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Abstract 

Chemotherapy is the most commonly used treatment for cancer. While 

chemotherapeutic drugs such as doxorubicin provide cure in some cases, 

chemotherapy is toxic and has serious side-effects. Another disadvantage is 

that some types of cancer develop resistance to chemotherapy. Lowering the 

doses of these drugs will make them safer but would decrease their efficacy. A 

solution to this would be to combine low doses of these anticancer drugs with 

a safe anticancer approach. 

 Cancer gene therapy is an alternative and promising approach of cancer 

treatment. In our group we are using the adeno-associated virus/phage, 

named AAVP vector, which is a hybrid vector between AAV and phage 

genomes. AAVP vector was engineered to display the RGD4C peptide which 

binds to αv integrin receptors overexpressed in tumors. AAVP vector has been 

proven to be safe and efficient vector for targeted gene delivery to tumors, 

upon intravenous administration. The aim of my project was to combine low-

dose of doxorubicin with AAVP vector in order to investigate the drug effects 

on the AAVP-mediated tumor cell killing. We also tested the combination of 

AAVP with the natural dietary genistein, an isoflavone present in soy, regarded 

as a phytoestrogen and proven for its anti-cancer activity. Epidemiological 

studies have shown that a soy-rich diet has cancer-preventive effects. 
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We found that combination of low doses (non-toxic) of doxorubicin or 

genistein with RGD4C-AAVP-guided gene therapy resulted in greater tumor cell 

killing than treatment with doxorubicin, genistein or the targeted vector alone. 

In addition, we uncovered the mechanism that doxorubicin and genistein 

increased the transduction efficiency of AAVP vectors. 

In conclusion, our results suggest that the combined treatment of doxorubicin 

or genistein with targeted RGD4C-AAVP gene therapy is a novel, promising, 

non-invasive and, importantly, safer treatment approach. Therefore, this 

combined treatment should be considered for future preclinical studies to 

assess its efficacy in vivo in tumor-bearing animals. 
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Chapter 1 

Introduction 

1.1 Gene Therapy 

Gene delivery is a process by which foreign DNA is transferred to host cells for 

applications such as genetic research or gene therapy. Gene delivery methods 

can be mechanical (e.g. microinjection, electroporation or biolistics), chemical 

(e.g. lipid or nanoparticle carriers) or biological (e.g. viral vectors). 

Gene therapy has already been used to treat genetic diseases such as 

haemophilia, cystic fibrosis and muscular dystrophy. Gene therapy treatment is 

also being developed to treat cardiovascular (Dzau et al., 2003), neurological 

disease (Burton et al., 2003) and cancer by delivering genes that express 

necessary proteins, to alter the expression of existing genes or to produce 

cytotoxic proteins or prodrug activating enzymes to kill tumor cells (Pack et al., 

2005). 

The first gene therapy clinical trial was carried out in 1989, in patients with 

advanced melanoma, using tumor-infiltrating lymphocytes modified by 

retroviral transduction (Rosenberg et al., 2000). In the early nineties, a clinical 

trial was performed in children with severe combined immunodeficiency 
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(SCID). In this trial the gene of deaminase adenosine was transferred to 

lymphocytes isolated from the patients using a retrovirus (Blaese et al., 1995). 

Despite the initial encouraging results, the efficiency of gene therapy in clinical 

trials has not been very high so far. Major limitation to the development of 

human gene therapy is the lack of safe, efficient and targeted methods for 

gene delivery. Early generation vectors based on gammaretroviruses offered 

limited ability to transfer genes to dividing cells such as haematopoietic stem 

cells. Their main disadvantage is that these vectors were inserted near 

oncogenes causing leukemia in a fraction of patients (Naldini, 2015). The 

development of safer and more efficient vectors, such as lentiviral and AAV 

vectors, enabled the safe delivery of therapeutic genes and had remarkable 

therapeutic benefits for various severe inherited diseases of the blood, 

immune and nervous system such as immunodeficiencies, haemophilia, 

leukodystrophies, retinal dystrophy and cancers (Naldini, 2015).  

 

The ideal vector should be able to achieve high efficiency and targeted gene 

delivery without inflammatory or cytotoxic side-effects. Gene delivery can be 

achieved using viral or non-viral vectors. Viral vectors can mediate high 

efficiency gene transfer and long-term gene expression, as they can easily 

enter the target cell and deliver the transgene to the nucleus. However, the 
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risks of immunogenicity and insertional mutagenesis pose serious safety 

concerns for some viral vectors (Schambach et al., 2013). Trying to address 

these safety issues of viral vectors, non-viral vectors have been developed. The 

main disadvantage of non-viral vectors is their low efficiency compared to viral 

vectors (Yin et al., 2014). 

 

 

1.2 Viral gene delivery vectors 

Most of the vectors currently used for gene therapy are derived from human 

pathogens, from which essential viral genes have been removed to make them 

non-pathogenic. The general principle to generate safe and efficient viral 

vectors is to separate viral genes and cis-acting sequences into distinct 

plasmids in order to prevent the production of replication-competent viral 

particles by recombination (Kay et al., 2001). Some viral vectors, such as 

lentiviral vectors, are able to integrate into the host genome resulting in 

persistent gene expression. Other vectors, such as adenoviral vectors, remain 

episomal in infected cells leading to transient gene expression (Ponder, 2001). 

The characteristics of the most commonly used viral vectors for gene transfer 

are summarised in Table 1.1. 
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Table 1.1. Characteristics of the most commonly used viral vectors for gene 

transfer 

 

 

Virus 
Size and 
type of 
genome 

Physical 
properties 

Maximum 
size of 
insert 

Infects 
non-

dividing 
cells 

Stability of 
expression 

Disease in 
Animals 

Retrovirus 

7-10 kb 

single-

stranded 

RNA 

100 nm 

diameter; 

enveloped 

≤ 8Kb No 
Stable 

(Integrated) 

induction of 

tumors; acquired 

immunodeficiency 

syndrome (AIDS) 

Lentivirus 

7-10 kb 

single-

stranded 

RNA 

100 nm 

diameter; 

enveloped 

≤ 8Kb Yes 
Stable 

(Integrated) 

induction of 

tumors; acquired 

immunodeficiency 

syndrome (AIDS) 

Adenovirus 

36 kb 

double-

stranded 

DNA 

70-100 nm 

in diameter; 

non 

enveloped 

8Kb Yes 

Expression 

lost in 3-4 

weeks ;  

No 

integration 

Cold; 

conjunctivitis; 

gastroenteritis 

Adeno-
associated 
virus (AAV) 

4.7 kb 

single-

stranded 

DNA 

18-26 nm in 

diameter; 

non 

enveloped 

< 4.5 kb Yes 

Stable; DNA 

remains 

episomal but 

can 

potentially 

integrate 

No known disease 
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1.2.1 Retroviruses 

Retroviruses contain two copies of single-stranded RNA genome of 7 to 10 kb. 

They are ~100 nm in diameter and contain a membrane envelope. The 

envelope contains a virus-encoded glycoprotein which specifies the target cells 

that can be infected. The envelope glycoprotein can be substituted by one 

from a different virus, in a process referred to as pseudotyping. Following entry 

into target cells, the RNA genome is retro-transcribed into double-stranded 

DNA by the viral enzyme reverse-transcriptase contained into the virion. The 

double-stranded DNA is transferred to the nucleus, where it integrates into the 

host genome by the virus encoded enzyme integrase (Ponder, 2001). All 

retroviral vectors have two long terminal repeat sequences (LTR). Between the 

LTR sequences there are the gag, pol and env genes that encode the structural 

proteins, polymerase/integrase enzymes and envelope glycoprotein, 

respectively. Lentiviruses contain two more regulatory genes, tat and rev, and 

also a set of accessory genes (Kay et al., 2001). Retroviruses have been widely 

used so far in clinical trials (Rosenberg et al., 2000). The main advantage of 

retroviruses is their ability to integrate into the target cell genome to achieve 

stable gene expression of the transferred gene. However, the random way 

their viral genome is inserted into the host cell chromosomes can cause 

insertional mutagenesis and induction of tumors. Another disadvantage of 
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retroviral vectors (exempt lentiviral vectors) is that they can infect only 

dividing cells as disruption of the nuclear membrane is required for the pre-

integration complex to gain access to the chromatin (Kay et al., 2001). 

 

1.2.2 Lentiviral vectors 

The lentiviruses belong to the retroviruses family but they have specific 

biological characteristics. One of them is their ability to transduce both dividing 

and non-dividing cells. The vpr gene product and one of the matrix proteins of 

the lentivirus (MA) contain nuclear localisation signals that facilitate the viral 

DNA to the nucleus without the need of breakdown of the nuclear membrane 

(Ponder, 2001). Lentiviral vectors based on HIV-1 have already been used for 

gene delivery to non-dividing cells such as neurons and haematopoietic stem 

cells (An et al., 2000). VSV-G (Vesicular Stomatitis Virus- Glycoprotein) 

pseudotyped lentiviral vectors have already been used for in vivo gene delivery 

to the central nervous system in rodents and non-human primates (Kordower 

et al., 1999, Naldini et al., 1996). 

 

 

 



P a g e  | 16 

 

1.2.3 Adenoviral vectors 

Adenoviruses are 70-100 nm in diameter and do not contain a membrane. The 

adenoviral genome consists of 36 kb double-stranded linear DNA that 

replicates extrachromosomally (as episome) in the host cell nucleus. The 

advantage of adenoviral vectors is that they can be produced in high titers and 

they are able to transduce a high percentage of target cells. The major 

disadvantage of adenoviral vectors is their immunogenicity. This immune 

response can eliminate the transduced cells and can also result in severe 

inflammation at the site of delivery. Moreover, the pre-existing immunity 

against adenoviral vectors reduces the efficacy of repeat administrations. 

Another disadvantage of adenoviral vectors is that they are not integrating into 

the host cell genome which results in transient transgene expression (Ponder, 

2001). Adenoviral vectors have already been used for gene delivery in 

preclinical animal studies to transduce the lung, liver, muscles, brain and 

tumors. They have been also used in clinical trials for cystic fibrosis without 

evidence of clinical efficiency (Kay et al., 2001). They have also been used in 

clinical trials for cancer treatment (Aghi et al., 2000, Heise and Kirn, 2000). 
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1.2.4 Adeno-associated virus vectors (AAV) 

Adeno-associated virus is small (~22nm), icosahedral and non-enveloped 

parvoviruses whose genome is about 4.7 kb single-stranded DNA. AAV has not 

been associated to any human disease. AAV enters the cells by receptor-

mediated endocytosis and then is transported to the nucleus. In the nucleus, 

the single-stranded (ss) DNA needs to be converted to double-stranded 

(ds)DNA from which structural and regulatory viral proteins are produced, as 

well as the ssDNA for packaging into the new viral particles (Coura Rdos and 

Nardi, 2007). AAV requires co-infection with another virus, usually adenovirus 

or herpes virus, for productive infection. In the absence of co-infection, AAV 

genome can integrate into the host cell genome remaining in a latent state. 

Wild-type AAV is able to integrate into the cell genome as double-stranded 

DNA at a specific region of chromosome 19. AAV can also remain in an 

extrachromosomal form (episome). The AAV DNA ends are constituted of 145 

bp inverted terminal repeats (ITR). Between the ITRs there are two viral genes, 

rep and cap, encoding proteins for viral replication and capsid formation, 

respectively. The ITRs act as origin of replication, packaging and integration 

signal and also as a regulator element for wild-type AAV. There are many 

serotypes of AAV but the majority of recombinant AAV (rAAV) vectors were 

based on AAV serotype 2 (AAV2). However, new recombinant vectors based on 
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AAV serotypes 1, 5, 8 and 9 have also been developed in order to avoid 

immune responses in some patients (Hastie and Samulski, 2015). AAV9 

serotype has been found to achieve higher transduction efficiency in vivo 

compared to AAV2 (Pillay et al., 2016, Zincarelli et al., 2008).  

Recombinant AAV (rAAV) vectors are derived from the wild type vectors after 

replacing rep and cap genes by the transgene cassette of interest (Figure 1.2 

B). The rep, cap genes and adenovirus helper functions are provided in other 

plasmids. Although wild-type AAV is able to integrate into the host cell genome 

in a specific site, recombinant AAV vectors are usually not able to integrate 

because this site-specific integration requires the Rep protein (Kotin et al., 

1990, Linden et al., 1996). Therefore, most rAAV remain as episomes in the 

target cell although they can potentially integrate in a non-specific position 

(Valdmanis et al., 2012). rAAV vectors, even if they usually remain in an 

episomal form, they are able to achieve long-term transgene expression 

comparing to other vectors (Coura Rdos and Nardi, 2007). AAV vectors have 

already been used in preclinical studies for the treatment of genetic and 

acquired diseases. They have also been used in clinical trials for the treatment 

of cystic fibrosis, haemophilia and muscular dystrophy (Kay et al., 2001), and 

recently in ocular gene therapy of the retina (Feuer et al., 2015, Ku and 

Pennesi, 2015). A clinical trial that used AAV8 for the treatment of haemophilia 
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B achieved vector-dose dependent coagulation factor IX (FIX) expression at a 

level of 6% of the normal level after a single, intravenous dose of the vector. 

FIX expression was stable in most patients three years later. This low level of 

FIX expression turned severe haemophilia to a milder form and significantly 

improved patients’ quality of life (Hastie and Samulski, 2015, Naldini, 2015). 

Another clinical trial with remarkable benefits for the patients is AAV2-

mediated gene therapy in patients with type 2 Leber congenital amaurosis, an 

inherited retinal dystrophy causing vision loss at a young age. Three 

independent trials using AAV2-mediated gene therapy showed improved vision 

in several young patients. However, in two of the trials patients lost the benefit 

of the treatment 2-3 years later (Naldini, 2015). 

 

For the production of rAAV vectors, HEK 293 cells whose genome contains the 

adenovirus E1 gene are co-transfected with three plasmids: 1) vector plasmid 

that contains the transgene cassette, 2) a package plasmid with rep and cap 

genes and 3) a helper plasmid containing the adenovirus genes E2a, E4 and VA. 

(Coura Rdos and Nardi, 2007). 
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Figure 1.1 Diagram of the most commonly used viral vectors for gene delivery  

[from (Sheridan, 2011)] 
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Figure 1.2 AAV genetic structure (A) wild-type AAV, (B) AAV vector containing 

only the ITRs from wild-type AAV and the transgene cassette, (C) helper 

cassette, containing the AAV rep and cap genes required for the virus 

packaging and the Ad virus genes E2, VA and E4, required for virus replication 

[from (Coura Rdos and Nardi, 2007)]. 

 

 

 

1.3 Strategies for cancer gene therapy 

Strategies for cancer gene therapy can be divided in immunologic approaches 

and molecular approaches (Figure 1.3) 



P a g e  | 22 

 

 

Figure 1.3 Strategies for cancer gene therapy [from(El-Aneed, 2004)] 

 

1.3.1 Immunologic approaches 

Genetic immunotherapy can be utilized to boost T-cell mediated immune 

response against cancer. One of the genetic immunotherapy strategies is the 

transfer of genes that stimulate the immune system, such as cytokines. 

Complete tumor regression was observed in rat models of hepatocellular 

carcinoma and adenocarcinoma after Interleukin-12 gene transfection into the 

cancer cells (Barajas et al., 2001, Shi et al., 2002). Another genetic 

immunotherapy approach includes the in vitro genetic engineering of antigen 

presenting cells to enable them to display tumor antigens. Dendritic cells 

engineered to express α-fetoprotein (AFP), a hepatocellular carcinoma antigen, 
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were able to trigger strong immune response against cancer cells (Vollmer et 

al., 1999).  

1.3.2 Molecular approaches 

Molecular approaches in cancer gene therapy mainly include the upregulation 

of tumor suppressor genes or the downregulation of oncogenes.  

Tumor suppressor proteins can suppress unusual cell proliferation and induce 

apoptosis and/or cell cycle arrest in malignant cells. One of the most 

representative tumor suppressor proteins is p53. p53 protein interferes with 

the biochemical pathways that regulate cell growth, differentiation and 

apoptosis. This protein is frequently mutated in human cancers. Successful 

transfection of wild-type p53 into cancer cells induces apoptosis and cell cycle 

arrest in cultured cells (Roy et al., 2002). In addition, tumor growth inhibition 

and tumor regression were observed in animal models after p53 transfection 

(Dolivet et al., 2002). 

Oncogenes encode for growth promoting proteins and are potential targets for 

cancer gene therapy. One of the most investigated oncogenes is bcl-2 gene 

which acts as inhibitor of apoptosis. Other important oncogene families are c-

myc and ras. The biological activity of oncogenes can be suppressed either on 

the RNA or the DNA levels. Antisense oligonucleotides bind to mRNA through 
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Watson-Crick base pairing inhibiting the translation step of protein synthesis. 

