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Abstract 

The hepatitis B virus (HBV) continues to be a global health threat as chronic infection may 

lead to cirrhosis and hepatocellular carcinoma (HCC). Current treatments are limited in 

efficacy and do not target the stable HBV covalently closed circular DNA (cccDNA) 

minichromosome which forms the template for viral replication and is responsible for 

persistence of the infection. Using gene editing technologies to disable cccDNA presents a 

potential approach for treating HBV infection. Transcription activator-like effector (TALE) 

proteins provide specific and adaptable DNA binding modules, which can be used to 

generate engineered proteins capable of modifying DNA. Transcription activator-like 

effector nuclease (TALEN) mediated cleavage of cccDNA has been shown to effectively 

inhibit HBV replication. However, the approach to transcriptionally silence cccDNA, 

instead of cleaving it, may overcome the risk of unwanted host DNA cleavage. Repressor 

transcription activator-like effectors (rTALEs), which target and transcriptionally silence 

genes, have shown potential as antiviral agents. Here we generated Krüppel-associated box 

(KRAB)-based rTALEs targeted to the surface open reading frame (ORF) and HBx 

promoter region of HBV cccDNA to inhibit transcription. The rTALEs were placed under 

the transcriptional control of the liver-specific modified murine transthyretin (mTTR) 

promoter, to restrict activity to hepatocytes thereby reducing the potential for off-target 

activity. In vitro the mTTR-driven rTALEs were shown to tissue specifically decrease 

secreted HBV surface antigen (HBsAg) levels by 63 - 92 %. Additionally, the mTTR-

driven rTALEs were shown to tissue specifically decrease surface mRNA levels by 65 – 

81 % and pregenomic RNA levels by 60 - 76 %. These results indicate that the KRAB 

domain was able to effectively suppress transcription from the basic core, Pre-S1 and/or 
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Pre-S2 promoters which otherwise regulates HBV transcription. Furthermore, the observed 

inhibition was not associated with cytotoxicity or off-target effects. The work presented 

here is a proof-of-concept study demonstrating that highly specific transcriptional 

repressors designed to target and inhibit HBV viral replication without altering the genetic 

sequence or causing mutations in the host genome may be a promising antiviral approach. 

The capabilities of this technology to directly target cccDNA and inhibit its transcription, 

could contribute to addressing a global health problem. 
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Chapter 1 

1. Introduction 

1.1 Epidemiology and transmission of hepatitis B virus 

The hepatitis B virus (HBV) is a partially double stranded DNA virus that causes both 

acute and chronic infection of the liver (1). HBV continues to be a major health threat 

globally, with an estimated 240 million people chronically infected and more than 686 000 

HBV-related deaths annually (2). The life-threatening consequences of chronic HBV 

infection include advanced liver diseases such as cirrhosis and hepatocellular carcinoma 

(HCC) (2, 3). Despite an available effective HBV vaccine, chronic infection remains a 

global medical problem as vaccination coverage is not complete (4). Furthermore, the 

vaccine does not benefit the millions of people already infected (5, 6). HBV is endemic 

across the world, with developing regions such as sub-Saharan Africa and Asian countries 

classified as hyper-endemic areas (2, 7). To date, ten HBV genotypes have been identified 

(genotype A-J), each having a distinct geographical distribution including a role in 

determining the severity of disease and treatment outcome (8).   

HBV can be  spread through percutaneous or mucosal exposure to infected body fluids 

(horizontal transmission) (9, 10). Additionally infants can also contract the virus 

percutaneously from the mother during child birth (vertical transmission), with the risk of 

the infant developing chronic infection being as high as 90% (9, 11). Most adults can 

readily clear an infection and thus do not require treatment, but a fraction (<5%) do 

continue to develop chronic infection (11, 12). However, management of chronic HBV 

infection has been shown to reduce the patient’s risk of disease progression and death (13).  
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Current treatments available for HBV infection include the use of nucleos(t)ide analogues 

(NAs) and immune system modulators (14). These treatments have significant drawbacks 

such as the development of viral drug resistance to the NAs over a period of time, the 

severe side effects and poor efficacy associated with immune system modulators (15). 

Furthermore, variation between the HBV genotypes leads to variation in the response to 

treatment of these genotypes adding to the difficulty of treating HBV infection (16, 17). 

For this reason, the development of novel therapeutic strategies to combat HBV is needed. 

Of critical importance to the development of novel therapeutics is the persistence of the 

episomal viral covalently closed circular DNA (cccDNA), which is not diminished by 

current therapeutic strategies (18). Formed in the nucleus of infected hepatocytes, cccDNA 

is important for virus replication and since it is not diminished during treatment, there is 

viral rebound upon treatment withdrawal (18, 19). Therefore, an ideal approach for 

combating HBV may be through the direct inactivation of HBV cccDNA. With the 

advances made in the field of gene therapy, genome editing technologies developed from 

zinc finger proteins (ZFP), transcription activator-like effectors (TALEs) and the clustered 

regularly interspaced palindromic repeat (CRISPR)-associated genes (CRISPR-Cas) 

system, has provided a platform for developing new therapeutic strategies. In vitro and in 

vivo experimental studies have successfully exploited these technologies for targeting 

various viral genomes, highlighting that gene therapy strategies can  provide a direct 

approach at targeting HBV cccDNA (20-24).   

 

1.2 HBV molecular biology and replication 

Belonging to the Hepadnaviridae family, HBV is a hepatropic DNA virus and thus 

primarily infects hepatocytes (25). The virion is measured to be 42 nanometres (nm) in 
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diameter and consists of an outer bilayered lipoprotein envelope which surrounds the viral 

nucleocapsid containing the viral genome. (1, 26). The HBV genome is a roughly 3.2 kb 

partially double stranded DNA which comprises a full length minus strand and an 

incomplete plus strand (1, 27). The virus replicates by reverse transcription of an RNA 

intermediate that yields relaxed circular DNA (rcDNA) (28). In the nucleus rcDNA is 

converted to cccDNA, which is the template for viral transcription and subsequently is 

important for viral replication (28). 

