in the future to grow tissues with different layers 

(e.g. a hypoxic layer) in order to create a more physiological environment for testing the 

ability of the VNP20009 strain to grow and transfer plasmid constructs to cancer cells in 

vivo. To test the importance of the hypoxic environment within the tumour for 

Salmonella typhimurium colonisation, xenograft animal models or organotypic culture 

methods, which both provide a more physiological tumour microenvironment and more 

physiological interactions between the bacteria and cancer cells, should be used. In such 

models, the colonisation, proliferation, and oncolytic ability of Salmonella typhimurium 

strain VNP20009 can be observed in addition to its capacity for gene or plasmid 

delivery to cancer cells. B)  Different cell lines, including macrophage-derived and 

colon cancer-derived cell lines, as well as healthy primary cells (as a control), should be 

used. Due to the fact that Salmonella strains can be found in colon cells in nature and 

they can be taken into cells via phagocytosis, using those cell lines may be beneficial 

for Salmonella delivery. C) Other bacteria can be used for delivery of the designed 

shRNA expression plasmid constructs and for induction of oncolysis. Moreover, the 

capability of such bacteria to grow in tumour tissues can be enhanced through the 

application of genetic engineering techniques. In addition to bacterial delivery, other 

methods (e.g. liposomes) can be tested for effective delivery of shRNA expression 

plasmid constructs. In the future, sequences that encode other shRNAs, e.g. those that 

target different subunits of telomerase or telomere-related proteins, can be introduced 

into the pEGFP-C1-based plasmid constructs. This strategy may enable the knockdown 

of telomerase activity by preventing telomerase holoenzyme assembly and its binding to 

telomeres in the telomeric region.  Sequences that encode shRNAs that target other 

metabolic gene products hexokinase II (which is required for cancer cell metabolism) 
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can also be used. The introduction of these sequences that encode additional shRNAs 

may enhance the ability of the plasmid constructs to disrupt cancer cell metabolism.   
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Supplementary Data-Table S1: Sequences of siRNA used to design shRNAs.  

Supplementary Data-Table S2: Sequences of primers that were used for RT-qPCR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1) Sequences of  siRNAs used to design shRNAs  

1) 5’-AAGCATTCCTGCTCAAGCTGA-3’     (hTERT) 

2) 5’-GCATTGGAATCAGACAGCACTT-3’    (hTERT) 

3)         5’- TTGTTGATGTCATCGAAG -3’  (LDHA) 

4)         5’-GGGTCCTTGGGGAACATG -3’  (LDHA) 

5)         5’-CTTCACTACCGTAGAAGACCTTGGCTCCA-3’   (CD147) 

6)         5’-AAGGCTGTGAAGTCGTCAGAACACATCAA-3’   (CD147)  

7)         5’-AAGTATTTCTACAAGAGGCGACCATTGGC-3’   (MCT1)  

8)         5’-CTCAATGACATGTATGGAGACTACAAATA-3’   (MCT1) 

9)         5’-CTGTGGCTCTAGACACTAAA-3’   (PKM2) 

10)       5’-CGTGGATGATGGGCTTATTTC-3’   (PKM2) 
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Table S2) Sequences of Primers used for RT-qPCR 

hTERT (Forward)      5’ TCTACCGGAAGAGTGTCTGGAGCAA 3’ 

hTERT (Reverse)     5’ GCTCCCACGACGTAGTCCATGTTCA3’  

GAPDH (Forward)     5’ GTCTCCTCTGACTTCAACAGCG 3’ 

GAPDH (Reverse)       5’ ACCACCCTGTTGCTGTAGCCAA 3’ 

LDHA (Forward) 5’ GGATCTCCAACATGGCAGCCTT 3’ 

LDHA (Reverse) 5’ AGCAAGAGGGAGAAAGCCGTCT 3’ 

MCT1 (Forward) 5’ TTGTTGGTGGCTGCTTGTCAGG 3’ 

MCT1 (Reverse) 5’ CTTGAATCCAGCTCTGACCATGA 3’  

CD147 (Forward) 5’ GGCTGTGAAGTCGTCAGAACAC 3’ 

CD147 (Reverse) 5’ TGAACGGCTCCGAGAGCAGGT 3’ 

PKM2 (Forward) 5’ ACTTCTCTCATGGAACTCATGA 3’ 

PKM2 (Reverse) 5’ CTTGCGGATGAATGACGCAAAC 3’ 
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