Antigen oligonucleotides bind to the DNA through Hoogsteen hydrogen 

bonding forming a non-functional triple helical structure (Helene et al., 1992). 

In this strategy, gene expression is blocked at the transcription stage (El-Aneed, 

2004). 

Suicide genes are also considered another molecular approach in cancer gene 

therapy. This strategy relies on the conversion of a non-toxic prodrug into 

active drug by means of non-mammalian enzymes (El-Aneed, 2004). 

One of the most widely used suicide gene/prodrug systems is the herpes 

simplex virus thymidine kinase (HSVtk)/ganciclovir (GCV) system. HSVtk 

enzyme catalyzes the phosphorylation of nucleoside analogs such as GCV. The 

phosphorylated GCV mediates the killing of cancer cells. One of the most 

advantageous features of this system is the bystander effect. It is the 

mechanism by which the toxic metabolites are transferred from transduced 

cells to neighbouring cancer cells via gap junctions and/or apoptotic vesicles 

(El-Aneed, 2004, Trepel et al., 2009). 
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1.4 Bacteriophage vectors 

Bacteriophages (phage) are viruses that infect bacteria. These particles consist 

of a protein coat containing DNA or RNA genome. The most commonly used 

vectors for gene delivery are the filamentous M13 and the lambda. 

Filamentous phage particles consist of a long cylindrical protein capsid, around 

900 nm in length and 6.5 nm in diameter, enclosing a single-stranded DNA 

genome of about 6.4 kb (Barbas C.F., 2001). On the one end of the particle 

there are 3 to 5 copies of the proteins pIII and pVI and on the other end there 

are 3 to 5 copies of the proteins pVII and pIX. The body of the phage is 

composed of thousands of copies of major pVIII coat proteins (Figure 1.3). 

Proteins or peptides of interest can be displayed on the surface of the phage 

particles by fusing the sequence encoding the foreign peptide to the sequence 

of a phage coat protein. Peptides are usually fused to pIII or pVIII phage coat 

proteins. 

Bacteriophage vectors have some potential advantages over animal viral 

vectors. Bacteriophage has no native tropism for mammalian cells as it has 

evolved to infect bacteria only. In addition, bacteriophage can be modified to 

display tissue-specific ligands on the coat proteins without disruption of their 

virus structure (Hajitou et al., 2006, Larocca et al., 1998). One other important 
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advantage over animal viruses is that bacteriophage is safe. It has also been 

approved by the US Food and Drug Administration for use as safe antibacterial 

food additive (Lang, 2006). Other advantages of phage vectors are their large 

cloning capacity as well as the simple and economical large-scale production 

and purification (Greenstein and Besmond, 2001). 

 

 

 

Figure 1.4 Filamentous M13 phage structure and localisation of phage coat 

proteins [from (Arap, 2005)] 
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1.5 Non-viral gene delivery vectors 

Synthetic non-viral vectors have been used as an alternative method to deliver 

transgenes into cells to overcome the safety issues arising from the use of viral 

vectors. The use of non-viral method to deliver nucleic acids into cells is called 

transfection. The most commonly used non-viral gene delivery vectors are 

cationic polymers, lipid-based reagents, as well as calcium phosphate. These 

synthetic vectors are materials that can bind to nucleic acids, condense the 

genetic material into particles and facilitate cellular entry. Synthetic vectors 

are able to neutralize the negatively charged nucleic acids or even create 

positively charged complexes, thus facilitating the binding of complexes to the 

negatively charged membranes. The main disadvantage of synthetic vectors is 

their low efficiency comparing to viral gene delivery methods. 

 

1.5.1 Lipid-based reagents 

Cationic lipids are the most widely used synthetic vectors because of their 

relatively high efficiency. Cationic lipids interact with nucleic acids forming 

liposome/nucleic acid complexes (referred to as lipoplexes). Lipid-based gene 

delivery has been widely used in both in vitro and in vivo studies. However, it 

has crucial limitations, such as difficulty in reproducibly fabricating liposomes 
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and DNA/liposome complexes, toxicity to some cell types and colloidal stability 

(Pack et al., 2005).To date, a number of cationic liposomes are commercially 

available, such as Fugene and Lipofectamine (Faneca et al., 2002). 

 

1.5.2 Cationic polymers 

Another category of non-viral gene delivery vectors is cationic polymers. 

Cationic polymers are binding electrostatically to nucleic acids forming a 

positively charged complex (referred to as polyplex) (Pack et al., 2005). The 

positive charge of the polyplex facilitates the adherence of the complex to the 

negatively charged cell membrane. Cationic polymers that have been used to 

deliver nucleic acids in vitro are diethylaminoethyl-dextran (DEAE.DEX), 

polylysine and polyethylenimines (PEIs). However, in vivo application of 

cationic polymers has failed so far due to the high degree of cytotoxicity, rapid 

clearance and interaction between the positively charged complexes and blood 

components (Dash et al., 1999). 

 

1.5.3 Calcium phosphate precipitation 

The Calcium phosphate transfection method for gene delivery is based on 

forming a calcium-phosphate DNA precipitate that facilitates the binding of the 
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DNA to the cell surface. The calcium phosphate-DNA precipitates are entering 

the cell by endocytosis. This method has been widely used to transfect DNA 

into cells because it is simple and inexpensive (Graham and van der Eb, 1973). 

However, calcium phosphate transfection is not suitable for in vivo gene 

delivery. 

 

1.6 Hybrid AAVP vector 

Despite their advantages over eukaryotic viruses, phage-derived vectors 

achieve low transduction efficiency compared to eukaryotic viral vectors. The 

reason is that bacteriophage has evolved to infect bacteria only so it has no 

intrinsic strategies for gene delivery to mammalian cells (Przystal et al., 2013, 

Stoneham et al., 2012). Bacteriophage contains single-stranded DNA (ssDNA) 

which has to be converted to double-stranded DNA (dsDNA) for transgene 

expression. Another limiting step is related to the post-targeting fate of the 

ssDNA of the phage genome (Hajitou et al., 2006).  To address these limitations 

the mammalian transgene cassette flanked by full length ITRs from the 

recombinant adeno-associated virus (rAAV) -which is mammalian ssDNA virus- 

was genetically incorporated into the phage genome (Hajitou et al., 2007). The 

hybrid vector between AAV and phage is called adeno-associated virus phage 
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or AAV/phage, AAVP (Figure 1.5). This vector was engineered to display the 

RGD4C peptide, derived from in vivo phage display screening, which binds to αv 

integrins overexpressed in tumors, but absent or barely detectable in the 

healthy tissues (Hajitou et al., 2007). The targeted RGD4C AAVP vector was 

reported to achieve improved mammalian transduction efficiency over the 

conventional phage-based vectors (Hajitou et al., 2007, Hajitou et al., 2006). 

The specificity and efficacy of RGD4C AAVP vector was evaluated in preclinical 

models in vivo (Hajitou et al., 2006). Targeted vectors carrying reporter genes, 

green fluorescent protein gene (GFP) or firefly luciferase gene (Luc) were 

systemically administered in immunocompromised tumor-bearing mice. 

Immunofluorescence showed GFP expression largely in tumor cells and tumor 

blood vessels in mice that received RGD4C AAVP-GFP while no GFP staining 

was observed in tumors from control mice that received non-targeted AAVP-

GFP. Bioluminescence (BLI) imaging of Luc expression confirmed tumor-specific 

expression of Luc in mice receiving RGD4C AAVP-Luc while tumor-associated 

bioluminescence was not observed in control mice receiving the non-targeted 

AAVP-Luc. The therapeutic efficacy of RGD4C AAVP was evaluated in 

immunocompetent and immunocompromised tumor-bearing mice models 

after systemic administration of RGD4C AAVP vector carrying the HSVtk 

(Herpes Simplex Virus thymidine kinase) gene. HSVtk gene can serve both as a ‘’ 
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suicide’’ gene (when combined with ganciclovir [GCV]) and a reporter gene for 

clinically applicable PET imaging with HSVtk-specific radiolabeled nucleoside 

analogs (Hajitou et al., 2006). Tumor growth was significantly suppressed in 

immunodeficient mice bearing human Kaposi’s sarcoma (KS1767) as well as in 

immunocompetent mice bearing subcutaneous EF43-FGF4 tumors after a 

single systemic administration of RGD4C AAVP-HSVtk followed by GCV 

treatment (Hajitou et al., 2006).  

RGD4C AAVP vector was also used to selectively deliver therapeutic genes to 

pet dogs after intravenous administration (Hajitou et al., 2007, Paoloni et al., 

2009). In this study, systemic administration of the vector carrying the gene 

encoding the tumor necrosis factor- (TNF-) resulted in significant reduction 

of the tumor volumes without any evidence of cytotoxicity. 

In 2012 our group developed a novel AAVP vector by substituting the viral CMV 

(cytomegalovirus) promoter with the Grp78 tumor-specific mammalian 

promoter in the AAV transgene cassette (Kia et al., 2012). Grp78 gene encodes 

a 78 kDa endogenous macromolecule which is overexpressed in many different 

tumor cell types. This tumor double-targeted AAVP vector displaying the 

RGD4C peptide and carrying the Grp78 promoter should be able to target both 

tumor cells and tumor vasculature. The other advantage of this novel AAVP 

vector is the long-term transgene expression under the Grp78 promoter 



P a g e  | 32 

 

compared to the viral CMV promoter which gets inactive over time. In vitro 

studies showed significantly higher GFP expression over time in 9L cells 

transduced with RGD4C AAVP carrying the Grp78 promoter compared to cells 

transduced with RGD4C AAVP carrying the CMV promoter. Moreover, 

significantly increased tumor cell killing over time was observed by HSVtk/GCV 

therapy under Grp78 promoter compared to CMV, both in vitro and in vivo 

(Pranjol and Hajitou, 2015). 

Although targeted AAVP vectors are very promising, they have to be improved 

in order to be used for clinical gene therapy. One significant barrier to the 

efficacy of targeted AAVP vectors is proteasomal degradation. Proteasome has 

been shown to be a barrier to gene delivery even for animal viruses such as 

lentiviral vectors and adeno-associated virus (AAV) (Jennings et al., 2005, 

Santoni de Sio et al., 2008). Phage is more susceptible to proteasomal 

degradation compared to animal viruses, as it has been evolved to infect 

bacteria and has not developed strategies to escape from proteasomal 

degradation. 

Other barriers that AAVP vectors have to overcome can be extracellular or 

intracellular barriers. Extracellular barriers, such as the extracellular matrix or 

the cell surface negative charge causing repulsion of the negatively charged 

phage capsid, can obstruct the vectors to enter the target cells (Yata et al., 
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2014, Yata et al., 2015). Intracellular barriers faced by AAVP include the 

mechanism of entry to the target cell, endosomal escape and nuclear transport 

of AAVP genome.  

 

 

Figure 1.5 Structure of the hybrid vector AAV/Phage (AAVP) designed by 

Hajitou et al. (Hajitou et al., 2007, Hajitou et al., 2006). The particle contains a 

chimeric genome of a cytomegalovirus CMV-transgene cassette flanked by 

inverted terminal repeats (ITR) from AAV2 and the genome of M13 

filamentous bacteriophage. RGD4C, the αv-integrin binding ligand, is displayed 

on the pIII coat protein of AAVP in order to achieve ligand-directed targeting of 

tumor cells and tumor vasculature. 
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1.7 Genistein 

Genistein is an isoflavone present in soy (Conklin et al., 2007) and is regarded 

as a phytoestrogen because it is structurally similar to hormones and can bind 

to hormone receptors (Kuiper et al., 1998). Genistein has been shown to 

inhibit the growth and development of several malignancies (Li et al., 2015, 

Spagnuolo et al., 2015, Xiao et al., 2015). Epidemiological studies have shown 

that a soy-rich diet is associated with low risk of breast and prostate cancer 

(Banerjee et al., 2008). Several experimental and clinical investigations suggest 

a therapeutic role of genistein on different types of cancer. Moreover, 

genistein has shown synergistic behaviour when combined with well-known 

anti-cancer drugs such as adriamycin, docetaxel, and tamoxifen (Spagnuolo et 

al., 2015). Genistein has already been used in clinical trials to investigate 

combined therapy of genistein and gemcitabine for the treatment of breast 

cancer patients and also to evaluate the use of genistein together with 

gemcitabine and erlotinib for the treatment of pancreatic cancer patients 

(Shen et al., 2012, Yang et al., 2009). 

 

Moreover, genistein has already been shown to increase AAV2-mediated 

transduction efficiency (Mah et al., 1998, Qing et al., 1997). Importantly, 

genistein has been reported for its ability to interfere with and inhibit cellular 
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pathways, a characteristic that can be used to enhance the gene transfer 

efficacy of RGD4C-AAVP. For instance, the ability of genistein to inhibit the 

chymotrypsin-like activity of proteasome (Kazi et al., 2003), can be used to 

prevent phage degradation by the proteasome. Moreover, the ability of 

genistein to induce G2/M cell cycle arrest could result in increased nuclear 

transport of gene therapy vectors (Cui et al., 2014, Han et al., 2013, Ouyang et 

al., 2009). Consequently, taking into account the safety of genistein, its 

anticancer activity and interference with cellular pathways, we hypothesized 

that combination of genistein with our tumor-targeted RGD4C-AAVP  

biotherapeutic particle would lead to enhanced tumor cell killing along with 

reduced toxicity.  
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Figure 1.6  Genistein molecular structure (from PubChem) 

 

1.8 Doxorubicin 

Doxorubicin is a chemotherapeutic drug that interacts with DNA by 

intercalation. This inhibits the progression of the enzyme topoisomerase II, 

which relaxes supercoils in DNA for transcription. Doxorubicin has been used 

for cancer treatment for over 30 years. While it provides cure in some cases, 

doxorubicin is very toxic on non-cancerous cells and can cause serious side-

effects. This toxicity poses serious risks and forces the treatment to become 

http://en.wikipedia.org/wiki/Intercalation_(chemistry)
http://en.wikipedia.org/wiki/Topoisomerase_II
http://en.wikipedia.org/wiki/Transcription_(genetics)
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dose-limiting (Tacar et al., 2013). Another disadvantage is that some types of 

cancer develop resistance to chemotherapy.  

AAV second-strand synthesis has been shown to be one of the rate-limiting 

steps that significantly impacts upon transduction efficiency by AAV (Ferrari et 

al., 1996, Qing et al., 1997). It has also been shown that genotoxic stress can 

increase AAV-mediated transduction efficiency (Ferrari et al., 1996). 

Doxorubicin has already been published to improve AAV transduction in airway 

cell lines (Yan et al., 2004). It has also been shown that doxorubicin can 

enhance rAAV-2 transduction in rat neuronal cell lines by facilitating nuclear 

translocation of rAAV-2 (Zhang et al., 2009). Doxorubicin has already been 

reported to delay proper chromosome condensation and nuclear envelope 

formation during mitosis (Fasulo et al., 2012). In addition, it has been shown 

that DNA damage caused by doxorubicin can activate DNA repair enzymes, 

such as PARP-1(poly(ADP-ribose) polymerase-1) or Bcl-2/Bax apoptosis 

pathway (Tacar et al., 2013) . 

So, we hypothesized that combining low-dose doxorubicin with our targeted 

RGD4C AAVP vector can increase the AAVP-mediated transduction efficiency 

resulting in increased AAVP-mediated cancer cell killing. We also hypothesized 

that one possible mechanism could be that treatment with low-dose 

doxorubicin can cause moderate DNA damage and trigger DNA repair 
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mechanisms. DNA repair enzymes can facilitate the conversion from single-

stranded DNA to double-stranded DNA which is one of the rate-limiting steps 

for AAVP mediated transduction. Another possible mechanism could be that 

doxorubicin facilitates the nuclear translocation of vector’s genome by 

delaying the chromosome condensation and proper envelope formation during 

mitosis. 

 

 

Figure 1.7 Doxorubicin molecular structure (from PubChem) 
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1.9 Hypotheses of thesis 

 

Hypothesis 1: Combination of genistein with our targeted AAVP vector could 

increase the AAVP-mediated transduction efficiency resulting in higher AAVP-

guided cancer cell killing by delivering therapeutic genes. 

Hypothesis 2: Treatment with genistein can inhibit proteasome-mediated 

degradation of AAVP particles resulting in increased gene expression from 

AAVP. 

Hypothesis 3: Combination of low-dose doxorubicin with our targeted AAVP 

vector could increase the AAVP-mediated transduction efficiency resulting in 

higher AAVP-mediated cancer cell killing. 

Hypothesis 4: Treatment with low-dose doxorubicin can cause moderate DNA 

damage and trigger DNA repair mechanisms. DNA repair enzymes can facilitate 

the conversion from single-stranded DNA to double-stranded DNA necessary 

for gene expression to occur from AAVP. 