The HBV genome contains four overlapping open reading frames (ORFs); the surface (S), 

precore/core (C), polymerase (P) and X ORFs, which together code for the 7 viral proteins 

(Figure 1.1) (26). The S ORF contains three translation initiation codons functionally 

dividing the ORF into the pre S1, pre S2 and S regions which encode the large (L), middle 

(M) and small (S) surface antigens respectively (26, 29). The hepatitis B virus surface 

antigens (HBsAgs) are embedded in the viral envelope and additionally the L protein is 

responsible for the attachment of the virus to the hepatocyte (30). Similar to the S ORF, the 

C ORF contains two translational start codons functionally dividing the ORF into the 

precore and core regions (31). RNA translated from the precore start codon yields precore 

proteins which are proteolytically processed by the Golgi apparatus and secreted as HBV e 

antigen (HBeAg) (32). The role of HBeAg in the HBV life cycle is not yet fully understood  

but is thought to be involved in inducing immune tolerance to HBV (33). Translation from 

the core start codon yields core proteins that are used for capsid formation (31). 
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Figure 1.1: Hepatitis B virus genomic organisation. The centre of the schematic diagram represents the partially double stranded HBV rcDNA. During 

HBV replication rcDNA is repaired to cccDNA which serves as the template for viral transcription. The compact HBV genome contains four overlapping 

ORFs, as illustrated by the arrows. The polymerase, X, precore/core, and surface ORFs encode for polymerase, X, core and HBeAg, and the three surface 

proteins respectively. HBV DNA transcription regulatory elements are illustrated by the different geometric shapes. Image adapted from (34).
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The P ORF yields the viral polymerase protein which has DNA-dependent DNA 

polymerase, reverse transcriptase, and RNase H activities (31). Lastly translation of the X 

ORF yields the hepatitis B virus X protein (HBx) which promotes viral gene expression. 

HBx achieves this by degrading the Smc5/6 complex which functions to suppress 

expression from episomal DNA such as cccDNA (35). 

Having a narrow host range and liver tropism, HBV primarily infects the livers of  humans 

and some great apes (36). During the first steps of infection the virion attaches to heparan 

sulphate proteoglycan (HSPG) receptors expressed on the surface of hepatocytes (Figure 

1.2) (37). Subsequently, the virion binds to the hepatocyte-specific sodium taurocholate co-

transporting polypeptide (NTCP) surface receptor, which has only recently been identified 

as the corresponding receptor to the Pre-S1 domain of the large surface antigen (38). After 

binding to the NTCP receptor, the virion is able to enter the cell via endocytosis and is 

uncoated in the cytoplasm (38). The nucleocapsid is subsequently directed to the nucleus 

of the cell via active transport mediated by microtubules (39, 40). The viral capsid is 

disassembled and the rcDNA released within the nucleus (40). The rcDNA is then repaired 

to cccDNA which in turn is used as a template by host RNA polymerase II to transcribe 

viral RNAs (1, 41). Within the cccDNA, there are four viral promoters; the basic core, pre-

S1, pre-S2, and X promoters, and two enhancer sequences; enhancers I and II, which 

initiate transcription of the cccDNA by host RNA polymerase II (26). The viral pgRNA 

and the surface and X mRNAs are then transported to the cytoplasm to be translated into 

proteins essential for production of new virions (29). Once the viral polymerase is 

translated from pgRNA, it binds to the encapsidation signal on the pgRNA. The 

polymerase-bound pgRNA is subsequently encapsidated by core proteins and reverse 

transcribed by viral polymerase to produce the minus DNA strand of HBV (28). As the 

polymerase moves along the minus strand to synthesises the plus strand, the polymerase 
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degrades the pgRNA (28). The core particle with the HBV DNA, known as the 

nucleocapsid, can either be directed to the nucleus to deliver its DNA thus increasing the 

cccDNA pool or it can be directed to the secretory pathway and enveloped with a lipid 

bilayer embedded with surface proteins and then released into the blood stream (26, 42). In 

addition to releasing infectious virions the infected cell also secretes non-infectious HBsAg 

subviral particles composed of empty envelopes embedded with HBsAg (43). HBV-

infected cells also secrete HBeAg which is a variant of the core protein (43). 

Unravelling the life cycle of HBV has facilitated various developments in managing and 

treating HBV infection (18, 44, 45). HBsAg was identified as a marker for HBV infection 

and has been used in the development of an HBV infection screening assay called the 

HBsAg enzyme linked immunosorbent assay (ELISA) (46, 47). The first available HBV 

vaccines were also produced from plasma-derived HBsAg (5). Furthermore, different 

stages of the life cycle are used as potential target sites for HBV therapy as demonstrated 

by the development of inhibitors for HBV entry, replication, nucleocapsid formation and 

secretion inhibitors (48-52). However these do not impact the persistent pool of cccDNA 

within infected hepatocytes and therefore strategies that would target the formation, 

replication or elimination of cccDNA may be a  better option for treating  HBV infection 

(53). 
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Figure 1.2: Hepatitis B virus replication cycle.  HBV virions attach to the NTCP receptor on hepatocytes and enter the cell through endocytosis. After 

uncoating the viral capsid is translocated to the nucleus where the rcDNA is released and repaired to cccDNA. The cccDNA is used as a template to 

transcribe pgRNA and subgenomic RNAs which are then transported to the cytoplasm. The viral RNAs are translated into viral proteins, whereby the core 

and surface protein are required for new virion assembly. Once the polymerase is translated from the pgRNA the two are encapsidated by core proteins 

forming the nucleocapsid. Subsequently the polymerase reverse transcribes the pgRNA and ultimately produces the partially double-stranded rcDNA. The 

nucleocapsid is either recycled to the nucleus to maintain the cccDNA pool or enveloped with a lipid bilayer, embedded with surface proteins, and secreted 

into the blood stream. Image adapted from (54). 
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1.3 HBV management 

To control the burden of the disease, an effective recombinant vaccine is currently used in 

approximately 180 countries as part of their routine universal HBV vaccination of 

newborns and adults (5, 55). Despite the success of the vaccine in reducing the incidence 

of HBV infection, it cannot treat established infections. Furthermore, in adults 

administered with the vaccine, about 5 % do not acquire significant anti-HBs antibody 

levels and thus remain unprotected (56). In addition, the number of non-responders is 

increased under circumstances of immunosuppression (57-59). Factors that lead to 

immunisation failure include improper storage of vaccine, old age, male gender, obesity, 

renal failure, impaired immune system, genetic factors and certain diseases such as celiac 

disease, diabetes mellitus, chronic liver disease, Crohn’s disease and cancer (60-62). 