Hypothesis 5: Doxorubicin facilitates the nuclear translocation of vector’s 

genome by delaying the chromosome condensation and proper envelope 

formation during mitosis. Therefore, combination of doxorubicin with our 

targeted AAVP vector could result in increased nuclear accumulation of vector 

and subsequently in enhanced AAVP-mediated gene expression efficiency. 
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1.10 Aims of thesis 

 

Aim 1: The aim of this study was to investigate if genistein can increase the 

transduction efficiency of AAVP vectors in cancer cell lines and tumor 

spheroids. This aim also investigated possible mechanisms of genistein effect 

on AAVP efficacy. 

 

Aim 2: The aim of this study was to investigate if doxorubicin can increase the 

transduction efficiency of AAVP vectors in cancer cell lines and tumor 

spheroids. This aim also investigated possible mechanisms of doxorubicin 

effect on AAVP efficacy. 
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Chapter 2 

Materials and Methods 

 

2.1 Materials 

 

2.1.1. Chemical reagents 

 Name  Source 

Genistein Sigma 

Doxorubicin Sigma 

Dulbecco’s Modified Eagle’s Medium 

(DMEM) 

Sigma 

Phosphate buffer saline (PBS) Sigma 

Fetal bovine serum (FBS) Sigma 

Penicillin/Streptomycin Sigma 

L-glutamine  Sigma 

Kanamycin Sigma 

Tetracycline Sigma 

Polyethyleneglycol (PEG) Sigma 

Sodium Chloride (NaCl) Sigma 

Glo Lysis Buffer Promega 

MTT Reagent Sigma 

Ganciclovir  Sigma 

Phenol:Chloroform:Isoamyl alcohol 

25:24:1, Saturated with 10mM Tris 

pH 8.0, 1mM EDTA 

Sigma 
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Chloroform: Isoamyl alcohol 24:1 Biochemica 

Glycogen Acros Organics 

Bradford Reagent Sigma 

Trypan Blue Sigma 

Dimethyl Sulfoxide (DMSO) Sigma 

Paraformaldehyde (PFA) Sigma 

Bovine Serum Albumin (BSA) Sigma 

Saponin Sigma 

Ammonium Chloride Sigma 

Triton X-100 Sigma 

DAPI Sigma 

Prolong Gold antifade reagent Invitrogen 

Q5 Polymerase New England Biolabs 

RIPA buffer Sigma 

Protease inhibitors tablets Roche 

Laemmli buffer (2x) Biorad 

Bradford reagent Sigma 

40% Acrylamide Biorad 

Tris-HCl Sigma 

Ammonium persulfate Sigma 

Sodium Dodecyl Sulphate (SDS) Sigma 

N,N,N’,N’-

tetramethylethylenediamine 

(TEMED) 

 

Sigma 
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Tris/Glycine/SDS 10x concentrate 

(Running buffer) 

Sigma 

Tris/Glycine 10x concentrate 

(Transfer buffer) 

Sigma 

methanol Sigma 

Non-fat milk powder Marvel 

Tween 20 Sigma 

Pierce ECL Western Blotting 

Substrate  

Thermoscientific 

Agarose Sigma 

Low melting agarose Sigma 

N- lauroylsarcosine Sigma 

EDTA disodium salt Sigma 

  

Table 2.1: Chemical reagents used during the investigation 

 

 

 

 

2.1.2. Kits 

Name Source 

Steady-Glo luciferase assay kit  

 

Promega 

CellTiter-Glo cell viability assay kit 

 

Promega 

Table 2.2: Kits used during the investigation 
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2.1.3. Antibodies 

Primary antibodies    

Name Conjugation Species 

raised 

Source 

anti-M13-bacteriophage - rabbit Sigma 

anti-ubiquitin - mouse Invitrogen 

anti-PARP antibody - rabbit Cell 

Signalling,9532 

anti-GAPDH antibody - mouse Santa Cruz 

 

Secondary antibodies    

Name Conjugation Species 

raised 

Source 

anti-rabbit AlexaFluor-647 goat Invitrogen 

anti-mouse AlexaFluor-488 goat Invitrogen 

anti-rabbit HRP goat Jackson 

Immunoresearch 

anti-mouse HRP goat Jackson 

Immunoresearch 

Table 2.3: Antibodies used during the investigation 
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2.1.4. Cell lines 

Name    Tissue origin  Source 

9L     Rat glioma  Dr Hrvoje Miletic 

(University of 

Bergen, Norway) 

M21 Human Melanoma  Dr David Cheresh 

(American Type 

Culture Collection) 

Table 2.4: Cell lines used during the investigation 

 

 

2.1.5. Oligonucleotides 

Oligonucleotides 

(Primers) 

Sequence 

Forward 5’-ATGAATACGGCTACAGCAACAGG-3’ 

Reverse 5’-CTCTTGCTCAGTGTCCTTGCTG-3’ 

Table 2.5: Primer sequences used in PCR on the ITR domain of AAVP genome. 
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2.2 Methods 

 

2.2.1. AAVP preparation 

 

AAVP preparation 

A loopfull of K91 from Luria-Bertani (LB) plate containing 50 μg/ml kanamycin 

was used to inoculate 7 ml of TB (Terrific broth) without antibiotic, which was 

then grown at 37 oC with shaking at 250 rpm until optical density reaches mid-

log phase (OD600 between 1.5-2.0). 1ml starter culture was incubated with 

AAVPs for 1 hour at room temperature. Then the mixture was added to 1000 

ml LB broth containing 50 μg/ml kanamycin and 40 μg/ml tetracycline. The 

culture was grown overnight (preferably 16-20 hours) in two 2L flasks at 37 oC 

with shaking at 250 rpm. 

 

 

AAVP purification 

The overnight cultures were centrifuged at 6,000 x g for 20 min at 4 oC. The 

supernatant was collected and the bacteria pellet was discarded. Cold 

Polyethylene-glycol/ Sodium chloride (PEG/Nacl) was added to the supernatant 

(15% of supernatant volume) and incubated on ice after mixing very well. After 

2-3 hours incubation on ice the mixture was centrifuged for 30 minutes at 
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10,000 x g and the supernatant was then discarded. The pellet, containing the 

AAVP particles, was resuspended in Phosphate buffer saline (PBS) by shaking 

for 30 minutes in a 37 oC shaker incubator at 250rpm. After the pellet was 

dissolved, PEG/Nacl was added (15% of solution volume) and the mixture was 

incubated on ice for 30min-1hour. Following incubation, the mixture was 

centrifuged at 14,000 x g for 30 minutes at 4oC. The supernatant was discarded 

and the pellet was resuspended in 1 ml PBS by shaking for 30 minutes in a 37 

oC shaker incubator at 250rpm. To remove the remaining bacterial debris, the 

AAVP solution was centrifuged at 13,000 x g for 10 minutes at room 

temperature. The supernatant containing the AAVP particles was then filtered 

through a 0.45μm filter. The resulting phage solution was then titrated 

according to the following protocol. 

 

AAVP titration 

The titration was carried out by preparing serial dilutions of the AAVP in PBS 

(10-6-10-9) and infecting K91 host bacteria.  A loopfull of K91 from Luria-Bertani 

(LB) plate containing 50 μg/ml kanamycin was used to inoculate 7 ml TB 

(Terrific broth) without antibiotic, which was then grown at 37 oC with shaking 

at 250 rpm until optical density reaches mid-log phase (OD600 between 1.6-



P a g e  | 48 

 

2.0). 1ml starter culture was incubated with 5 μl of the diluted AAVP for 20 min 

at room temperature without shaking to allow infection. 200 μl of the mixture 

were plated on LB agar plates containing 50 μg/ml kanamycin and 40 μg/ml 

tetracycline. The plates were incubated in a 37 oC incubator for 16 hours and 

colonies were formed. The titer of AAVP is calculated by counting the number 

of colonies multiplied by the dilution of the AAVP and is expressed as bacterial 

transducing units per μl (TU/μl) as previously described (Hajitou et al., 2007). 

 

2.2.2. Cell culture 

2.2.2.1 Maintenance of cell stocks 

Human M21 melanoma cells were purchased from the ATCC while the rat 9L 

glioblastoma cells were a gift from Dr Hrvoje Miletic (University of Bergen, 

Norway). We investigated our hypotheses in these two cell lines from different 

histopathological types and species. Another reason for choosing these two 

cell lines is that 9L cells exhibit a bystander effect (described in the 

Introduction) while M21 do not. 

Both cell lines were maintained in a humidified incubator at 37 oC in 5% CO2 

and cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 10% 

fetal bovine serum (FBS), penicillin (100 units/ml), streptomycin (100 μg/ml), 
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and L-glutamine (2 mmol/l). The FBS was heat-inactivated for 1 hour at 56 oC 

to destroy complement before use. Genistein stock solution of 150 mM in 

dimethyl sulfoxide (DMSO) was prepared. Doxorubicin stock solution of 500 

μM in PBS was prepared. 

2.2.2.2 Storage of cell stocks 

Monolayer cultures grown in 175 cm2 flasks, were trypsinized and the cell 

suspension was transferred to a 50 ml tube and centrifuged at 1000 rpm for 5 

minutes. The pellet was resuspended in 10 ml of freezing medium containing 

95% (v/v) FBS and 5% (v/v) dimethyl sulfoxide (DMSO). Aliquots of 1 ml cell 

suspension were added to cryotubes. The vials were then placed in 

cryofreezing containers with isopropanol and then placed at -80 oC overnight. 

Subsequently the vials were transferred to liquid nitrogen for long term 

storage. 

 

2.2.3. Mammalian cell transduction by AAVP in monolayer cell cultures 

9L and M21 cells were trypsinized and counted by a haemocytometer. A 

suspension of 30,000 cells in total volume of 500 μl of complete DMEM were 

seeded on 48-well flat-based plates (corning) and grown in CO2 incubator at 

37oC for 48 hours until they reach 70-80% confluence. Subsequently, cells were 
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transduced with targeted or control non-targeted AAVP vectors (106 TU/cell for 

HSVtk carrying vectors, 2.5 x 105 TU/cell for GFP carrying vectors, and 104 

TU/cell for Luc carrying vectors) in serum-free medium (150 μl total volume 

per well). The plate was then incubated at 37 oC in the CO2 incubator for 4 

hours and manually rotated every 30 min during incubation. After 4 hours, 350 

μl of complete medium were added to make up a total volume of 500 μl per 

well. The plate was then incubated in the CO2 incubator at 37oC. The medium 

was renewed every two days. Depending on the experiment, transduction 

efficiency was assessed by the expression of reporter genes at various 

indicated time points. The different amount of TU/cell between vectors 

carrying different transgenes is related to the sensitivity of the reporter gene 

assay. For example, luciferase assay is very sensitive and we had to use 104 

TU/cell in order to avoid saturation of signal. 

 

2.2.3.1 Genistein treatment in monolayer cell cultures 

Genistein stock solution of 150 mM in dimethyl sulfoxide (DMSO) was 

prepared. Genistein was diluted in complete medium and added to the cells at 

a final concentration of 150 μM (Qing et al., 1997).  After 2 hrs treatment, 

genistein-containing medium was removed and cells were washed with serum-
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free medium. Following treatment with genistein, cells were transduced with 

targeted or control non-targeted AAVP vectors in serum-free medium as 

described above. 

 

2.2.3.2 Doxorubicin treatment in monolayer cell cultures 

Doxorubicin stock solution of 500 μM in PBS was prepared. Doxorubicin was 

diluted in 150 μl serum-free medium per well of 48-well plate containing AAVP 

vectors at a final concentration of 0.5 μΜ for 9L cells and 0.6 μM for M21 cells 

and was added to the cells at the same time with AAVP vectors. After 4 hours, 

350 μl of complete medium containing doxorubicin were added to make up a 

total volume of 500 μl per well. 24 hours after doxorubicin treatment, medium 

was removed, cells were washed with PBS and fresh complete medium 

without doxorubicin was added. 

 

2.2.4. Cytotoxicity assay 

Cytotoxicity of genistein and doxorubicin were assessed using the MTT assay. 

MTT is colorimetric assay to measure cell viability based on mitochondrial 

activity. NAD(P)H-dependent cellular oxidoreductase enzymes are capable of 

reducing the tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
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diphenyltetrazolium bromide to its insoluble formazan, which has a purple 

color, indicating the number of viable cells present. 9L and M21 cells were 

plated in 96-well plates at a density of 4 x 103cells/well. Next day, complete 

medium (100 μl) containing different concentrations of drug was added to cells 

in triplicates. After 2 hours treatment with genistein or 24 hours treatment 

with doxorubicin, the drug-containing medium was removed and replaced with 

100 μl fresh medium. MTT assay was carried out 48 hrs later. 20 μl MTT 

solution was added on the top of the growth medium in each well of 96-well 

plate. The plate was then placed on a shaker for 5 minutes to thoroughly mix 

the MTT into the media. Subsequently, the plate was incubated for 4 hours at 

37 oC in CO2 incubator. Following incubation, the media was removed carefully 

without disturbing the MTT product. MTT product was then solubilised in 100 

μl DMSO and the plate was incubated for 1 hour at room temperature on a 

plate shaker. Optical density was read at 570 nm using a plate reader. 

 

2.2.5. Examination of reporter gene expression 

Quantification of luciferase expression was carried out using Steady-Glo 

luciferase assay. Medium was removed and 110 μl of Glo Lysis buffer, was 

added per well of 48 well plate. After 10 min incubation, 50 μl of the cell lysate 

was transferred to a 96-well white opaque microplate (BD Falcon) and mixed 

https://en.wikipedia.org/wiki/Phenyl
https://en.wikipedia.org/wiki/Formazan
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with an equal volume of Steady-Glo® luciferase substrate. After 10 min the 

plate was read using a Promega Glomax plate reader. Luciferase expression 

was normalized to 100 μg protein levels from cell lysate as determined by the 

Bradford assay. Results are shown as Relative Luminescence Units (RLU) per 

100 μg of protein. GFP expression was visualized using a Nikon Eclipse TE2000-

U fluorescence microscope. 

 

2.2.6. Determination of tumor cell killing in vitro 

9L and M21 cells were seeded in 48 well-plates for 48 hours until they reach 

70-80% confluence. Then, cells were transduced with RGD4C-AAVP-HSVtk 

(RGD-HSVtk) targeted vector or control non-targeted vector carrying the 

Herpes simplex virus thymidine kinase (HSVtk) gene with or without 

genistein/doxorubicin treatment. Ganciclovir (GCV) was added to the cells at a 

concentration of 20 µM at day 3 post vector transduction and renewed daily. 

Cancer cell killing was quantified at 0, 24, 48, 72, 96 hours post GCV treatment. 

Cells were counted by using the trypan blue exclusion methodology. Results 

were normalized to non-targeted vector (fd-HSVtk). 
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2.2.7. 3D model of multicellular tumor spheroid culture and treatment 

9L and M21 multicellular tumor spheroids were prepared by seeding 5 x 103 

cells into a 96-well ultra-low attachment surface plate (Corning, Nottingham, 

UK) in 200 μl complete medium. After 48 hours of incubation, a spheroid was 

formed in each well. Then, after removing 100 μl of media, spheroids were 

transduced with targeted AAVP vectors or control non-targeted vectors in 100 

μl complete medium with or without 2 hours pretreatment with genistein (150 

μΜ). Doxorubicin treatment was carried out by co-administration of 

doxorubicin with AAVP vectors in final concentration of 0.5 μΜ for 9L and 0.6 

μΜ for M21 spheroids. After 24 hours, the medium was replaced with 200 μl 

complete medium and renewed every 3 days by fresh complete medium. GFP 

gene expression was evaluated using fluorescent microscopy at day 10 post-

transduction. When spheroids were transduced with vectors carrying the 

HSVtk gene, GCV (20 μΜ) was added on day 5 post-transduction and renewed 

every 2-3 days. Cell viability was evaluated on day 5 and day 7 post-GCV 

treatment on 9L and M21 spheroids respectively using CellTiter-Glo assay. 

First, medium was removed and then 100 μl of Glo Lysis buffer were added in 

each well. After 30 min incubation, M21 spheroids were dissolved by pipetting 

in the Lysis Buffer while 9L spheroids were dissolved using sonicator. 50 μl of 

the lysate was then transferred to a 96-well white opaque microplate (BD 
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Falcon), mixed with an equal volume of CellTiter-Glo substrate and read with a 

Promega Glomax plate reader. 

 

2.2.8. Nuclei extraction 

9L cells were plated on 48-well plates (70-80% confluent) and transduced with 

RGD-Luc targeted or fd-Luc control non-targeted vectors in serum-free 

medium for 4 hours with or without 2 hours pretreatment with genistein. The 

same experiment was carried out with doxorubicin by co-administration of 

doxorubicin and AAVP vectors in serum-free medium. On day 4 after 

transduction, cells were harvested and nuclei were extracted as previously 

reported (Cervelli et al., 2008). Cells were washed with PBS, trypsinized and 

then pelleted by centrifugation at 1,500 x g for 5 min. The pellet was washed 

with PBS and pelleted again by centrifugation at 1,500 x g for 5min. 

Subsequently, the pellet was resuspended in hypotonic buffer (20mM Hepes-

KOH [pH 8.0], 5mM KCl, 1.5mM MgCl2, 5mM Na butyrate, 0.1mM dithiothreitol 

[DTT]) and lysed by Dounce homogenization. Nuclei were collected by 

centrifugation (10 min, 16,000 x g, 4oC) and resuspended in 200 μl nuclear 

extraction buffer (15mM Tris-HCl [pH 7.5], 1mM EDTA, 0.4 M NaCl, 10% 

sucrose, 1mM DTT). DNA was extracted using Phenol/Chloroform and 

precipitated by ethanol.  
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2.2.9. DNA extraction using Phenol-Chloroform 

In the 200 μl of nuclei sample equal volume of the phenol/chloroform/isoamyl 

solution was added. The solution was mixed vigorously by vortex for 1 minute 

and then it was spun at 13,000 x g for 5 minutes. The top aqueous phase (~ 180 

μl) was removed carefully and placed into a new tube (TUBE 2) without picking 

up any of the phenol/chloroform/isoamyl phase. 200 μl of Elution Buffer (EB) 

were added to the first tube (TUBE 1). The solution was mixed vigorously by 

vortex for 1 minute and then it was spun at 13,000 x g for 5 minutes. The top 

aqueous phase (~ 180 μl) was removed carefully and placed into TUBE 2. In 

TUBE 2 equal volume (~ 360 μl) of chloroform/isoamyl alcohol was added. The 

solution was mixed vigorously by vortex for 1 minute and then it was spun at 

13,000 x g for 5 minutes. The top aqueous phase (~ 300-320 μl) was removed 

carefully and placed into a new tube (TUBE 3) without picking up any of the 

chloroform/isoamyl phase. 

 

2.2.10. Ethanol precipitation 

In TUBE 3, 1/10 volume of 3M sodium acetate (NH4OAc), pH 5.2 was added. In 

addition, 1 μl of glycogen (20 μg) was added and the solution was mixed well. 

Subsequently, 2.5x volume of 100% ethanol was added, the solution was 
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mixed and incubated at -20 oC overnight. Next day the solution was spun for 20 

minutes in a 4oC centrifuge at top speed. The supernatant was carefully 

discarded without disturbing the pellet. The pellet was washed by adding 500 

μl of 70% ethanol and mixing by vortex three times. The solution was spun for 

15 minutes in a 4oC centrifuge at top speed. The supernatant was carefully 

discarded without disturbing the pellet. The pellet was washed again by adding 

500 μl of 70% ethanol, mixing by vortex three times and spun for 15 minutes in 

a 4oC centrifuge at top speed. The supernatant was carefully discarded without 

disturbing the pellet. Residual ethanol was removed with a P20 pipette after a 

quick spin on a table top centrifuge. The pellet was air-dried for 2 minutes and 

then resuspended in 20 μl EB. 

 

2.2.11. Semi-quantitative PCR analysis 

After extraction and ethanol precipitation, DNA was used as template for PCR 

targeting the ITR domain of the vector in order to semi-quantify the amount of 

vector in the nucleus with or without treatment with genistein or doxorubicin.  

The same amount of DNA was used as template for PCR in the GAPDH gene. 

PCRs were performed in a 25- μl volume containing 2 mM MgCl2, 0.4 mM 

dNTP mixture, 0.2 μΜ forward ITR primer (fwd ITR primer, 5’-
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GGAACCCCTAGTGATGGAGTT-3’), 0.2 μΜ reverse ITR primer (rev ITR primer, 5’-

CGGCCTCAGTGAGCGA-3’), 10 ng DNA template and 1 Unit of Q5 polymerase . 

The PCR program contained an initial denaturation step at 98 oC for 10 min 

followed by 35 cycles of denaturation at 98 oC for 15 sec, annealing at 61.5 oC 

for 30 sec, and extension at 72 oC for 1 min, with a final extension after the last 

cycle at 72 oC for 5 min (Aurnhammer et al., 2012).The 62-bp PCR product was 

analysed on a 4% agarose gel. The band intensity of the pcr product was 

quantified using ImageJ software and normalised to GAPDH pcr product (Fwd 

gapdh primer: 5’-ATGAATACGGCTACAGCAACAGG-3’, Rev gapdh primer: 5’-

CTCTTGCTCAGTGTCCTTGCTG-3’).  

 

2.2.12. Internalization assay 

Internalization assay was performed as previously described (Yata et al., 2014). 

After 2 hours pre-treatment with medium containing genistein, cells were 

transduced with targeted and control non-targeted vectors (106 TU per cell)  in 

serum-free medium for 1, 2 and 4 hours at 37oC incubator. The same 

experiment was carried out with doxorubicin by co-administration of 

doxorubicin and AAVP vectors in serum-free medium. Subsequently, cells were 

cooled on ice to stop endocytosis and washed three times with PBS to remove 
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unbound vectors. Cells were trypsinized for 5 min at 37 °C (to remove surface-

bound phage) and pelleted by centrifugation at 2000 rpm for 5 min. 

Subsequently, cells were fixed in 4% paraformaldehyde (PFA, pH 7.2) for 10 

minutes at room temperature. Untreated cells were used as negative controls. 

Cells were blocked with 0.1% saponin in 2% bovine serum albumin in PBS (BSA-

PBS) for 30 minutes. To detect internalised phage-derived vectors, cells were 

stained with rabbit anti-M13-bacteriophage antibody (diluted 1:1000) in 0.1% 

saponin in 1% BSA-PBS for 1 hour at room temperature. Cells were washed 

three times (pelleted and resuspended) in 0.1% saponin in 1% BSA-PBS. 

Subsequently, cells were incubated with the secondary antibody, goat anti-

rabbit AlexaFluor-647 (diluted 1:500) for 1 hour at room temperature. Finally, 

cells were washed twice with 0.1% saponin-PBS and resuspended in PBS before 

analysis. 

Fluorescence-activated cell sorting (FACS) analysis was carried out using a 

FACscalibur Flow cytometer (BD Biosciences). The mean fluorescence intensity 

was measured for at least 10,000 gated cells per triplicate well. Results were 

analysed using Flowjo (TreeStar) software. 
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2.2.13. Attachment assay 

9L cells were seeded in 48-well plates and grown for 48 hours until they reach 

70-80% confluence. Genistein was diluted in complete medium and added to 

the cells at a final concentration of 150 μM (Qing et al., 1997).  After 2 hours, 

genistein-containing medium was removed and cells and cells were treated 

with targeted or control non-targeted AAVP vectors (106 TU per cell) in serum-

free medium (150 μl total volume per well). The same experiment was carried 

out with doxorubicin by co-administration of doxorubicin and AAVP vectors in 

serum-free medium. The 48-well plates were placed on ice for 1 hour to 

prevent internalisation of AAVP.  After 1 hour, supernatants were collected 

and serially diluted in PBS. The amount of AAVP particles in the supernatant 

was quantified using the K91 bacterial infection method, as previously 

described (Hajitou et al., 2007). 

 

2.2.14. Immunofluorescence staining  

9L cells were seeded on 18 mm2 coverslips in 12-well plates. After 48 hours, 

cells were approximately 80% confluent and were infected by targeted phage 

(106 TU per cell) in serum-free medium with or without 2 hours pretreatment 

with Genistein (150 μM). After 4 hours, 350 μl of complete medium were 
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added to make up a total volume of 500 μl per well. After 2 hours (6 hours 

post-transduction), cells were washed with PBS and fixed in 4% 

paraformaldehyde (PFA). Cells were then incubated in 50 mM Ammonium 

Chloride for 5 min, permeabilized with 0.2 % Triton X-100, washed, and 

blocked with PBS containing 2% BSA. Subsequently, cells were incubated with 

rabbit anti-M13 bacteriophage (diluted 1:1000) and mouse anti-ubiquitin 

(diluted 1:200) diluted in 1% BSA at 4oC overnight. Next day, cells were washed 

with PBS and incubated for 1 hour at room temperature with 1% BSA 

containing goat anti-rabbit AlexaFluor-647 and goat anti-mouse AlexaFluor-488 

secondary antibodies (diluted 1:750) and also DAPI (diluted 1:2000). Cells were 

washed three times in PBS and twice in distilled water, allowed to air-dry and 

mounted in Prolong Gold antifade reagent. Images were acquired with a Leica 

laser confocal microscope. Semi-quantification of the ubiquitin staining was 

carried out calculating the corrected total cell fluorescence (CTCF = Integrated 

Density – (Area of selected cell X Mean fluorescence of background readings)) 

using ImageJ software. 
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2.2.15. Sample preparation for Western blotting 

The cell culture dish was placed on ice and the cells were washed with cold 

PBS. RIPA buffer (containing protease inhibitors) was added and the cells were 

kept on ice for 15 minutes. The cells were scraped off the dish using a plastic 

cell scraper and the cell lysate was transferred to a microcentrifuge tube. The 

tubes were spun at 16,000 x g for 20 minutes in a 4oC pre-cooled centrifuge. 

The supernatant was transferred to a fresh tube, also kept on ice, and the 

pellet was discarded. A small volume of the lysate (1-5 μl) was used to 

determine the protein concentration (described in 2.2.16) and the samples 

were stored at -20 oC. 50 μg from each sample were mixed with equal volume 

of 2x Laemmli buffer and the samples were boiled at 95 oC for 5 minutes. 

 

2.2.16 Protein concentration determination (Bradford assay) 

Bradford assay is a colorimetric protein assay. It is based on a shift in the 

absorption maximum of the Coomassie Brilliant Blue dye from 465nm to 

595nm when it binds to proteins. The bound form of the dye (blue) has an 

absorption spectrum maximum at 595 nm. The unbound forms are green or 

red. The binding of the dye to the protein stabilizes the blue form. The increase 

https://en.wikipedia.org/wiki/Absorption_spectrum
https://en.wikipedia.org/wiki/Nanometre
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in absorbance at 595 nm is proportional to the amount of bound dye (blue), 

and thus to the amount (concentration) of protein present in the sample. 

The sample protein concentrations were calculated by linear regression from 

the standard curve. Standard samples ranging from 0-1 mg/ml BSA were 

prepared. The lysed cell samples were diluted to ensure they fall within the 

linear part of the standard curve. The samples and the standards were added 

in duplicate into a 96-well plate (5 μl/well) followed by addition of 250μl of 

Bradford assay reagent. After 5 minutes colour equilibration at room 

temperature the plate was read on Promega Glomax plate reader at 595 nm.  

 

2.2.17. Protein separation by gel electrophoresis 

Proteins were separated by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) using acrylamide gels [8% v/v acrylamide, 375 mM 

Tris-HCl, 1mg/ml sodium dodecyl sulphate (SDS), 0.775 mg/ml N,N,N’,N’-

tetramethylethylenediamine (TEMED) and 1 mg/ml ammonium persulfate, pH 

8.8]. The stacking gel consisted of 6% v/v acrylamide, 78 mM Tris-HCl, 1mg/ml 

SDS, 0.775 mg/ml TEMED and 1mg/ml ammonium persulfate at pH 6.8. Equal 

amounts of protein samples were loaded in individual wells along with 
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molecular weight marker. The gel was run at 100V for around 60-90 minutes 

(Running buffer: 25 mM Tris, 192 mM glycine, 0.1% SDS at pH 8.3). 

 

2.2.18 Transferring protein from the gel to membrane 

The PVDF membrane (Millipore) was activated by emerging in methanol for 1 

minute and washed in transfer buffer (25mM Tris, 192 mM glycine and 20% 

methanol at pH 8.3). The gel containing the separated proteins was placed in 

the transfer buffer for 10min. The transfer sandwich was prepared without air 

bubbles trapped in it, and then it was placed in the tank containing the transfer 

buffer and an ice block. The proteins were transferred to PVDF membrane by 

electrophoresis at 400mA for 1 hour at room temperature (or 10mA overnight 

transfer at 4oC).  

 

2.2.19 Western blot with chemiluminescent detection 

The PVDF membrane was washed for 10 minutes in Tris-buffered saline with 

Tween 20 (TBST; 20mM Tris pH 7.5, 150mM NaCl, 0.1% Tween 20), and 

incubated in 5% non-fat milk powder in TBST for 1 hour at room temperature 

on a rocking platform. The membrane was then incubated at 4oC overnight 

under agitation with rabbit monoclonal anti-PARP antibody diluted 1:1000 in 
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5% non-fat milk in TBST. Next day, the membrane was washed 3 times (15 

minutes each wash) with TBST and incubated with horseradish peroxidase 

(HRP) conjugated anti-rabbit IgG antibody at 1:3000 in TBST for 1 hour at room 

temperature under agitation. The membrane was washed 4 times (15 minutes 

each) and antibody binding was visualised by enzymatic chemiluminescence 

(ECL) according to manufacturer’s instructions. 

To ensure equal amounts of protein were loaded, the membrane was then 

washed with TBST and incubated in 5% non-fat milk in TBST for 1 hour at room 

temperature on a rocking platform. The membrane was then incubated with 

mouse monoclonal anti-GAPDH antibody at 1:1000 in TBST for 1 hour at room 

temperature. The membrane was washed (3 times, 15 minutes per wash) and 

incubated with HRP-conjugated anti-mouse IgG antibody at 1:3000 in TBST for 

1 hour at room temperature on a rocking platform. The membrane was 

washed (4 times, 15 minutes per wash) and the bands were visualised by ECL 

detection. 

The proteins were visualised by exposure of the membrane to X-ray film for up 

to 5 minutes following development using automated machine.  
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2.2.20. Comet Assay 

Comet assay is a single cell based technique that allows to detect and quantify 

DNA damage. Comet assay essentially measures the degree of relaxation as 

well as fragmentation of DNA within the cell.  

The standard slides were immersed vertically in 1% normal melting agarose in 

dH20 at 55 oC and left vertically to allow the agarose to solidify. The slides were 

stored at 4oC until use. Approximately 10,000 cells were counted and mixed 

with 85 μl of 0.7% low melting agarose in PBS at 37 oC. The cell suspension was 

pipetted and spread onto the first agarose layer using a coverslip. The slides 

were kept at 4oC for 10 minutes for the second layer to solidify. The coverslips 

were then removed. A third layer of 100 μl 0.7% low melting agarose was 

added, covered with a coverslip and again allowed to solidify at 4oC for 10 

minutes. The coverslips were again removed. After the top layer of agarose 

was solidified, the slides were immersed in cold lysis buffer (2.5M NaCl, 0.1 M 

Na2EDTA, 0.01 M Tris-HCl, 1% N- lauroylsarcosine sodium salt, pH adjusted at 

10, then 1% Triton X-100 and 10% DMSO were added just before use). The 

slides were kept at 4oC in the dark for at least 1 hour to lyse the cells and to 

allow DNA unfolding. The slides were removed from the lysis buffer, drained 

and placed in a gel electrophoresis machine, side by side. The tank was filled 

with fresh cold electrophoresis solution (1mM Na2EDTA, 0.3M NaOH) at 4oC 
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and pH 12.8. Before electrophoresis, the slides were left in the solution for 20 

minutes to allow the unwinding of DNA. The electrophoresis was carried out at 

300mA for 20 minutes at 4oC in the dark. During electrophoresis, DNA 

fragments (damaged DNA) migrates away from the nucleus forming the ‘’tail’’ 

of the comet. The size of the ‘’tail’’ is proportional to the damaged DNA. After 

electrophoresis, slides were gently washed with neutralization buffer (0.3M 

Tris-HCl, pH 7.5) to remove alkali and detergent, and stained with DAPI (5 

μg/ml) in mounting medium. 

Individual nuclei were viewed using a fluorescent microscope. Images of 50 

randomly selected nuclei were captured and analysed using ImageJ software. 

 

2.2.21 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (version 

5.0). Data are expressed as mean ± standard error of the mean (s.e.m.) P 

values were generated by one-way ANOVA and Tukey tests. P values were 

considered significant when <0.05 and denoted as follows: *p<0.05, **p<0.01, 

***p<0.001. 
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Chapter 3 

The natural dietary genistein boosts bacteriophage-mediated 

cancer cell killing by improving phage-targeted tumor cell 

transduction 

 

3.1. Introduction 

The concentration of genistein that was previously reported to enhance gene 

delivery by AAV vectors is 150 μM (Qing et al., 1997). First, we set out to 

investigate if this concentration is toxic, therefore we performed MTT assay in 

9L and M21 cancer cell lines. We found that this concentration is not toxic, so 

we used it for further experiments. The next step was to investigate our 

hypothesis in 9L and M21 cell lines (2D model) using RGD4C-AAVP carrying 

reporter genes (GFP, firefly luciferase reporter genes) or RGD4C-AAVP carrying 

the Herpes simplex virus thymidine kinase (HSVtk) which kills cells in the 

presence of ganciclovir. The same experiments were carried out in 3D 9L and 

M21 tumor spheroid models. Finally, we investigated potential mechanisms 

that genistein increased RGD4C-AAVP mediated transduction efficiency. 
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3.2. Cytotoxicity of genistein on 9L and M21 cells 

First, we sought to assess the cytotoxicity of genistein in vitro on 9L and M21 

cancer cell lines. Tumor cells were treated with increasing concentrations of 

genistein ranging from 100 to 800 μM for 2 hours and compared to non-

treated cells. Subsequently, cell survival was assessed at 48 hours post drug 

treatment. The data show that tumor cell death raised as the concentration of 

the drug increased (Figure 3.1) for both 9L and M21 cancer cells with a more 

pronounced effect on the 9L glioblastoma cells than M21 melanoma cells. 