Another limiting factor is the emergence of HBV S-gene mutants that cannot be neutralised 

by vaccine induced anti-HBs antibodies (63, 64).  

There are currently seven licensed therapeutic agents available for treating chronic HBV  

infection which fall in the categories of  either immunomodulators or NAs (14). The 

immunomodulators includes interferon alpha (IFN-α) and a more potent form, PEGylated 

IFN-α (PEG-IFN-α), which act by aiding the host’s immune system in mounting an 

immune response against the virus (65, 66). The use of standard IFN-α was replaced with 

PEG-IFN-α due to its improved pharmacokinetic properties and decreased dosages (67, 

68). IFN-α treatment is given via subcutaneous injection and exerts its effect by engaging 

cell surface receptors to stimulate intracellular signalling pathways, which then regulates 

the transcription of IFN-stimulated genes that ultimately inhibit viral replication (69). IFN 

therapy has been used successfully in chronically infected patients to achieve a decrease in 

HBsAg, HBeAg, and normalised alanine aminotransferase (ALT) levels (70-73). 
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Furthermore, a decreased incidence in HCC was also observed following IFN-α 

administration (74). Compared to NAs, the major benefits of IFN therapy include the finite 

duration of treatment, greater loss of HBsAg and a lack of drug resistance (65, 75).  

Despite the benefits and success rates of IFN therapy it is only effective in about 30% of 

treated patients and has an overall weaker antiviral activity compared to NAs (76, 77). To 

improve the efficacy of treatment, combination therapy was explored where patients were 

treated with a NA and PEG-IFN-α, but no improvement in response to this treatment 

strategy was observed (78). IFN therapy is associated with several side effects such as bone 

marrow suppression, influenza-like symptoms, depression, aggravation or unmasking of 

autoimmune diseases, renal failure and heart failure (79). The more efficient PEG-IFN-α 

produces similar side effects as the standard IFN (79). Another disadvantage of IFN 

therapy is the high cost associated with treatment (80).  

Licensed NAs include lamivudine, adefovir, dipivoxil, entecavir, telbivudine and tenofovir 

and act by inhibiting viral polymerase activity thus inhibiting viral replication. The various 

NAs function to suppress replication by a similar mechanism but differ in their clinical 

efficacy (80). NAs are chemically produced and are structurally similar to endogenous 

nucleotides and are therefore incorporated into the growing DNA strand during viral DNA 

synthesis causing termination of chain extension, thus ultimately inhibiting viral replication 

(80, 81). Lamivudine, the first licensed oral anti-HBV agent, proved to be successful as it 

was able to reduce HBV DNA levels, normalised ALT levels and also improved liver 

histology in patients (82-84). However, a major drawback of lamivudine therapy is 

emergence of lamivudine drug resistant HBV strains (85). Compared to lamivudine, 

adefovir dipivoxil and entecavir achieve a superior virological response including a much 

lower incidence of resistance (86-88). Despite the improved viral suppression observed 

with telbivudine, compared to lamivudine, it is not often used due to the high rate of 
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resistance associated with this NA (80). Tenofovir was initially licensed as treatment for 

the human immunodeficiency virus (HIV), but was later found to be a potent therapy 

option against HBV infection and for treating patients co-infected with HBV and HIV (80, 

89). Tenofovir has been chosen as a first line therapy due to its improved efficacy 

compared to the other analogues and no resistance has been reported for up to 144 weeks 

of treatment (80, 90). Although successful at inhibiting the viral polymerase activity, these 

NAs do not suppress viral replication completely and consequently residual virions are still 

produced which are able to infect new cells (91-93). Since reactivation will occur if 

treatment is stopped, it necessitates prolonged use of NAs, which in turn increases the 

chance of emergence of drug resistant strains (80). 

Despite the anti-HBV activity of currently available therapeutic agents, efficacy is only 

partial and is coupled with various limitations such as cost, life-long treatment regimens, 

the emergence of resistance, severe side effects and importantly the reactivation of HBV 

replication once treatment is stopped (65, 80, 94). These issues highlight the need for novel 

therapeutic agents with improved efficacy and safety. 

Therapeutic strategies that employ gene therapy have shown potential as an approach to 

combat HBV infection and have modes of action that overcome challenges faced by 

current treatment strategies (54, 95). Several anti-HBV gene therapy strategies targeted to 

viral RNA have been explored and include antisense DNA and RNA, ribozymes, 

DNAzymes and RNA interference (RNAi) (96-99). The use of RNAi has proved to be 

most efficient in silencing gene expression and has gained attention as one of the leading 

strategies of  targeting and suppressing viral RNA (100). RNAi is a naturally occurring 

process where specific mRNA is targeted for degradation by a 21 nucleotide guide RNA 

and its associated silencing complex, RISC (RNA induced silencing complex) (100, 101). 

Guide RNA, produced from synthetic small interfering RNA (siRNA) or expressed RNA 
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sequences (microRNA mimics), have been successfully used to target and induce viral 

mRNA degradation (102-104). Although the aforementioned approaches were able to 

silence gene expression, since these strategies function at a post-transcriptional level the 

pool of persistent cccDNA remains undiminished (105).  

 

1.4 Gene editing technologies 

Using gene editing technologies to target viral genomes can, theoretically, be applied to 

edit and disrupt vital viral genes thereby clearing the virus. Prominent nuclease 

technologies for gene modification include zinc finger nucleases (ZFNs), transcription 

activator-like effector nucleases (TALENs) and the CRISPR/Cas system, each of which 

has been investigated for its ability to disrupt cccDNA and inhibit viral replication (106).  

Zinc finger proteins (ZFPs) belong to a class of naturally occurring transcription factors 

and are able to bind specific DNA sequences via their Cys2His2 zinc finger motifs (107). 

In a modular arrangement of ZFPs, the amino acids on the tip of the α helix of each finger 

binds to a specific DNA triplet within the major groove of DNA (108, 109). Varying the 

amino acids at the finger tips enables the manipulation of sequence specificity of the zinc 

fingers, therefore ZFPs can be constructed to bind any sequence of interest (110, 111). 