Cytotoxic doses expressed as IC50 values, corresponding to inhibitory 

concentration required to induce the cell death by 50%, are shown by the lines 

on the graphs to approximate the IC50 value (Figure 3.1). We found that 50% of 

cell death in the presence of genistein was induced by ∼650μM in 9L cells 

(Figure 3.1A), while in M21 cells, 50% of cell death was achieved at a dose of 

over 800 μM (Figure 3.1B). Next, to assess the effect on tumor cell killing by 

RGD4C-AAVP, we selected genistein concentration of 150 μM for both 9L and 

M21 cancer cells, as this dose is below the IC50 and cause little toxicity, and was 

previously reported to enhance gene delivery by human-derived viral vectors 

(Qing et al., 1997).  
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9L cells 

M21 cells 

Figure 3.1 Cytotoxicity of genistein on 9L and M21 cells. 9L (A) and M21 (B) cells were 
cultured in 96-well plates, then treated with increasing concentrations of genistein ranging 
from 100 to 800 μM for 2 hours. Subsequently, cells were grown for further 48 hours without 
the drug. Cell survival was determined by using the MTT assay and expressed as percentage of 
cells counted in parallel cultures without drug. The assay was repeated twice in triplicate and 
the results shown are representative of one experiment. Data represent the mean ± standard 
error of the mean (s.e.m.) of triplicate samples from one representative experiment. 
 

 

A 
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3.3 Genistein drug treatment boosts cancer cell death by phage-mediated 

suicide gene killing  

To test tumor cell killing efficacy, we used the RGD4C-HSVtk vectors encoding 

the gene for the Herpes simplex virus thymidine kinase (HSV1tk) mutant SR39 

(Black et al., 2001) which kills cells in the presence of ganciclovir, GCV (Figure 

3.2). 9L and M21 cells were transduced with RGD-HSVtk or control non-

targeted vector fd-HSVtk (without RGD) carrying the HSVtk gene with or 

without 2 hours pretreatment with genistein. The cells were then treated with 

GCV (20 μM) at day 3 post vector transduction. Cancer cell killing was 

quantified at 0, 24, 48, 72, 96 hours post GCV treatment. Results were 

normalized to non-targeted vector which didn’t show any tumor cell death 

(data not shown). In both cancer cell lines, the combination treatment with 

genistein and RGD-HSVtk therapy resulted in greater cell killing compared to 

cells treated cells with RGD-HSVtk or genistein drug alone (Figure 3.2). For 

instance, at 72 hours post GCV treatment, combination treatment induced 

91.6% and 70.5% killing of 9L and M21 cancer cells, respectively (Figure 3.2), 

compared to 79.5% and 44.7% death induced by vector alone in 9L and M21 

cells, respectively, and 69.8% death and 49.6% death induced by genistein 

alone in 9L and M21 cells, respectively. These data show that drug treatment of 
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cancer cells with an isoflavone is a promising approach to enhance targeted 

gene therapy by RGD4C-AAVP. 

 

 
 

                     

 

 

 

9L cells 

A 

M21 cells B 

Figure 3.2 Genistein increased the cell death after transduction with RGD-HSVtk (+GCV) in 9L 
and M21 cells. 9L (Α) and M21 cells (B) grown in 48 well-plates (60-80% confluent) were 
transduced with RGD-HSVtk targeted  vector or control non-targeted vector with or without 2 
hours pretreatment with genistein (150μΜ). The cells were treated with GCV (20 μM) at day 3 
post vector transduction and renewed daily. Cancer cell killing was quantified at 0, 24, 48, 72, 
96 hours post GCV treatment. Cells were counted by using the trypan blue exclusion 
methodology. Results were normalized to non-targeted vector. The experiment was repeated 
twice in triplicate and the results shown are representative of one experiment. Data represent 
the mean ± standard error of the mean (s.e.m.) of triplicate samples. P values were generated 
by one-way ANOVA and tukey’s post hoc tests. P values were considered significant when <0.05 
and denoted as follows: n.s.-not significant, *p<0.05, **p<0.01, ***p<0.001. 
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3.4 Genistein increases targeted reporter gene transfer by the RGD4C-AAVP in 

9L and M21 cancer cells in vitro 

To gain insight into the improved tumor cell killing by RGD4C-HSVtk following 

combination with genistein, we investigated the effect of genistein on gene 

delivery by RGD4C-AAVP. We first conducted qualitative analyses of transgene 

expression by using vectors carrying the reporter gene of the green fluorescent 

protein (GFP) and combined with 2 hours pretreatment with 150 μΜ of 

genistein (Figure 3.3). Fluorescent microscopic analysis of GFP expression at 

day 4 post vector transduction showed that in both cell lines the combination 

treatment of RGD-GFP and genistein, resulted in significantly higher GFP 

expression, compared to RGD-GFP vector alone in both 9L and M21 tumor cells 

(Figure 3.3). Next, to confirm the increased gene delivery by RGD4C-AAVP in 

combination with genistein, we carried out a quantitative analysis of transgene 

expression over a time course of 4 days post vector transduction by using 

RGD4C-Luc vectors expressing the firefly Luc reporter gene (Figure 3.4). 

Consistently with GFP reporter transgene expression experiments, we 

observed a significant increase in RGD4C-mediated Luc expression at various 

time points post vector transduction by genistein treatment in both 9L and 

M21 cancer cells compared to cells treated with the vector alone. For instance, 

at day 4 post-transduction, quantitative analysis of Luc transgene expression 
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showed that the combination treatment (RGD-Luc + Genistein) resulted in ~ 4.7 

fold and ~3.8 fold increase in luciferase expression in 9L and M21 cells, 

respectively, compared to RGD-Luc treatment alone. Moreover, in 9L cells, 

initiation of the luciferase expression occurred as early as day 2 post vector 

transduction, in the presence of genistein (Figure 3.4). Importantly, no 

luciferase expression was detected in cells transduced with non-targeted fd-Luc 

vector alone or in combination with genistein, which shows that genistein does 

not affect the specificity and targeting of the RGD4C-AAVP vector. 
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9L cells 

M21 cells 

Figure 3.3 Genistein increased the transduction efficiency in 9L and M21 cells. 9L (A,B) 
and M21 cells (C,D) were plated on 48-well plates (70-80% confluent) and transduced 
with RGD-GFP targeted or control non-targeted vectors in serum free medium for 4 
hours with or without 2 hours pretreatment with genistein (150μΜ). GFP expression 
was evaluated by fluorescent microscopy on day 4 post vector transduction. The 
experiment was repeated twice in triplicate and the results shown are representative of 
one experiment. Data represent the mean ± standard error of the mean (s.e.m.) of 
%GFP positive cells in five independent fields of view. P values were generated by 
Student’s t-test. P values were considered significant when <0.05 and denoted as 
follows: *p<0.05, **p<0.01, ***p<0.001.Scale bar= 100 μΜ  
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9L cells 

M21 cells 

Figure 3.4 Genistein increased the transduction efficiency in 9L and M21 cells. 9L (A) 
and M21 cells (B) were plated on 48-well plates (70-80% confluent) and transduced with 
RGD-Luc targeted or fd-Luc control non-targeted vectors in serum free medium for 4 
hours with or without 2 hour pretreatment with genistein (150μΜ). Luciferase 
measurement assays were performed at days 1-4 post-transduction and normalized to 
protein concentration as determined by the bradford assay. Results are shown as RLU 
(Relative Luminescence Units) per 1μg of protein and represent the average from 
triplicate wells. The experiment was repeated twice in triplicate and the results shown 
are representative of one experiment. Data represent the mean ± standard error of the 
mean (s.e.m.) of triplicate samples. P values were generated by one-way ANOVA and 
tukey’s post hoc tests. P values were considered significant when <0.05 and denoted as 
follows: n.s.-not significant, *p<0.05, **p<0.01, ***p<0.001. 
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3.5 Evaluation of vector cellular entry following genistein pretreatment. 

After demonstrating that the increased tumor cell killing by RGD4C-AAVP 

observed in combination with genistein was associated with enhanced RGD4C 

AAVP-mediated gene expression, we set out to gain further understanding into 

the mechanism of enhanced gene transfer by RGD4C-AAVP in combination with 

genistein. Therefore, we sought to investigate the effect of genistein on steps 

involved in gene transfer. It is well established that vector-mediated gene 

delivery depends on several steps where the vector needs to access the cell 

surface to bind to its receptor, followed by cell internalization and intracellular 

trafficking, then transport to the nucleus for gene expression to occur 

(Nishikawa and Huang, 2001, Wiethoff and Middaugh, 2003). We first 

examined the effect of genistein on vector attachment to the surface of cells, as 

we previously reported that gene transfer by RGD4C-AAVP is hindered by its 

weak accessibility to the surface of tumor cells (Yata et al., 2014). Hence, we 

quantified the free cell-unbound phage in the supernatant above the adherent 

cells by infection of host bacteria followed by colony counting (Figure 3.5). An 

amount of 52%, of input phage particles, was recovered from the supernatant 

of cells treated with the RGD4C-phage vector showing that a fraction of 48% of 

input phage was bound to the surface of tumor cells. However, pretreatment 

with genistein had no effect on vector attachment to the cell surface (Figure 
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3.5). The non-targeted vector showed no attachment to surface of tumor cells 

with 100% recovery. Finally, internalization assays revealed that combination 

of vector with genistein does not increase entry of the RGD4C-AAVP into 

cancer cells (Figure 3.6). These data prove that genistein has no effect on cell 

attachment and internalisation of the RGD4C-AAVP viral particles. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 3.5 Attachment assay. Evaluation of the phage/genistein attachment by titrating 
the unbound phage in the supernatant of 9L cells. (A) Representative plates showing 
bacterial colonies generated by infection of K91 batceria by the phage recovered from the 
media of transduced cells. (B) Quantitative analysis of recovered phage following bacterial 
colony counting. Data represent the mean ± standard error of the mean (s.e.m.) of 
triplicate samples. P values were generated by one-way ANOVA and tukey’s post hoc 
tests. P values were considered significant when <0.05 and denoted as follows: n.s.-not 
significant, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 3.6 Internalization assay. Evaluation of the phage internalization in the 
presence or absence of genistein. (A) Graph showing FACS results after 
immunostaining of 9L cells treated with phage with or without pretreatment with 
genistein. (B) Graph showing the percentage of phage positive cells according to 
FACS data at three different time points (1hour, 2 hours, 4 hours). The experiment 
was carried out in triplicates. Data represent the mean ± standard error of the 
mean (s.e.m.) of triplicate samples. P values were generated by one-way ANOVA 
and tukey’s post hoc tests. P values were considered significant when <0.05 and 
denoted as follows: n.s.-not significant, *p<0.05, **p<0.01, ***p<0.001. 
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3.6 Genistein protects RGD4C-AAVP from proteasome degradation. 

After ruling out the effect of genistein on vector cell entry, we sought to 

determine whether genistein improves intracellular persistence of the RGD4C-

AAVP. As we previously reported the proteasome is a barrier to gene transfer 

by RGD4C-AAVP vectors (Przystal et al., 2013). Genistein was found to possess 

proteasome-inhibitory activity (Kazi et al., 2003). Thus, we investigated the 

effect of genistein pretreatment of tumor cells on vector protection against 

proteasome degradation. 26S proteasome targets the degradation of 

polyubiquitinated protein substrates; thus inhibition of proteasome 

degradation by genistein would lead to accumulation of AAVP ubiquitination 

(Zhu et al., 2005). So, we searched whether genistein increases 

polyubiquitination of AAVP phage coat proteins. 9L tumor cells were 

transduced with RGD-AAVP vector alone or following pretreatment with 

genistein. Next, the cells were analyzed for co-localization of AAVP coat 

proteins and ubiquitin by immunofluorescence as reported (Neumann et al., 

2007), by using antibodies against ubiquitin and phage coat proteins (Figure 

3.7). Confocal microscopic analyses showed strong co-localization of ubiquitin 

and AAVP coat proteins in cells treated with combination of vector and 

genistein (Figure 3.7). These data prove that the combination treatment results 

in accumulation of polyubiquitinated AAVP particles compared to the 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3553581/figure/fig4/
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treatment with the targeted vector alone, indicating that genistein can 

increase the transduction efficiency by inhibiting proteasome-mediated 

degradation of AAVP particles. 
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Figure 3.7 Ubiquitination of RGD-Luc AAVP particle increased upon treatment with 
genistein. (A) 9L cells were transduced by targeted phage (RGD-Luc) in serum-free 
medium with or without pretreatment with genistein. 6 hours post-transduction, 
RGD-Luc was detected using rabbit anti-M13-phage primary antibody and goat anti-
rabbit AlexaFluor-647 secondary antibody (shown in red) and ubiquitin was stained 
using mouse anti-ubiquitin primary and AlexaFluor-488 secondary antibody (shown in 
green). Samples were analysed by confocal microscopy and representative sections 
are shown. Scale bar=25 μΜ 
(B) Corrective total cell fluorescence analysis of ubiquitination in single optical 
sections using ImageJ. Data represent the mean ± standard error of the mean (s.e.m.) 
of five independent optical sections. P values were generated by Student’s t-test. P 
values were considered significant when <0.05 and denoted as follows: n.s.-not 
significant, *p<0.05, **p<0.01, ***p<0.001. 
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3.7 Genistein enhances nuclear localisation of the RGD4C-AAVP vector 

genome. 

Finally, we examined vector’s genome accumulation in the nucleus to check 

whether enhanced resistance of vector to proteasome degradation would 

result in enhanced nuclear localisation of vector’s genome. Genistein was 

reported for its ability to induce G2/M cell cycle arrest (Cui et al., 2014, Han et 

al., 2013, Ouyang et al., 2009), which results in pronounced opening of the 

nuclear pores allowing better nuclear transport of vector’s genome. Thus, we 

evaluated the nuclear accumulation of the AAV2 transgene cassette of AAVP, 

since gene expression by RGD4C-AAVP is mediated through its AAV2 transgene 

cassette. 9L cells were transduced with RGD-Luc or fd-Luc non-targeted vector 

with or without 2 hours pretreatment with genistein (150μΜ), and harvested at 

day 4 post transduction. Next, the nuclei were extracted from the cells, 

followed by PCR using primers reading within the AAV2 ITR domain, as 

previously described (Aurnhammer et al., 2012), in order to semi-quantify the 

amount of vector genome in the nucleus (Figure 3.8). The data revealed a PCR 

product at the expected size, and electrophoresis gel analysis showed increased 

intensity of the ITR-derived PCR product when RGD4C-AAVP vector was used in 

combination with genistein (Figure 3.8). Then product quantification of the 

band intensities using ImageJ software confirmed that combination of genistein 
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with the targeted vector results in significant increase of vector DNA in the 

nucleus (Figure 3.8B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Mechanism of genistein. (A) 9L cells were plated on 48-well plates (70-80% 
confluent) and transduced with RGD-Luc targeted or fd-Luc control non-targeted 
vectors in serum free medium for 4 hours with or without 2 hours pretreatment with 
genistein (150μΜ). On day 4 after transduction, cells were harvested and nuclei were 
extracted. Subsequently, DNA was extracted and used as template (10 ng of DNA) for 
PCR on the ITR domain of the vector in order to semi-quantify the amount of vector in 
the nucleus with or without pretreatment with genistein. The same amount of DNA (10 
ng) was used as template for PCR in the GAPDH gene. (B) The band intensity of the ITR 
pcr product was quantified using ImageJ software and normalised to GAPDH. PCR of 
the ITR domain was repeated three times and shown is the mean ± standard error of 
the mean (s.e.m.) of triplicate samples. P values were generated by one-way ANOVA 
and tukey’s post hoc tests. P values were considered significant when <0.05 and 
denoted as follows: *p<0.05, **p<0.01, ***p<0.001. 
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3.8 Evaluation of efficacy of genistein and RGD4C-AAVP combination in a 

three-dimensional (3D) multicellular tumor spheroid  

After showing that genistein dramatically increases the RGD4C-AAVP mediated 

targeted gene therapy in tumor cells in vitro, we set up to assess the efficacy of 

this combination in a 3D tumor spheroids that simulate the 3D tumors more 

accurately. The 3D tumor spheroids are considered valid models to 

recapitulate features of solid tumors and were used in this study to evaluate 

and confirm the efficacy of gene therapy by the targeted RGD4C-AAVP gene 

therapy in combination with genistein.  Since the increased tumor cell killing in 

vitro of the combination genistein and RGD4C-AAVP was associated with the 

enhancing effect of genistein on RGD4C-AAVP-mediated gene transfer, we first 

assessed efficacy of gene transfer using phage carrying the GFP reporter gene 

to allow microscopic imaging of GFP expression within the 3D model of 9L and 

M21 tumor spheroids (Figure 3.9). The 9L and M21 tumor spheroids were 

transduced with RGD4C-AAVP GFP or control non-targeted fd-GFP non-targeted 

vector with or without pretreatment with genistein (150μΜ). GFP expression 

was monitored with fluorescent microscopy over a period of 20 days to allow 

detectable gene expression by the RGD4C-AAVP in the spheroids. While the 

targeted RGD4C-AAVP showed minimal GFP expression in the spheroids at day 

10 post-transduction, combination treatment (RGD-GFP + Genistein) yielded 
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dramatic increase in GFP expression compared to RGD-GFP treatment alone in 

both 9L and M21 spheroids (Figure 3.9). 

 

Next, application of HSVtk/GCV suicide gene therapy on rat 9L and human M21 

tumors in vitro resulted in pronounced regression of the 9L and M21 spheroid 

volumes by combination of genistein with the targeted RGD4C-AAVP HSVtk 

upon GCV treatment, compared to individual treatments with RGD4C-AAVP 

HSVtk or genistein alone (Figure 3.10, 3.11). Subsequently, in 9L spheroids 

measurement of cell viability showed that the combination of genistein plus 

RGD4C-AAVP achieved higher tumor cell killing ~93%, than the targeted 

RGD4C-AAVP alone or genistein alone that induced ~81% and ~33% cancer cell 

killing, respectively (Figure 3.10). In M21 spheroids measurement of cell 

viability showed that the combination of genistein plus RGD4C-AAVP achieved 

higher tumor cell killing ~65%, than the targeted RGD4C-AAVP alone or 

genistein alone that induced ~33% and ~24% cancer cell killing, respectively 

(Figure 3.11). These findings clearly establish that combination of genistein 

with RGD4C-AAVP-mediated gene therapy greatly increases its potential as a 

gene therapy vector. 
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Figure 3.9 Genistein increased the transduction efficiency in 9L and M21 spheroids. 
9L (A) and M21 (B) cells (5 x 103) were seeded into a 96-well ultra-low attachment 
surface plate in 200μL complete medium. After 48 hours of incubation, a spheroid was 
formed in each well. Spheroids were then transduced with RGD-GFP targeted vector 
or fd-GFP control non-targeted vector with or without pretreatment with genistein 
(150μΜ). GFP expression was evaluated with fluorescent microscopy at day 10 post-
transduction. Scale bar= 0.5 mm 
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Figure 3.10 Genistein increased the cell death after transduction with RGD-HSVtk 
(+GCV) in 9L spheroids. 
(Α) Brightfield images showing the size of 9L tumor spheroids following transduction with 
RGD-HSVtk targeted phage or fd-HSVtk non-targeted phage with or without pretreatment 
with genistein (150μΜ). GCV was added to the spheroids at day 5 post vector 
transduction and renewed every 2 days. Images were taken at day 5 post GCV treatment. 
Scale bar= 0.5 mm 
(B) Evaluation of cell viability in 9L spheroids at day 5 post GCV treatment by using the 
CellTiter-Glo cell viability assay. 
(C) Measurement of 9L spheroid volumes at days 0 and 5 post GCV treatment. The graph 
shows the % change of the average spheroid volumes. Data represent the mean ± 
standard error of the mean (s.e.m.) of triplicate samples. P values were generated by 
one-way ANOVA and tukey’s post hoc tests. P values were considered significant when 
<0.05 and denoted as follows: n.s.-not significant, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 3.11 Genistein increased the cell death after transduction with RGD-HSVtk 
(+GCV) in M21 spheroids. 
(Α) Brightfield images showing the size of M21 tumor spheroids following transduction 
with RGD-HSVtk targeted phage or fd-HSVtk non-targeted phage with or without  
pretreatment with genistein (150μΜ). GCV was added to the spheroids at day 5 post 
vector transduction and renewed every 2 days. Images were taken at day 7 post GCV 
treatment. Scale bar= 0.5 mm 
(B) Evaluation of cell viability in M21 spheroids at day 7 post GCV treatment by using the 
CellTiter-Glo cell viability assay. 
(C) Measurement of M21 spheroid volumes at days 0 and 7 post GCV treatment. The 
graph shows the % change of the average spheroid volumes. Data represent the mean ± 
standard error of the mean (s.e.m.) of triplicate samples. P values were generated by one-
way ANOVA and tukey’s post hoc tests. P values were considered significant when <0.05 
and denoted as follows: n.s.-not significant, *p<0.05, **p<0.01, ***p<0.001. 
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3.9 Discussion 

We have demonstrated that genistein pretreatment of tumor cells from 

different histopathological types and species resulted in enhanced targeted 

tumor cell killing by RGD4C-AAVP-mediated HSVtk and GCV suicide gene 

therapy in 2D tissue culture and 3D tumor spheroid settings. Then, we found 

that treatment with genistein of 9L and M21 cancer cells increased GFP and 

Luc reporter gene expression, which demonstrates that the enhanced tumor 

cell killing of RGD4C-AAVP by genistein is probably associated with increased 

HSVtk gene expression. Moreover, we have investigated the mechanisms 

linked with this increased reporter gene expression and tumor cell killing. 

Importantly gene transfer by RGD4C-AAVP remains targeted in the presence of 

genistein, indicating that the tumor specificity of RGD4C-AAVP is not affected 

by genistein. We also found that genistein increases polyubiquitination of 

AAVP particles and accumulation of vector genome in the nucleus. These data 

suggest that genistein may bestow an advantage in gene expression from 

RGD4C-AAVP by means of increased vector accumulation in the nucleus and 

vector protection from proteasome degradation, or perhaps a combination of 

these two non-mutually exclusive mechanisms.  

Our findings of increased RGD4C-AAVP-mediated cancer gene therapy are in 

agreement with a previous report showing enhanced cancer cell killing by a 
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mutant oncolytic adenovirus in combination with genistein (Adam et al., 2012). 

The observed difference in cell viability between 9L and M21 cell lines can be 

attributed partially to the fact that 9L cells can get transduced more easily 

compared to M21 cells and also to the bystander effect of the HSVtk/GCV in 9L 

cells (Trepel et al., 2009). The enhanced RGD4C-AAVP-mediated GFP and Luc 

gene expression by genistein is also consistent with previous reports that 

genistein increased AAV2-mediated gene transfer in the human HeLa cervical 

carcinoma cells (Mah et al., 1998). Moreover, the authors reported that 

genistein enhanced accumulation of the dephosphorylated form of single-

stranded D-sequence-binding protein (ssD-BP), which facilitates the conversion 

of single to double stranded DNA resulting in improved AAV gene expression 

(Mah et al., 1998). Importantly, our findings that genistein increased AAV2 PCR 

product in the nuclear fraction of cells treated with RGD4C-AAVP are 

consistent with that study, as gene expression by RGD4C-AAVP is mediated by 

the AAV2 transgene cassette, incorporated within the phage genome. The 

increased nuclear accumulation of AAVP genome, upon genistein pre-

treatment, provides an additional mechanism that could further explain the 

improved AAVP-mediated gene expression by genistein. One explanation is 

that pretreatment with genistein enhances the size of the nuclear pores, as 

genistein was reported to induce G2/M cell cycle arrest, during which nuclear 
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localisation of gene therapy vectors can be enhanced(Cui et al., 2014, Han et 

al., 2013, Ouyang et al., 2009). 

Moreover, resistance to proteasome degradation upon genistein pretreatment 

should result in better intracellular persistence and availability of the RGD4C-

AAVP particles to be transported to the nucleus. These data also suggest that 

genistein increases the RGD4C-AAVP-targeted gene expression, at least in part, 

through inhibition of proteasome-mediated degradation of the RGD4C-AAVP 

particles. Indeed, genistein was reported to inhibit the chymotrypsin-like 

activity of proteasome in purified 20S proteasome and 26S proteasome (Kazi et 

al., 2003). Taking into account that genistein doesn’t affect vector attachment 

on the surface of cancer cells nor its internalisation, our data indicate that 

genistein affects the intracellular fate of AAVP.  

It is important to note that other mechanisms of action of genistein might also 

account for its enhancing effect on transduction efficiency of RGD4C-AAVP. For 

instance, genistein was reported to modulate the lysosomal metabolism 

(Moskot et al., 2014). Given that the endosomal-lysosomal pathway has been 

identified as an intracellular barrier to efficient transduction by RGD4C-AAVP 

(Stoneham et al., 2012), lysosomal alteration by genistein might facilitate 

RGD4C-AAVP escape from the lysosomes and subsequently higher nuclear 

accumulation of AAVP genome and enhanced gene expression. One possible 
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way to investigate this is to perform immunofluorescence experiments to 

investigate RGD4C-AAVP trafficking to the endosomal-lysosomal degradative 

pathway. RGD4C-AAVP can be labeled with anti-fd-phage antibody, early 

endosomes with anti-EEA-1 while late endosomes/lysosomes with anti-LAMP-1 

antibody. Confocal microscopic analysis can show if there is less phage 

accumulation in the early or late endosomes over time in cells treated with 

genistein/RGD4C-AAVP compared to cells treated with RGD4C-AAVP vector 

only (Stoneham et al., 2012). 

In conclusion, despite their advantageous natural characteristics, 

bacteriophage viruses are still considered poor vectors for gene delivery due to 

their low gene transfer efficiency compared to eukaryotic vectors. The AAVP 

vector was reported as an improved version of phage-based gene therapy 

vectors to achieve enhanced gene delivery compared to conventional phage-

derived vectors. Although promising, AAVP still has limitations inherent to 

bacteriophage. In this study we have shown that combining targeted RGD4C-

AAVP with genistein significantly improves AVVP-guided gene transfer efficacy 

and consequently its cancer cell killing as a gene therapy vector. In addition, 

we elucidated possible mechanisms of increased AAVP-mediated gene 

expression by genistein. The next preclinical step will be taken to assess 

efficacy of this combination treatment in tumor-bearing mice. Given that 
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genistein and AAVP have been demonstrated to cross the blood-brain barrier 

(Malinowska et al., 2010, Staquicini et al., 2011) this combination treatment 

has potential applications for brain tumors. Our study indicates that 

combination of RGD4C-AAVP and genistein, is a promising strategy that can be 

considered for future clinical applications of targeted systemic gene therapy 

with RGD4C-AAVP in cancer patients.  
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Chapter 4 

Dual attack of cancer using synergistic combination of phage-

guided gene therapy and doxorubicin  

 

4.1 Introduction 

First, we had to determine the concentration of doxorubicin that gives the 

optimal transduction efficiency by RGD4C-AAVP in 9L and M21 cells. We found 

that the optimal doxorubicin concentration is 0.5 μM for 9L and 0.6 μΜ for 

M21 cells. Then, we investigated if these concentrations are toxic, therefore 

we performed MTT assay in 9L and M21 cancer cell lines. We found that these 

concentrations are not toxic so we used them for further experiments. The 

next step was to investigate our hypothesis in 9L and M21 cell lines (2D model) 

using RGD4C-AAVP carrying reporter genes (GFP, firefly luciferase reporter 

genes) or RGD4C-AAVP carrying the HSVtk gene which kills cells in the presence 

of ganciclovir. The same experiments were carried out in 3D 9L and M21 tumor 

spheroid models. Finally, we investigated potential mechanisms that 

doxorubicin increased RGD4C-AAVP mediated transduction efficiency. 
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4.2 Determination of doxorubicin concentration that results in optimal 

RGD4C-AAVP transduction efficiency in 9L and M21 cells 

First, we had to determine the concentration of doxorubicin that gives the 

optimal transduction efficiency by RGD4C-AAVP in 9L and M21 cells. 9L and 

M21 cells were transduced with the targeted vector carrying the firefly 

luciferase reporter gene (RGD-Luc) in combination with increasing 

concentrations of doxorubicin ranging from 0.5 to 8 μM for 24 hours. On day 3 

after transduction, luciferase assay was performed. The results were 

normalised to the amount of protein and presented as RLU (Relative 

Luminescence Units)/100 μg protein (Figure 4.1). We found that the optimal 

doxorubicin concentration is 0.5 μM for 9L and 0.6 μΜ for M21 cells.  
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9L cells 

M21 cells 

Figure 4.1 Determination of optimal doxorubicin dose in 9L and M21 cells using 
luciferase assay. 9L (A) and M21 (B) cells were transduced with RGD-Luc targeted vector 
in combination with increasing concentrations of doxorubicin ranging from 0.5 to 8 μM 
for 24 hours. On day 3 after transduction, luciferase assay was performed. The results 
were normalised to the amount of protein and presented as RLU (Relative Luminescence 
Units)/ μg of protein. Data represent the mean ± standard error of the mean (s.e.m.) of 
triplicate samples. P values were generated by one-way ANOVA and tukey’s post hoc 
tests. P values were considered significant when <0.05 and denoted as follows: n.s.-not 
significant, *p<0.05, **p<0.01, ***p<0.001. 
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4.3 Cytotoxicity of doxorubicin on 9L and M21 cells 

Then we sought to assess the cytotoxicity of doxorubicin in vitro on 9L and 

M21 cancer cell lines. Tumor cells were treated with increasing concentrations 

of doxorubicin ranging from 0.5 μΜ to 8 μΜ for 24 hours and compared to 

non-treated cells. Subsequently, cell survival was assessed at 48 hours post 

drug treatment. The data show that tumor cell death raised as the 

concentration of the drug increased (Figure 4.2) for both 9L and M21 cancer 

cells with a more pronounced effect on the 9L glioblastoma cells than M21 

melanoma cells. Cytotoxic doses expressed as IC50 values, corresponding to 

inhibitory concentration required to induce the cell death by 50%, are shown 

by the lines on the graphs to approximate the IC50 value (Figure 4.2). We found 

that 50% of cell death in the presence of doxorubicin was induced by ∼ 1μM in 

9L cells (Figure 4.2A), while in M21 cells, 50% of cell death was achieved at a 

dose of over 4.5 μM ( Figure 4.2B). Next, to assess the effect on tumor cell 

killing by RGD4C-AAVP, we selected doxorubicin concentration of 0.5 μM for 9L 

and 0.6 μM for M21 cancer cells, as these doses are below the IC50 and cause 

little toxicity. 

 

 

http://www.sciencedirect.com/science/article/pii/S1574789112000804#fig1
http://www.sciencedirect.com/science/article/pii/S1574789112000804#fig1
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9L cells 

M21 cells 

Figure 4.2 Cytotoxicity of doxorubicin on 9L and M21 cells. 9L (A) and M21 (B) cells 
were cultured in 96-well plates, then treated with increasing concentrations of 
doxorubicin ranging from 0.5 to 8 μM for 24 hours. Subsequently, cells were grown for 
further 48 hours without the drug. Cell survival was determined by using the MTT assay 
and expressed as percentage of cells counted in parallel cultures without drug. The 
assay was repeated twice in triplicate and the results shown are representative of one 
experiment. Data represent the mean ± standard error of the mean (s.e.m.) of triplicate 
samples from one representative experiment. 

A 

B 



P a g e  | 100 

 

4.4 Doxorubicin drug treatment boosts cancer cell death by phage-mediated 

suicide gene killing  

To test tumor cell killing efficacy, we used the RGD4C-HSVtk vectors encoding 

the gene for the Herpes simplex virus type I thymidine kinase (HSVtk) mutant 

SR39 (Black et al., 2001) which kills cells in the presence of ganciclovir, GCV . 

Thus, 9L and M21 cells were transduced with RGD-HSVtk or control non-

targeted vector fd-HSVtk (without RGD) carrying the HSVtk gene in the 

presence or absence of doxorubicin. The cells were then treated with GCV (20 

μM) at day 3 post vector transduction. Cancer cell killing was quantified at 0, 

24, 48, 72, 96 hours post GCV treatment. Results were normalized to non-

targeted vector which didn’t show any tumor cell death (data not shown). In 

both cancer cell lines, the combination treatment with doxorubicin and RGD-

HSVtk therapy resulted in greater cell killing compared to cells treated with 

RGD-HSVtk or doxorubicin drug alone (Figure 4.3). For instance, at 92 hours 

post GCV treatment, combination treatment induced 99.7% and 96.4% killing 

of 9L and M21 cancer cells, respectively (Figure 4.3), compared to 87% and 

58.3% death induced by vector alone in 9L and M21 cells, respectively, and 82.4 

% death and 90.9% death induced by doxorubicin alone in 9L and M21 cells, 

respectively. These data show that drug treatment of cancer cells with 
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doxorubicin is a promising approach to enhance targeted gene therapy by 

RGD4C-AAVP. 