Furthermore, fusing an effector domain, such as a nuclease domain, a transcription 

activator domain or repressor domain, to the re-engineered zinc finger domain creates a 

protein capable of cleaving (ZFN), activating expression (ZF transcription factor) or 

suppressing expression (ZF repressor) of a specific gene in a variety of cells and organisms 

(112-114).  
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A more promising alternative to ZFPs are TALEs which are DNA binding proteins 

produced by gram negative plant pathogenic bacteria of the genus Xanthomonas (115, 

116). Using their type III secretion system Xanthomonas bacteria inject the TALEs into 

plant cells, and upon reaching the nucleus, the TALEs bind to specific promoter sequences 

on the host genome, to initiate transcription of genes that favour bacterial colonisation 

(115, 116). The central DNA binding domain (DBD) comprises tandem repeats of 34 

amino acid residues, with the 12th and 13th  amino acid residues (called repeat variable di-

residues (RVDs)) determining DNA binding specificity (115). The repeats in the TALE 

DNA-binding domain has no context dependence and confers specificity for a single 

nucleotide, thereby creating a straightforward protein-DNA binding code (117). The 

specific and adaptable modules of TALEs render it a favourable molecular tool for 

modifying DNA as it can be fused to different effector domains. TALEs fused to effector 

domains such as nucleases (20), transcription repressors (118) and transcription activators 

(119) have been demonstrated to be functional in mammalian cells. 

With the recent functional elucidation of the CRISPR/Cas system, research displaying its 

utility for targeted genome modification has emerged (120-122). The CRISPR/Cas system 

is naturally found in bacteria and acts as a defence tool against foreign nucleic acids 

through its RNA guided endonuclease activity (123). A certain sequence of the foreign 

nucleic acid is captured and incorporated in the CRISPR locus (124). CRISPR RNAs 

(crRNA) are produced which contain a segment of the CRISPR repeat and a protospacer 

sequence transcribed from the captured foreign nucleic acid (125). In the most commonly 

used CRISPR system, the type II system, the crRNA hybridises to transactivating RNA, 

which is also encoded by the CRISPR system, forming a guide RNA (gRNA) complex, 

that associates with a Cas9 protein (126, 127). The gRNA then binds to a target sequence, 

which is complementary to a portion of the gRNA, and found next to a protospacer 
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adjacent motif (PAM) represented by the sequence NGG (124, 125). The Cas9 protein then 

cleaves the target sequence thus destroying the invading species (127). The CRISPR/Cas 

system relies on RNA-DNA complementary base pairing rules and therefore targeting a 

sequence of interest can be achieved by modifying the DNA target-binding sequence in the 

gRNA (127, 128). 

Overall these designer endonucleases are able to target the cccDNA directly, overcoming a 

challenge that has made current therapeutic options inefficient (20, 54, 95, 129, 130). 

However, a major concern for this type of technology is its ability to cleave HBV DNA 

integrated into the host genome or cleave off-target genes (131, 132). This would cause 

insertions or deletions (indels) and possibly chromosomal translocations in the host 

genome, resulting in cytotoxicity (133, 134). Methods capable of epigenetically altering 

the expression of cccDNA may be a more favourable approach to cccDNA gene editing 

(135). Therefore, the use of highly specific DNA-binding domains, to direct a repressor 

effector protein to the cccDNA, may be an alternative method to nuclease mediated gene 

disruption.   

 

1.5 Engineering TALE proteins 

As a result of the predictable DNA binding code, specificity, and the modular design of 

TALE proteins, it has become a popular tool in synthetic biology studies. Advances made 

with TALE technology derived from the Xanthamonas sp has enabled the construction of 

designer TALEs fused to a variety of effector domains for effective use in a broad range of 

applications (20, 118, 119). The predictable and programmable specificity of the TALE 

protein is as a consequence of the unique recognition mode of the central binding domain, 

where the RVD specifies the DNA base to be bound on the sense strand (Figure 1.3) (115). 
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The crystal structure of a TALE bound to a DNA reveals that each repeat consists of two 

helices bound to a RVD-containing loop (116, 136). The amino acid repeats associate with 

each other forming a right handed super helical structure that wraps around the major 

groove of DNA where residue 13 binds to its specific nucleotide and residue 12 is 

responsible for stabilising the RVD loop (116, 136). Of the 25 natural RVDs known, the 

ones mostly used are HD, NI, NK and NG which strongly binds to C,A,G and T bases 

respectively (117). However, some RVDs can recognise more than one base, such as the 

RVD NN which recognises guanine bases but also to a lesser extent recognises adenine 

(117). This allows targeting of multiple genomic sites that vary in the degree of specificity 

for each site, thus making TALEs a flexible tool compared to other gene editing strategies 

(137). Characterisation studies revealed that TALE derivatives can vary in their efficiency 

depending on RVD composition and that the presence of strong RVDs HD and NN is 

necessary for efficient activity (138). Additionally using a DNA-binding domain with 

longer repeats makes the TALE more specific (137). Further characterisation revealed that 

a thymine base (T0) preceding the target sequence was required for TALE activity (117). 

Structural studies revealed that the N terminal portion of the TALE protein recognises and 

interacts with the T0 and that by mutating the N terminal domain, novel N terminal 

domains are created which prefer other bases (N0) (139).   
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Figure 1.3: Schematic diagram of a naturally occurring TAL effector, illustrating the N-terminal translocation signal (N), repeat region, and a C-

terminal region (C) consisting of a nuclear localisation signal (NLS) and a transcriptional activation domain (AD). The repeat region is the DNA-binding 

domain composed of tandem repeats of 34-35 amino acid residues, where the 12th and 13th amino acid residues (underlined) determine the specificity of 

the target sequence. The RVDs and their major nucleotides for binding are also depicted. Reproduced from (116). 
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1.6 Transcriptional repression of HBV 

Cells regulate the expression of genes to control the amount and the time when a specific 

gene is expressed (140). Transcription factors are the molecular machinery that regulate 

gene expression through interactions with transcription regulatory elements such as 

promoters, enhancers, silencers, insulators and locus control regions (141-144). 

Transcription repressors have binding sites within silencers or can directly act on the 

promoter thereby disrupting the transcription initiation process (142). Transcriptional 

repression can be achieved by a repressor through competition with transcriptional 

activators for binding sites thereby inhibiting the recruitment of co-activators or by 

masking the activator domain inhibiting its function (145). Another mechanism of 

repression is through inhibiting transcriptional machinery activity. This is achieved by 

preventing the formation of the pre-initiation complex, thereby preventing the initiation of 

transcription or by binding at a site which prevents the transcriptional elongation process 

(145). Transcriptional repression can also be achieved through repressive heterochromatin 

formation which sterically prevents transcription factor binding and transcription initiation 

(145). Heterochromatin is brought about by chromatin remodelling through histone 

modifications and through the methylation of CpG islands (145). Based on this natural 

phenomenon, the use of artificially designed transcription factors to repress gene activity 

has been explored. Artificial transcription factors are typically constructed by fusing a 

repressor domain to the DNA-binding domain of ZFPs (146), TALEs (147) or an inactive 

Cas9 (dead Cas9 or dCas9) of the CRISPR/Cas system (148).  