 

          

 

 

 

 

Figure 4.3 Doxorubicin increased cancer cell death after transduction of 9L and M21 cells 
with RGD-HSVtk (+GCV). 9L (Α) and M21 cells (B) grown in 48 well-plates (60-80% 
confluent) were transduced with RGD-HSVtk targeted vector or control non-targeted 
vector in the presence or absence of doxorubicin. The cells were treated with GCV (20 μM) 
at day 3 post vector transduction and renewed daily. Cancer cell killing was quantified at 0, 
24, 48, 72, 96 hours post GCV treatment. Cells were counted by using the trypan blue 
exclusion methodology. Results were normalized to non-targeted vector. The experiment 
was repeated twice in triplicates and the results shown are representative of one 
experiment. Data represent the mean ± standard error of the mean (s.e.m.) of triplicate 
samples. P values were generated by one-way ANOVA and tukey’s post hoc tests. P values 
were considered significant when <0.05 and denoted as follows: n.s.-not significant, 
*p<0.05, **p<0.01, ***p<0.001. 
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4.5 Doxorubicin increases targeted reporter gene transfer by the RGD4C-AAVP 

in 9L and M21 cancer cells in vitro 

To gain insight into the improved tumor cell killing by RGD4C-HSVtk following 

combination with doxorubicin, we investigated the effect of doxorubicin on 

gene delivery by RGD4C-AAVP. We first conducted qualitative analysis of 

transgene expression by using vectors carrying the reporter gene of the green 

fluorescent protein (GFP) and combined with doxorubicin (Figure 4.4). 

Fluorescent microscopic analysis of GFP expression at day 4 post vector 

transduction showed that in both cell lines the combination treatment of RGD-

GFP and doxorubicin, resulted in significantly higher GFP expression, compared 

to RGD-GFP vector alone in both 9L and M21 tumor cells (Figure 4.4). Next, to 

confirm the increased gene delivery by RGD4C-AAVP in combination with 

doxorubicin, we carried out a quantitative analysis of transgene expression 

over a time course of 4 days post vector transduction by using RGD4C-Luc 

vectors expressing the firefly Luc reporter gene (Figure 4.5). Consistently with 

GFP reporter transgene expression experiments, we observed a significant 

increase in RGD4C-AAVP-mediated Luc expression at various time points post 

vector transduction by doxorubicin treatment in both 9L and M21 cancer cells 

compared to cells treated with vector alone. For instance, at day 4 post-

transduction, quantitative analysis of Luc transgene expression showed that the 
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combination treatment (RGD-Luc + doxorubicin) resulted in ~ 5.3  fold and ~12 

fold increase in luciferase expression in 9L and M21 cells, respectively, 

compared to RGD-Luc vector alone. Moreover, in 9L cells, initiation of the 

luciferase expression occurred as early as day 2 post vector transduction, in the 

presence of doxorubicin (Figure 4.5). Importantly, no luciferase expression was 

detected in cells transduced with non-targeted fd-Luc vector alone or in 

combination with doxorubicin, which shows that doxorubicin does not affect 

the specificity and targeting of the RGD4C-AAVP vector. 
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9L cells 

M21 cells 

Figure 4.4 Doxorubicin increased the transduction efficiency in 9L and M21 cells. 
9L (A,B) and M21 cells (C,D) were plated on 48-well plates (70-80% confluent) and 
transduced with RGD-GFP targeted or control non-targeted vectors in the presence 
or absence of doxorubicin. GFP expression was evaluated by fluorescent 
microscopy on day 4 post vector transduction. The experiment was repeated twice 
in triplicate and the results shown are representative of one experiment. Data 
represent the mean ± standard error of the mean (s.e.m.) of %GFP positive cells in 
five independent fields of view. P values were generated by Student’s t-test. P 
values were considered significant when <0.05 and denoted as follows: *p<0.05, 
**p<0.01, ***p<0.001. Scale bar= 100 μM 
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9L cells 

M21 cells 

Figure 4.5 Doxorubicin increased the transduction efficiency in 9L and M21 cells. 9L (A) 
and M21 cells (B) were plated on 48-well plates (70-80% confluent) and transduced with 
RGD-Luc targeted or fd-Luc control non-targeted vectors in the presence or absence of 
doxorubicin. Luciferase measurement assays were performed at days 1-4 post-
transduction and normalized to protein concentration as determined by the bradford 
assay. Results are shown as RLU (Relative Luminescence Units) per 1μg of protein and 
represent the average from triplicate wells. The experiment was repeated twice in 
triplicates and the results shown are representative of one experiment. Data represent 
the mean ± standard error of the mean (s.e.m.) of triplicate samples. P values were 
generated by one-way ANOVA and tukey’s post hoc tests. P values were considered 
significant when <0.05 and denoted as follows: n.s.-not significant, *p<0.05, **p<0.01, 
***p<0.001. 
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4.6 Evaluation of the effect of doxorubicin treatment on vector cellular entry  

After demonstrating that the increased tumor cell killing by RGD4C-AAVP 

observed in combination with doxorubicin was associated with enhanced 

RGD4C-AAVP-mediated gene expression, we set out to gain further 

understanding into the mechanism of this effect. Therefore, we sought to 

investigate the effect of doxorubicin on steps involved in gene transfer. It is 

well established that vector-mediated gene delivery depends on several steps 

where the vector needs to access the cell surface to bind to its receptor, 

followed by cell internalization and intracellular trafficking, then transport to 

the nucleus for gene expression to occur (Nishikawa and Huang, 2001, 

Wiethoff and Middaugh, 2003). We first examined the effect of doxorubicin on 

vector attachment to the surface of cells. Hence, we quantified the free cell-

unbound phage in the medium above the adherent cells by infection of host 

bacteria followed by colony counting (Figure 4.6). An amount of 37%, of input 

phage particles, was recovered from the medium of cells treated with the 

RGD4C-AAVP vector showing that a fraction (63% of input phage) was bound 

to the surface of tumor cells. However, doxorubicin treatment had no effect on 

RGD4C-AAVP vector attachment to the cell surface (Figure 4.6). The non-

targeted vector showed no attachment tumor cell surface with 100% recovery. 

Finally, internalization assays revealed that combination of vector with 
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doxorubicin does not increase entry of the RGD4C-AAVP into cancer cells 

(Figure 4.7). These data prove that doxorubicin does not affect cell attachment 

and internalisation of the RGD4C-AAVP viral particles. 
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Figure 4.6 Attachment assay. Evaluation of the AAVP attachment by titrating the 
unbound phage in the medium of 9L cells. (A) Representative plates showing bacterial 
colonies generated by infection of K91 batceria by the phage recovered from the 
medium of transduced cells. (B) Quantitative analysis of recovered phage following 
bacterial colony counting. Data represent the mean ± standard error of the mean 
(s.e.m.) of triplicate samples. P values were generated by one-way ANOVA and tukey’s 
post hoc tests. P values were considered significant when <0.05 and denoted as follows: 
n.s.-not significant, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.7 Internalization assay. Evaluation of phage internalization in the presence or 
absence of doxorubicin.  (A) Graph showing  FACS results after immunostaining of 9L cells 
treated with AAVP in the presence or absence of doxorubicin. (B) Graph showing the 
percentage of positive cells according to FACS data at three different time points (1 hour, 
2 hours, 4 hours). The experiment was carried out in triplicates. Data represent the mean 
± standard error of the mean (s.e.m.) of triplicate samples. P values were generated by 
one-way ANOVA and tukey’s post hoc tests. P values were considered significant when 
<0.05 and denoted as follows: n.s.-not significant, *p<0.05, **p<0.01, ***p<0.001. 
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4.7 Evaluation of DNA damage caused by doxorubicin and activation of DNA 

repair mechanisms  

Another possible mechanism of doxorubicin-increased transduction efficiency 

of AAVP vector could be that low dose of doxorubicin caused a moderate DNA 

damage (Tacar et al., 2013) that enabled activation of DNA repair enzymes 

such as PARP-1. According to our hypothesis, DNA repair enzymes can facilitate 

the conversion of single-stranded vector DNA to double-stranded thus 

increasing the transgene expression and the transduction efficiency of AAVP 

vector. In order to investigate our hypothesis first we performed a comet assay 

to assess the DNA damage caused by the low-dose of doxorubicin that 

increased the transduction efficiency of our vector. DNA damage was assessed 

by counting the number of cells that create a ‘’comet’’ as well as the length of 

the comet ‘’tail’’ (Figure 4.8). Our comet assay results in 9L cells indicate that 

the low-dose doxorubicin that increased transduction efficiency of our vector 

causes moderate DNA damage. Then, we performed western blot analysis in 

order to investigate the expression of PARP-1 repair enzyme in 9L and M21 

cells after treatment with low-dose and high-dose doxorubicin (Figure 4.9). 

PARP-1 expression was upregulated in M21 cells treated with the low-dose 

doxorubicin compared to control untreated cells which indicates that the DNA 

repair mechanism has been activated. In 9L cells, PARP-1 expression was 
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slightly down-regulated after low-dose doxorubicin treatment compared to 

control untreated cells but still indicates that there is DNA repair. This 

difference between the two cell lines can be attributed to the increased 

sensitivity of 9L cells to doxorubicin compared to M21 cells (as was shown in 

MTT assay, Figure 4.2). 
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Figure 4.8 Comet assay. (A) Representatives images of 9L cells nuclei stained with DAPI taken 
by fluorescent microscope (10x). Scale bar=100 μΜ (B) Images of 9L cells nuclei stained with 
DAPI taken by fluorescent microscope (20x). Scale bar=10 μΜ (C) Graph showing the 
percentage of cell nuclei presenting comet ‘’tail’’. The percentage was measured in 5 
representative fields for each condition and shown is the average. (D) Graph showing the 
average length of comet “tail”. The length was measured for 5 comets for each condition and 
shown is the average. Data represent the mean ± standard error of the mean (s.e.m.) of 
triplicate samples. P values were generated by one-way ANOVA and tukey’s post hoc tests. P 
values were considered significant when <0.05 and denoted as follows: n.s.-not significant, 
*p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.9 Western blot analysis of PARP-1 expression. 9L (A) and M21 (B) cells were 
transduced with targeted RGD-Luc vector in the presence or absence of doxorubicin. 24 
hours post-transduction, cells were lysed and western blot was carried out using rabbit 
anti-PARP primary antibody and (HRP) conjugated anti-rabbit IgG secondary antibody. 
GAPDH expression was used to ensure equal amount of protein was loaded. 
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4.8 Doxorubicin enhances nuclear localisation of the RGD4C-AAVP vector 

genome. 

Finally, we examined vector’s genome accumulation in the nucleus to check 

whether doxorubicin treatment would result in enhanced nuclear localisation 

of vector’s genome. Doxorubicin has already been reported to delay proper 

chromosome condensation and nuclear envelope formation during mitosis 

(Fasulo et al., 2012) which could result in increased transport through the 

nuclear pores. Thus, we evaluated the nuclear accumulation of the rAAV2 

genome of AAVP, since gene expression by RGD4C-AAVP is mediated through 

its AAV2 transgene cassette. 9L cells were transduced with RGD-Luc or fd-Luc 

non-targeted vector in the presence or absence of doxorubicin, and harvested 

at day 4 post transduction. Next, the nuclei were extracted from the cells, 

followed by PCR using primers reading within the AAV2 ITR domain, as 

previously described (Aurnhammer et al., 2012), in order to semi-quantify the 

amount of vector genome in the nucleus (Figure 4.10). The data revealed a PCR 

product at the expected size, and electrophoresis gel analysis showed increased 

intensity of the ITR-derived PCR product when RGD4C-AAVP vector was used in 

combination with doxorubicin (Figure 4.10). Then product quantification of the 

band intensities using ImageJ software confirmed that combination of 
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doxorubicin with the targeted vector results in significant increase of vector 

DNA in the nucleus (Figure 4.10B).  
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1: RGD-Luc + Doxorubicin 0.5 μM 
2: RGD-Luc  
3: fd-Luc + Doxorubicin 0.5 μM 
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Figure 4.10 Mechanism of Doxorubicin. (A) 9L cells were plated on 48-well plates (70-80% 
confluent) and transduced with RGD-Luc targeted or fd-Luc control non-targeted vectors 
in the presence or absence of doxorubicin. On day 4 after transduction, cells were 
harvested and nuclei were extracted. Subsequently, DNA was extracted and used as 
template (10 ng of DNA) for PCR on the ITR domain of the vector in order to semi-quantify 
the amount of vector in the nucleus in the presence or absence of doxorubicin. The same 
amount of DNA (10 ng) was used as template for PCR in the GAPDH gene. (B) The band 
intensity of the ITR pcr product was quantified using ImageJ software and normalised to 
GAPDH. PCR of the ITR domain was repeated three times and shown is the mean ± 
standard error of the mean (s.e.m.) of triplicate samples. P values were generated by one-
way ANOVA and tukey’s post hoc tests. P values were considered significant when <0.05 
and denoted as follows: *p<0.05, **p<0.01, ***p<0.001. 
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4.9 Evaluation of efficacy of doxorubicin and RGD4C-AAVP combination in a 

three-dimensional (3D) multicellular tumor spheroid model 

After showing that doxorubicin dramatically increases the RGD4C-AAVP 

mediated targeted killing in tumor cells in vitro, we set up to assess the efficacy 

of this combination in a 3D tumor spheroid model that simulate the 3D tumors 

more accurately. The 3D tumor spheroids are considered valid models to 

recapitulate features of solid tumors and were used in this study to evaluate 

and confirm the efficacy of gene therapy by the targeted RGD4C-AAVP gene 

therapy in combination with doxorubicin.  Since the increased tumor cell killing 

in vitro of the combination doxorubicin and RGD4C-AAVP was associated with 

the enhancing effect of doxorubicin on RGD4C-AAVP-mediated gene transfer, 

we first assessed the efficacy of gene transfer using phage carrying the GFP 

reporter gene to allow microscopic imaging of GFP expression within the 3D 

model of 9L and M21 tumor spheroids (Figure 4.11). The 9L and M21 tumor 

spheroids were transduced with RGD4C-AAVP-GFP (RGD-GFP) or control non-

targeted fd-GFP vector in the presence or absence of doxorubicin. GFP 

expression was monitored with fluorescent microscopy over a period of 20 

days to allow detectable gene expression by the RGD4C-AAVP in the spheroids. 

While the targeted RGD4C-AAVP showed minimal GFP expression in the 

spheroids at day 10 post-transduction, combination treatment (RGD-GFP + 
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doxorubicin) yielded dramatic increase in GFP expression compared to RGD-

GFP treatment alone in both 9L and M21 spheroids (Figure 4.11). 