The Krüppel-associated box (KRAB) repressor domain is one of the most commonly used 

repressor domains in artificial transcriptional repressors and functions by recruiting 

heterochromatin forming complexes to a target site making the chromatin inaccessible to 
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transcription machinery (149, 150). By fusing a KRAB repressor domain to a dCas9, 

Gilbert et al. was able to achieve at least 90% repression of the various endogenous genes 

tested in a mammalian cell line (148). While the CRISPR/Cas system has been 

successfully repurposed to transcriptionally repress endogenous and exogenous gene 

activity in a variety of cell lines (148, 151-153), no attempts to target HBV cccDNA has 

been reported as yet. Several studies have also demonstrated that an artificial transcription 

factor consisting of a KRAB transcriptional repressor domain fused to a ZFP DBD was 

able to inhibit expression of viral target genes (146, 154, 155). A proof-of-concept study 

demonstrated that designing a ZFP DNA-binding domain to target a sequence in the 

enhancer 1 region found upstream of an integrated HBx sequence was capable of 

specifically binding the target and causing a 57.2% decrease in HBx transcription (154). 

The adaptable modules of a TALE protein allow the TALE DNA-binding domain to be 

fused to a repressor domain to achieve silencing of a gene. Several studies have 

successfully re-engineered TALEs as repressor TALEs (rTALEs) capable of targeted 

endogenous or exogenous gene silencing in a variety of cell lines (118, 147, 156-158).  

Based on these studies the potential of highly specific transcriptional repressors designed 

to target and inhibit HBV viral replication without altering the genetic sequence or causing 

mutations in the host genome may be a promising antiviral approach. Given the high level 

of specificity observed with engineered TALEs and their efficiency in regulating genes in 

mammalian cells makes TALEs a favourable molecular tool for creating artificial 

transcription factors (118, 159, 160). 

To design rTALEs for use as therapeutics against HBV, certain technical considerations 

must be taken into account such as the type of gene modifier to be incorporated. For 

rTALE construction, the well-studied and efficient KRAB domain has been a popular 

choice as a repressor domain (118, 135, 147, 161). The highly conserved KRAB repression 
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domain is a DNA binding-dependent transcriptional repressor naturally found as part of the 

zinc finger transcriptional regulatory proteins (162, 163). The KRAB domain is a powerful 

repressor and therefore, most eukaryotic KRAB-ZFPs are known to be involved in 

important processes such as cell differentiation, embryonic development, cell cycle 

regulation, and apoptosis amongst other cellular functions (164, 165). The KRAB domain 

functions by interacting with transcriptional co-repressor proteins or other transcriptional 

factors (165, 166). An important universal co-repressor needed for KRAB domain 

transcriptional repression is the KRAB-associated protein 1 (KAP 1) (163, 166). Bound to 

the target promoter, the KRAB repressor domain recruits and binds KAP1 at its Ring-B 

box-coiled-coil (RBCC) motif (163, 166). KAP1 in turn recruits and binds 

heterochromatin-inducing factors to the target promoter, like the heterochromatin protein 1 

(HP1), the histone methyltransferase SETDB1, the nucleosome-remodelling and histone 

deacetylation (NuRD) complex and the nuclear receptor corepressor complex 1 (149, 165, 

167, 168). As a result, the chromatin is modified through compaction and increased DNA 

methylation events which create facultative heterochromatin that is inaccessible to RNA 

polymerase II (165, 169). Additionally the KRAB/KAP1 complex has the ability to cause 

induced heterochromatin spreading over long ranges of DNA, further demonstrating the 

advantage of using a KRAB repressor domain as the choice of a gene modifier (168).                    

An essential feature for anti-HBV rTALEs would be the incorporation of a nuclear 

localisation signal which would mediate the process of rTALE import into the nucleus to 

bind targeted DNA (170). Furthermore, an important factor in therapeutics is the spatial 

control of exogenous gene expression to restrict unintended adverse effects from activity in 

non-targeted cells. Since HBV primarily affects hepatocytes (1), designing the rTALEs to 

be liver-specific is of prime importance. 
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This project entails the construction of rTALEs, which comprise of a KRAB repressor 

domain fused to a TALE DBD. In contrast to previous studies where rTALEs were 

designed to incorporate the repressor domain at the C terminus end (118, 147) here the 

KRAB domain is incorporated at the N terminus end of the rTALE vector, analogous to 

repressor proteins found naturally (165). The TALE DBD should specifically bind to the 

target HBV sequences and the KRAB repressor should mediate heterochromatin formation 

at the site (169). As a result the target site should be inaccessible to transcription 

machinery and hence transcription of the target HBV DNA should be inhibited (Figure 1.4) 

(169). The well-characterised modified transthyretin (mTTR) promoter will drive 

expression of these rTALE proteins to permit hepatocyte-specific expression (171). The 

tissue-specific rTALE activity was intended to restrict unwanted transgene expression and 

activity in other cell types. Additionally, the rTALE vectors were designed to contain a 

NLS signal that will enable the rTALE to be transported into the nucleus of the cell after it 

has been translated in the cytoplasm. 
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Figure 1.4: Schematic representation of the rTALE design and rTALE-mediated 

transcriptional repression. (A) The rTALE consists of a KRAB repressor domain fused to a 

TALE DNA-binding domain (DBD). A nuclear localisation signal (NLS) is incorporated to 

facilitate transport back to the nucleus once translated. A haemagglutinin epitope (HA) tag is 

included which acts as a protein tag to detect rTALE expression. (B) The TALE DBD specifically 

binds to its target sequence and the KRAB repressor recruits co-repressors and heterochromatin-

inducing factors which forms a heterochromatin state at the target site. Thus, the target site is 

inaccessible to transcription machinery leading to inhibition of viral transcription.  

A 
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1.7 Aims 

The aim of the current study was to construct KRAB-based rTALEs and assess their anti-

HBV potential. The rTALEs were designed to be under the transcriptional control of a 

mTTR promoter and to target the HBV surface and polymerase ORFs, including the viral 

enhancer I/X promoter region of cccDNA, to achieve chromatin-based repression of HBV 

gene expression. The transcriptional repression activity of the rTALEs on HBV cccDNA, 

off-target effects and cytotoxicity were assessed in cell culture. 
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Chapter 2 

2. Materials and Methods 

2.1 Plasmids 

2.1.1 pCH-9/3091 

pCH-9/3091 was used in this study as a target plasmid to assess the anti-HBV efficacy of 

the rTALEs. pCH-9/3091 is a replication-competent plasmid and is therefore able to mimic 

the HBV replication process in vitro and in vivo. Developed by Nassal and colleagues 

(172), pCH-9/3091 contains a greater-than-genome-length genotype D HBV sequence 

under the transcriptional control of the CMV promoter. The plasmid contains two terminal 

repeats thereby facilitating the transcription of the greater-than-genome-length pgRNA as 

would normally occur from the circular HBV genome. The pgRNA is sufficient for 

initiation of viral replication. 

2.1.2 pCI-neo-eGFP 

The pCI-neo-eGFP reporter plasmid is a convenient measure of transfection efficiency 

when co-transfected with any other plasmid. The plasmid expresses enhanced green 

fluorescent protein (eGFP) under the control of the CMV promoter (173). 

2.1.3 pTZ57R 

The pTZ57R (Thermo Scientific, USA) plasmid does not contain any extraneous 

sequences capable of expressing in mammalian cells and was used to ensure an equivalent 

amount of DNA was transfected between cell culture experiments. 
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2.1.4 pRK5-CMV-rTALE plasmids 

The previously described anti-HBV TALEN-expressing plasmids (174) were used to 

construct the CMV-driven rTALEs (unpublished data). These rTALEs consists of a TALE 

DBD, based on the AvrBs4 TALE protein scaffold, fused to a KRAB domain to cause gene 

repression (Figure 5.1). The TALE DNA-binding arrays were engineered to target the 

HBV genome. To generate the CMV-driven rTALE expressing plasmids, the sequence 

encoding the TALE DBD was excised from the anti-HBV TALEN-expressing plasmids 

and cloned it into a destination vector which contained a KRAB repressor domain (pRK5-

HA-KRAB-NLS-TAL). The pRK5-HA-KRAB-NLS-TAL vector sequence encodes the 

upstream immediate early CMV promoter/enhancer to drive rTALE transcription, a TALE 

DBD, a haemagglutinin epitope (HA) as a protein tag for rTALE expression, a KRAB 

repressor domain for gene suppression, and a nuclear localisation signal to facilitate 

transport into the nucleus once translated. Furthermore, the KRAB domain was designed to 

be at the N-terminal of the repressor plasmid as would occur naturally in KRAB-ZF 

proteins. All the CMV-driven rTALE plasmids have the same sequence except for the 

sequence encoding the TALE DBD. Of the five CMV-driven rTALE plasmids; pRK5-

CMV-S1-rTALE and pRK5-CMV-S2-rTALE targets and binds the surface and 

polymerase ORFs of the HBV genome whereas pRK5-CMV-X1-rTALE and pRK5-CMV-

X2-rTALE targets and binds the polymerase ORF and the HBx promoter region of the 

HBV genome. The final amino acid sequences of the rTALE DBD and the DNA target 

sequence are shown in Table 2.1 and 2.2. The fifth rTALE, pRK5-CMV-control-rTALE, 

targeted a sequence unrelated to HBV and served as a negative control.  
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Table 2.1: Amino acid sequences of the S1 and S2- rTALEs and their target viral DNA 

sequence. 
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Table 2.2: Amino acid sequences of the X1 and X2- rTALEs and their target viral DNA 

sequence. 
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2.2 Plasmids constructed in this study 

2.2.1 Construction of mTTR-driven KRAB-based rTALEs targeted to the HBV ORF 

2.2.1.1 Design of the mTTR-driven rTALE plasmids 

To generate the mTTR-driven rTALE plasmids (pRK5-mTTR-rTALEs) (Figure 5.2), the 

CMV-driven rTALEs were modified by replacing the CMV promoter sequence with that 

of the liver-specific murine transthyretin (mTTR) promoter. Since the mTTR-driven 

rTALEs are based on their CMV counterparts pRK5-mTTR-S1-rTALE and pRK5-mTTR-

S2-rTALE targets the surface and polymerase ORFs of the HBV genome whereas pRK5-

mTTR-X1-rTALE and pRK5-mTTR-X2-rTALE targets and binds the polymerase ORF 

and the HBx promoter region of the HBV genome. Finally, a pRK5-mTTR-control-rTALE 

was also generated.  

2.2.1.1.1 Design of the mTTR promoter sequence fragment  

The promoter insert sequence was designed to include sequences from the pRK5-CMV-

control-rTALE vector that flank the 5’ and 3’ ends of a mTTR promoter (Figure 2.1). This 

was done to ensure that the mTTR-driven rTALEs match the sequence of their CMV-

driven rTALE counterparts, except for the promoter sequences. The 5’ flanking sequence 

(fragment A) extends from the Pci I site to the start of the CMV promoter of pRK5-CMV-

control-rTALE and is represented by nucleotides 7060 - 14 (Figure 5.1). The 3’ flanking 

sequence (fragment B) extends from the end of the CMV promoter to the Not I site of 

pRK5-CMV-control-rTALE and is represented by nucleotides 597-963 (Figure 5.1). Since 

the mTTR promoter sequence contains a Pci Isite, Pci I digestion could not be used for the 

purposes of cloning. Instead the mTTR insert was designed to include Bpi I type IIS 

restriction sites upstream of the Pci I and downstream of the Not I site. The Bpi I sites were 
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added in such a fashion that digestion with Bpi I would cut within the Pci I and Not I sites 

to yield the mTTR fragment with a Pci I overhang at the 5’-end and a Not I overhang at the 

3’-end. Furthermore, the insert was designed to contain Xho I and Asc I restriction sites 

flanking the mTTR promoter sequence, thus providing an easier cloning option for 

switching the promoters in this plasmid at a later stage. 