 

Next, application of HSVtk/GCV suicide gene therapy on the rat 9L and human 

M21 tumors in vitro resulted in pronounced regression of the 9L (Figure 4.12) 

and M21 (Figure 4.13) spheroid volumes by combination of doxorubicin with 

the targeted RGD4C-AAVP-HSVtk (RGD-HSVtk) upon GCV treatment, compared 

to individual treatments with vector or doxorubicin alone. Subsequently, in 9L 

spheroids measurement of cell viability showed that the combination of 

doxorubicin plus RGD4C-AAVP achieved higher tumor cell killing ~97%, than 

the targeted RGD4C-AAVP vector or doxorubicin alone that induced ~92% and 

~65% cancer cell killing, respectively (Figure 4.12 B). In M21 spheroids 

measurement of cell viability showed that combination of doxorubicin plus 

RGD4C-AAVP achieved higher tumor cell killing ~91%, than the targeted 

RGD4C-AAVP or doxorubicin alone that induced ~47% and ~82% cancer cell 

killing, respectively (Figure 4.13B). These findings establish that combination of 

doxorubicin with RGD4C-AAVP-mediated gene therapy greatly increases its 

potential as a gene therapy vector. 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4221597/figure/fig8/
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Figure 4.11 Doxorubicin increased the transduction efficiency in 9L and M21 
spheroids. 9L (A) and M21 (B) cells (5 x 103) were seeded into a 96-well ultra-low 
attachment surface plate in 200μL complete medium. After 48 hours of incubation, a 
spheroid was formed in each well. Spheroids were then transduced with targeted 
RGD-GFP or fd-GFP control non-targeted vectors in the presence or absence of 
doxorubicin. GFP expression was evaluated with fluorescent microscopy at day 10 
post-transduction. Scale bar= 0.5 mm 
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Figure 4.12 Doxorubicin increased cell death in 9L spheroids upon transduction with RGD-
HSVtk (+GCV). 
(Α) Brightfield images showing the size of 9L tumor spheroids following transduction with 
RGD-HSVtk targeted vector or control non-targeted fd-HSVtk in the presence or absence of 
doxorubicin. GCV was added to the spheroids at day 5 post vector transduction and 
renewed every 2 days. Images were taken at day 5 post GCV treatment. Scale bar= 0.5 mm 
(B) Evaluation of cell viability in 9L spheroids at day 5 post GCV treatment by using the 
CellTiter-Glo cell viability assay. 
(C) Measurement of 9L spheroid volumes at days 0 and 5 post GCV treatment. The graph 
shows the % change of the average spheroid volumes. Data represent the mean ± standard 
error of the mean (s.e.m.) of triplicate samples. P values were generated by one-way 
ANOVA and tukey’s post hoc tests. P values were considered significant when <0.05 and 
denoted as follows: n.s.-not significant, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.13 Doxorubicin increased cell death in M21 spheroids after transduction with 
RGD-HSVtk (+GCV). 
(Α) Brightfield images showing the size of M21 tumor spheroids following transduction with 
targeted RGD-HSVtk vector or control non-targeted fd-HSVtk in the presence or absence of 
doxorubicin. GCV was added to the spheroids at day 5 post vector transduction and 
renewed every 2 days. Images were taken at day 7 post GCV treatment. Scale bar= 0.5 mm 
(B) Evaluation of cell viability in M21 spheroids at day 7 post GCV treatment by using the 
CellTiter-Glo cell viability assay. 
(C) Measurement of M21 spheroid volumes at days 0 and 7 post GCV treatment. The graph 
shows the % change of the average spheroid volumes. Data represent the mean ± standard 
error of the mean (s.e.m.) of triplicate samples. P values were generated by one-way 
ANOVA and tukey’s post hoc tests. P values were considered significant when <0.05 and 
denoted as follows: n.s.-not significant, *p<0.05, **p<0.01, ***p<0.001. 

A 

B 

C 



P a g e  | 120 

 

4.10 Discussion 

Our results show that doxorubicin treatment of 9L and M21 cancer cell lines 

resulted in increased targeted AAVP-mediated gene delivery in vitro. First, we 

confirmed that treatment with doxorubicin increased reporter GFP and Luc 

transgene expression in 9L and M21 cancer cells. Moreover, doxorubicin 

treatment enhanced tumor cell killing by targeted AAVP-HSVtk plus GCV both 

in 2D cell cultures and 3D tumor spheroids. 

These data are consistent with previous studies supporting that doxorubicin 

augments AAV transduction efficiency in airway cell lines (Yan et al., 2004). 

Doxorubicin was also reported to increase rAAV-2 transduction in rat neuronal 

cell lines (Zhang et al., 2009). According to (Zhang et al., 2009), the suggested 

mechanism was that doxorubicin increased transduction efficiency by 

enhancing nuclear translocation of rAAV-2. In addition, topoisomerase II 

inhibitors, such as doxorubicin, have already been reported to delay proper 

chromosome condensation and nuclear envelope formation during mitosis 

(Fasulo et al., 2012). Our data are consistent with these studies as we found 

increased ITR PCR product in the nuclear fraction of 9L cells treated with both 

doxorubicin and targeted AAVP vector compared to 9L cells treated with 

targeted AAVP only. Taking into account that combination of targeted AAVP 

with doxorubicin doesn’t affect the internalisation nor the cell attachment of 
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the vector, our data indicate that doxorubicin facilitates the nuclear 

translocation of AAVP genome thus enhancing the transduction efficiency.  

It has also been shown that genotoxic stress can increase AAV-mediated 

transduction efficiency (Ferrari et al., 1996) by facilitating the conversion of 

single-stranded DNA to double-stranded DNA. So, another possible mechanism 

is that doxorubicin-increased transduction efficiency of AAVP vector could be 

that low-dose doxorubicin caused moderate DNA damage (Tacar et al., 2013) 

that activated DNA repair enzymes. According to our hypothesis DNA repair 

enzymes can facilitate the conversion of single-stranded vector DNA to double-

stranded thus increasing the transgene expression and the transduction 

efficiency of AAVP vector. Our comet assay results are in accordance with this 

hypothesis as we found that the low-dose doxorubicin that increased 

transduction efficiency of our vector causes moderate DNA damage. In 

addition, PARP-1 expression was upregulated in M21 cells treated with the 

low-dose doxorubicin compared to control untreated cells which indicates that 

the DNA repair mechanism was activated. In 9L cells PARP-1 expression was 

slightly down-regulated after low-dose doxorubicin treatment compared to 

control untreated cells but still indicates that there is DNA repair. This 

difference between the two cell lines can be attributed to the increased 

sensitivity of 9L cells to doxorubicin compared to M21 cells (as was shown in 
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MTT assay, Figure 4.2). Other possible mechanisms can be associated with 

doxorubicin effect in 9L cells. 

In conclusion, in our study we proved that combining targeted AAVP with 

doxorubicin results in higher transduction efficiency by AAVP and better killing 

of cancer cells than either therapy alone. In addition, we elucidated possible 

mechanisms of doxorubicin-increased AAVP gene delivery. The next preclinical 

step will be to assess the efficacy of this combination treatment in vivo in 

tumor-bearing mice.  
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Chapter 5 

Conclusion and General discussion 

 

5.1 Conclusion 

Hypothesis 1: Combination of genistein with our targeted AAVP vector could 

increase the AAVP-mediated transduction efficiency resulting in higher AAVP-

guided cancer cell killing by delivering therapeutic genes. 

 This hypothesis was proved by using genistein in combination with 

RGD4C-AAVP vector carrying reporter genes (GFP, firefly luciferase 

reporter genes) or RGD4C-AAVP carrying the HSVtk gene which kills cells 

in combination with ganciclovir. This hypothesis was investigated in 9L 

and M21 cell lines (2D model) and also in 9L and M21 tumor spheroid 

models (3D model). We found that treatment with genistein increased 

RGD4C-AAVP mediated transduction efficiency resulting in increased 

reporter gene expression and enhanced tumor cell killing. 

Hypothesis 2: Treatment with genistein can inhibit proteasome-mediated 

degradation of AAVP particles resulting in increased gene expression from 

AAVP. 

 In order to investigate this hypothesis we searched whether genistein 

increases polyubiquitination of AAVP phage coat proteins. 9L tumor cells 
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were transduced with RGD-AAVP vector alone or following pretreatment 

with genistein. Then, we performed immunostaining using antibodies 

against ubiquitin and phage coat proteins. Confocal microscopic analyses 

showed strong co-localization of ubiquitin and AAVP coat proteins in 

cells treated with combination of vector and genistein. These data show 

that one possible mechanism is that genistein can increase the 

transduction efficiency by inhibiting proteasome-mediated degradation 

of AAVP particles. Our data showing that genistein increased ITR PCR 

product in the nuclear fraction of cells treated with RGD4C-AAVP further 

support this hypothesis. The increased nuclear accumulation of AAVP 

genome, upon genistein pre-treatment, provides an additional 

mechanism that could further explain the improved AAVP-mediated 

transduction efficiency by genistein. One explanation is that 

pretreatment with genistein enhances the size of the nuclear pores, as 

genistein was reported to induce G2/M cell cycle arrest, during which 

nuclear localisation of gene therapy vectors can be enhanced (Cui et al., 

2014, Han et al., 2013, Ouyang et al., 2009). However, in order to prove 

this additional mechanism we should have shown that the dose of 

genistein used in our experiments caused G2/M cell cycle arrest. One 

possible method to investigate if genistein causes cell cycle arrest is 
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using propidium iodide-FACS. Propidium iodide is an intercalating agent 

and can be used in flow cytometry to quantitatively assess the DNA 

content in cell cycle analysis (Cui et al., 2014). 

 

 

Hypothesis 3: Combination of low-dose doxorubicin with our targeted AAVP 

vector could increase the AAVP-mediated transduction efficiency resulting in 

higher AAVP-mediated cancer cell killing. 

 This hypothesis was proved by using low-dose doxorubicin in 

combination with RGD4C-AAVP vector carrying reporter genes (GFP, 

firefly luciferase reporter genes) or RGD4C-AAVP carrying the HSVtk 

gene which kills cells in combination with ganciclovir. This hypothesis 

was investigated in 9L and M21 cell lines (2D model) and also in 9L and 

M21 tumor spheroid models (3D model). We found that treatment with 

doxorubicin increased RGD4C-AAVP mediated transduction efficiency 

resulting in increased reporter gene expression and enhanced tumor cell 

killing. This result is consistent with the increased AAV2 ITR PCR product 

in the nuclear fraction of cells treated with combination of doxorubicin 

and RGD4C-AAVP vector compared to the cells treated with the targeted 
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vector only showing that doxorubicin increased the nuclear localization 

of our vector’s genome. 

Hypothesis 4: Treatment with low-dose doxorubicin can cause moderate DNA 

damage and trigger DNA repair mechanisms. DNA repair enzymes can facilitate 

the conversion from single-stranded DNA to double-stranded DNA necessary 

for gene expression to occur from AAVP. 

 In order to investigate this hypothesis we performed comet assay and 

found that the low-dose doxorubicin that increased the transduction 

efficiency causes moderate DNA damage. Then, we performed western 

blot analysis in order to investigate the expression of PARP-1 repair 

enzyme in 9L and M21 cells after treatment with low-dose and high-

dose doxorubicin. We found that in both cell lines there is PARP-1 

expression in cells treated with the low-dose doxorubicin which 

indicates that the DNA repair mechanism is still active. According to the 

literature genotoxic stress can increase AAV-mediated transduction 

efficiency by activating DNA repair enzymes that can facilitate AAV 

second-strand synthesis which has been shown to be one of the rate-

limiting steps that significantly impacts upon transduction efficiency by 

AAV (Ferrari et al., 1996, Qing et al., 1997). This is an indirect evidence 

that DNA repair may be one possible mechanism of how doxorubicin 



P a g e  | 127 

 

increased AAVP-mediated gene delivery. In order to prove this 

hypothesis Southern blot is required showing the increase in double-

stranded DNA compared to single-stranded DNA after treatment with 

doxorubicin. The increased ITR PCR product in the nuclear fraction of 

cells treated with the combination treatment compared to the cells 

treated with the targeted vector only, supports our hypothesis; 

however, it does not prove that the increase in ITR PCR product derives 

from the conversion of single-stranded to double-stranded DNA. 

Hypothesis 5: Doxorubicin facilitates the nuclear translocation of vector’s 

genome by delaying the chromosome condensation and proper envelope 

formation during mitosis. Therefore, combination of doxorubicin with our 

targeted AAVP vector could result in increased nuclear accumulation of vector 

and subsequently in enhanced AAVP-mediated gene expression efficiency. 

 In order to investigate our vector’s genome accumulation in the nucleus 

we performed PCR targeting the AAV2 ITR domain. We found increased 

ITR PCR product in the nuclear fraction of cells treated with doxorubicin 

compared to the cells treated with the targeted vector only. This shows 

that another possible mechanism of how doxorubicin increased AAVP-

mediated gene delivery is that doxorubicin facilitates the nuclear 

localization of our vector’s genome. However, in order to prove our 
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hypothesis we should have shown that doxorubicin delayed the 

chromosome condensation and nuclear envelope formation during 

mitosis. We can show this performing time-course confocal microscopic 

analysis in cells bearing histone-GFP construct and fluorescently labelled 

tubulin (Fasulo et al., 2012). 

 

The present work reports an in vitro proof-of-concept investigation of 

combination treatment with drugs (genistein, doxorubicin) and RGD4C-AAVP. 

We do not make any specific claims or speculate regarding the in vivo 

potential. We have used a three-dimensional (3D) tumor spheroid models to 

recapitulate features of tumor microregions. These 3D models, representing 

the in vivo situation more accurately and imitating the avascular tumor 

regions, revealed increased transduction capacity by the targeted AAVP in 

combination with genistein or doxorubicin. These data point out towards 

promising efficacy of this combination treatment in tumor-bearing animals. 

Complete in vivo characterisation in tumor-bearing animals would fit in a 

separate investigation. Indeed, future preclinical studies will be conducted to 

determine what is the optimal drug dose in vivo and also in what tumor types 

this combination treatment can be applied. Thus, while we used fixed 

parameters in vivo in the past (Hajitou, Trepel et al. 2006, Hajitou, Rangel et al. 

https://outlook.office.com/owa/?realm=ic.ac.uk#_ENREF_6
https://outlook.office.com/owa/?realm=ic.ac.uk#_ENREF_5
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2007, Hajitou, Lev et al. 2008, Kia, Przystal et al. 2012, Przystal, Umukoro et al. 

2013), further determination of drug/AAVP optimal doses and timeframes will 

apply on a case-by-case basis and will have to be carefully designed. In addition 

to transduction efficiency, whole body imaging in living animals will be 

important to investigate the spatio-temporal distribution of gene expression in 

combination with genistein and doxorubicin. Immunohistochemistry with an 

anti-phage antibody will be necessary to assess i) distribution of the targeted 

phage particles in the tumors versus healthy tissues, ii) cell type transduced by 

the targeted phage within the tumors in tumor-bearing mice treated with the 

combination treatment compared to mice treated with the targeted vector 

only. Toxicity studies and gene therapy in both immunodeficient and 

immunocompetent mice will be necessary to perform an accurate and 

complete in vivo evaluation. 
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5.2 General discussion 

Cancer is a major cause of mortality and morbidity worldwide despite progress 

in the conventional therapies and despite the fact that several mechanisms of 

oncogenesis are now understood. Developing efficient systemic therapies 

would play a major advance in cancer treatment. Indeed, most cancer patients 

die of metastases and systemic chemotherapy is the most widely used 

treatment for cancer. The major obstacle to the success of chemotherapy in 

cancer treatment is the development of tumor drug resistance. In addition, 

chemotherapy is not specific and the dose of the drug that reaches the tumor 

may be as little as 5%–10% of the total dose as it accumulates in normal organs 

(Bosslet et al., 1998). 

 

Cancer gene therapy is a promising approach for cancer treatment. Gene 

therapy was initially conceived as a treatment for inherited diseases, but today 

up to 70% of clinical trials of gene therapy are designed to treat cancer. Gene 

therapy uses carriers called vectors to deliver the therapeutic gene to the 

patient's target cells. Currently, the most common vectors are eukaryotic 

viruses because they can enter cells as part of the natural infection process. 

Eukaryotic viruses are, unquestionably, superior vectors for gene transfer, but 

have had limited success in systemic gene therapy as they are taken up by the 
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liver and reticulo-endothelial system, they have broad tropism for healthy 

tissues and they may lose efficacy due to the presence of neutralising 

antibodies (Waehler et al., 2007). A local vector delivery through intratumoral 

injection can be used to show proof of efficacy, but in practice clinical benefit 

for cancer treatment can only be achieved following systemic administration. 

 

Bacteriophage is a new gene therapy vector with potential advantages over 

eukaryotic viral vectors that are commonly used for gene delivery and gene 

therapy. Phage has no native tropism for mammalian cells, but can be 

engineered to display tissue-specific ligands on the coat proteins to bind to 

specific mammalian cell receptors without disruption of the virus structure. 

Despite its advantageous natural characteristics, bacteriophage viruses are still 

considered poor vectors for gene delivery due to their low transduction 

efficiency compared to eukaryotic vectors, as they have evolved to infect 

bacteria only, and have no optimised strategies to transduce mammalian cells. 

The AAVP vector, created by incorporation of the mammalian transgene 

cassette from recombinant rAAV2 into the phage genome, was reported as an 

improved version of phage-based gene vectors to achieve enhanced gene 

delivery compared to conventional phage-derived vectors. Although, AAVP 

vectors are promising, they still have limitations inherent to bacteriophage.  In 
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this study we proved that combining targeted RGD4C-AAVP with genistein 

results in higher tumor cell transduction efficiency by AAVP and more efficient 

killing of cancer cells than either therapy alone. We also proved that combining 

targeted RGD4C-AAVP with doxorubicin results in higher transduction 

efficiency by AAVP and more efficient killing of cancer cells than either therapy 

alone. In addition, we elucidated possible mechanisms of how these drugs 

increased AAVP-mediated gene delivery. The next preclinical step will be to 

assess the efficacy of these drugs combined with AAVP in vivo in tumor-bearing 

mice. Given that genistein and AAVP have been demonstrated to cross the 

blood-brain barrier (Malinowska et al., 2010, Staquicini et al., 2011), this 

combination treatment could be also applied in vivo for the treatment of brain 

tumors. Our study indicates that combining the RGD4C-AAVP with genistein or 

doxorubicin is a promising strategy than can be considered for future clinical 

applications of targeted systemic gene therapy with RGD4C-AAVP in cancer 

patients. The present study forms the foundation for future extensive 

preclinical studies that could pave the way towards clinical trials in cancer 

patients.  
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