 

28 
 

 

\’;

 

Figure 2.1: Schematic diagram of the promoter insert fragment. The insert was designed to contain the mTTR promoter sequence that would replace 

the promoter in the CMV-driven rTALEs. Short fragments that flank the CMV promoter in the CMV-driven rTALE vector were added to flank the mTTR 

promoter (fragment A and B). This ensures that, excluding the promoter sequences, the sequences of the mTTR-driven rTALE vector matches that of the 

CMV-driven rTALE vector. Bpi I restriction sites were included in the sequence such that Bpi I digestion would yield Pci I and Not I overhangs that would 

be complementary to the overhangs of the rTALE vector backbone. Furthermore, the insert was designed to contain Xho I and Asc I restriction sites 

flanking the mTTR promoter sequence. Map was created with SnapGene® software (from GSL Biotech; available at snapgene.com).
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2.2.1.2 Construction of pRK5-mTTR-control plasmid.  

Construction of pRK5-mTTR-control-rTALE plasmid is illustrated in Figure 2.2. The 

CMV promoter sequence was excised from the pRK5-CMV-control-rTALE expression 

vector (Figure 5.1) by a double restriction enzyme digestion reaction using NotI and PciI. 

The digestion reactions were carried out in two steps as recommended by the manufacturer 

(Thermo Scientific, CA, USA). The first digestion was carried out in a 40 μl reaction 

volume containing 1 μg of pRK5-CMV-control-rTALE, Buffer Tango at a final 

concentration of 1×, 1 U Pci I, and ddH2O. After an incubation period of 1 hour at 37 °C, 4 

U of Not I and 10× Buffer Tango to a final concentration of 2× was added, and the reaction 

was incubated for an additional hour at 37 °C. After the digestion reaction, 1 U of FastAP 

Thermosensitive Alkaline Phosphatase (Thermo Scientific, CA, USA) was added and 

incubated at 37 °C for 30 minutes to remove 5’ phosphates. An undigested control reaction 

was included receiving all the components of the digestion except for the enzyme. The 

restriction digests were resolved on a 0.5 % agarose gel containing 0.5 µg/ml ethidium 

bromide and the resulting DNA bands were viewed with a GBOX UV transilluminator 

(Syngene, Cambridge, UK) (Appendix 5.2.1). The pRK5-CMV-control-rTALE vector 

backbone represented by the 6097 bp fragment (Appendix, Figure 5.3), was excised from 

the gel and purified using the MinElute™ Gel Extraction Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions (Appendix 5.2.2). DNA recovery was 

confirmed through gel electrophoresis (Appendix 5.2.1). The purity and concentration of 

the recovered DNA was assessed by spectrophotometry. This rTALE backbone fragment 

now lacked the CMV promoter and still contained the TALE DBD and KRAB repressor 

domain sequences. 
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Figure 2.2: Schematic diagram of the cloning strategy used to generate the pRK5-mTTR-

control plasmid. The pUC57-mTTR plasmid was digested with Bpi I to excise the mTTR 

promoter sequence. Bpi I restriction digest would produce a mTTR fragment with a Pci I overhang 

upstream of the promoter sequence and a Not I overhang downstream of the promoter sequence. 

The pRK5-CMV-control-rTALE plasmid was double digested with Not I and Pci I to remove the 

CMV promoter region from the rTALE backbone sequence. Finally, the mTTR promoter sequence 

was ligated into the rTALE backbone to create the pRK5-mTTR-control-rTALE plasmid. 
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The mTTR fragment to be cloned into the rTALE vector backbone was synthesised and 

inserted into the pUC57-Mini plasmid to produce the pUC57-mTTR plasmid (GenScript, 

NJ, USA). The fragment was excised from the pUC57-mTTRplasmid by Bpi I restriction 

enzyme digestion at 37 °C for 2 hours (Thermo Scientific, CA, USA). The digestion 

reactions contained 1 μg of pUC57-mTTR plasmid DNA, Buffer G at a final concentration 

of 1×, 1 U of Bpi I enzyme and ddH2O made to a final volume of 20 μl. Additionally, an 

undigested control reaction was included that did not contain the restriction enzyme. The 

restriction digests were resolved on a 1% agarose gel stained with 0.5 µg/ml ethidium 

bromide and viewed with a GBOX UV transilluminator (Syngene, Cambridge, UK) 

(Appendix 5.2.1). The 1210 bp insert fragment (Appendix, Figure 5.4), was excised from 

the gel and purified using the MinElute™ Gel Extraction Kit (Qiagen, Hilden, Germany) 

(Appendix 5.2.2). DNA recovery was confirmed through agarose gel electrophoresis and 

quantified by spectrophotometry (Appendix 5.2.1). 

The insert was ligated into the pRK5-control-rTALE backbone fragment using T4 DNA 

Ligase at a 1:3 vector to insert ratio (New England Biolabs, NJ, USA). The ligation 

reaction was carried out at 16 °C overnight and consisted of 100 ng of the rTALE vector 

backbone, 59.16 ng of insert fragment, 2 μl of 10× T4 DNA Ligase Reaction Buffer, 1 U of 

T4 DNA ligase made to a final volume of 20 μl with ddH2O. After an overnight incubation 

period, the ligase was heat inactivated at 65 °C for 10 minutes. Ten microlitres of the 

ligation mix was used to transform 100 μl of chemically competent E. coli cells (XL10-

Gold, Thermo Scientific, CA, USA) (Appendix 5.2.3). The transformed E. coli cells were 

plated on Luria Bertani (LB) agar plates supplemented with 100 μg/ml ampicillin 

(Appendix 5.2.3) and incubated at 37 °C overnight. Additionally, a sample of 

untransformed E. coli cells was also plated as a transformation control. Single colonies 

from the experimental plates were inoculated in 10 ml LB media supplemented with  
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100 μg/ml ampicillin and cultured at 37 °C in a shaking incubator overnight. Plasmid DNA 

from the bacterial cultures was isolated and purified using the High Pure Plasmid Isolation 

Kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer’s 

instructions (Appendix 5.2.4). The purified plasmids were screened by restriction enzyme 

digestion using Bam HI (Thermo Scientific, CA, USA). The successfully cloned plasmid is 

hereafter referred to as pRK5-mTTR-control-rTALE.  

2.2.1.3 Construction of pRK5-mTTR-X1 plasmid 

The construction of the pRK5-mTTR-X1 plasmid was achieved in a similar manner as 

described above for the pRK5-mTTR-control plasmid. The CMV promoter sequence was 

excised from the pRK5-CMV-X1 plasmid by a Not I and Pci I double restriction enzyme 

digestion reaction according to the manufacturer’s instructions (Thermo Scientific, CA, 

USA) for 2 hours at 37 °C. The digested fragments were then resolved on a 1% agarose gel 

(Appendix 5.2.1) and the pRK5-CMV-X1-rTALE vector backbone was excised and 

purified from the agarose gel using the MinElute™ Gel Extraction Kit (Qiagen, Hilden, 

Germany) (Appendix 5.2.2). The mTTR fragment was excised from the pUC57-

mTTRplasmid by Bpi I (Thermo Scientific, CA, USA) restriction enzyme digestion for 2 

hours at 37 °C. The digested fragments were subsequently resolved on a 1% agarose gel 

(Appendix 5.2.1) and the insert fragment was excised and purified from the agarose gel 

using the MinElute™ Gel Extraction Kit (Qiagen, Hilden, Germany) (Appendix 5.2.2). 

Thereafter, the insert was ligated into the vector using T4 DNA ligase (New England 

Biolabs, NJ, USA) as described above. The ligation reactions were performed at 16 °C 

overnight and 10 µl of the ligation mix was used to transform 100 μl of chemically 

competent E. coli cells (XL10-Gold, Thermo Scientific, CA, USA) (Appendix 5.2.3). 

Positive clones containing the insert were screened by Bam HI restriction enzyme 

digestion. 
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2.2.1.4 Construction of pRK5-mTTR-S1, pRK5-mTTR-S2 and pRK5-mTTR-X2 plasmid 

The remaining three mTTR rTALEs were cloned by replacing the TALE sequence from 

pRK5-mTTR-control-rTALE with the TALE sequence from each of the pRK5-CMV-

rTALEs (Figure 2.3). The binding domains from pRK5-CMV-S1-rTALE, pRK5-CMV-S2-

rTALE and pRK5-CMV-X2-rTALE were used to generate pRK5-mTTR-S1-rTALE, 

pRK5-mTTR-S2-rTALE and pRK5-mTTR-X2-rTALE respectively.  

pRK5-CMV-S1-rTALE, pRK5-CMV-S2-rTALE and pRK5-CMV-X2-rTALE were double 

digested with Kpn I and Nhe I restriction enzymes according to the manufacturer’s 

instructions (Thermo Scientific, CA, USA). Each reaction was carried out at 37 °C for 2 

hours and contained 1 μg of each pRK5-CMV-rTALE plasmid individually digested with 1 

U Kpn I enzyme and 2 U of Nhe I enzyme in 2 μl of 1× Buffer Tango in a final volume of 

40 μl made up with ddH2O. The restriction digests were resolved on a 1% agarose gel 

stained with 0.5 µg/ml ethidium bromide and viewed with a GBOX UV transilluminator 

(Syngene, Cambridge, UK) (Appendix 5.2.1). The 2584 bp band representing the insert 

fragment (Figure 6.5 and 6.6) was excised from the gel and purified using the MinElute™ 

Gel Extraction Kit (Qiagen, Hilden, Germany) (Appendix 5.2.2). DNA recovery was 

confirmed with gel electrophoresis (Appendix 5.2.1) and the purity and yields were 

determined spectrophotometrically.  

To generate the pRK5-mTTR backbone for cloning, the TALE DNA binding domain 

represented by the 4723 bp bands (Appendix, Figure 5.7) was excised from the pRK5-

mTTR-control-rTALE plasmid (Appendix, Figure 5.2) by double digestion with Kpn I and 

Nhe I restriction enzymes as described above.  

The rTALE inserts were ligated to the vector backbone by T4 DNA ligase (New England 

Biolabs, NJ, USA) as described previously. Ten microlitres of the ligation mix was used to 
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transform 100 μl of chemically competent E. coli cells (XL10-Gold, Thermo Scientific, 

CA, USA) (Appendix 5.2.3). Positive clones containing the correct sized insert were 

screened using Bam HI restriction enzyme digestion. 

 

An additional screening test using Bgl I restriction enzyme digestion was performed. The 

restriction digest reactions contained 1 μg of pRK5-mTTR plasmid DNA, 10× NEB buffer 

(New England Biolabs, NJ, USA), 1 U Bgl I enzyme (New England Biolabs, NJ, USA) 

made to a final volume of 20 μl with ddH2O. The restriction digests were resolved on a 

0.5% agarose gel stained with 0.5 µg/ml ethidium bromide and viewed with a GBOX UV 

transilluminator (Syngene, Cambridge, UK) (Appendix 5.2.1). 
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Figure 2.3: Schematic diagram of the cloning strategy used to generate the pRK5-mTTR-

plasmids. The successfully cloned pRK5-mTTR-control-rTALE plasmid was double digested with 

Kpn I and Nhe I to remove the TALE DNA-binding domain (DBD) and yield the mTTR rTALE 

backbone. The CMV-driven rTALEs; pRK5-CMV-S1-rTALE, pRK5-CMV-S2-rTALE and pRK5-

CMV-X2-rTALE, were separately double digested with Kpn I and Nhe I to excise and extract their 

respective DBDs. Each DBD was separately ligated into the mTTR rTALE backbone to create the 

pRK5-mTTR-S1-rTALE, pRK5-mTTR-S2-rTALE and pRK5-mTTR-X2-rTALE plasmids. 
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2.3 Plasmid preparation 

All plasmids were prepared with the Plasmid Maxi Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions, and resuspended in 200 μl of sterile H2O 

(Appendix 5.2.5). 

2.4 Mammalian cell culture 

The liver-derived, human hepatoma 7 (Huh 7) and the kidney derived, human embryonic 

kidney 293T (HEK293T) cell lines were maintained using routine cell culture 

methodologies. The cells were cultured in CellStar® 75 cm
2
 cell culture flasks (Greiner 

Bio-One, Frickenhausen, Germany) and were maintained in low glucose (1 g/L) Gibco™ 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Scientific, CA, US), 

supplemented with 10% foetal calf serum (FCS), penicillin (100 000 U/ml) and 

streptomycin (100 μg/ml), in a humidified incubator at 37 °C and 5% CO2. Cells were 

routinely tested for mycoplasma contamination using a MycoAlert™ Mycoplasma 

Detection Kit (Lonza, Basel, Switzerland) according to the manufacturer’s instructions 

(Appendix 5.2.6). Cells were monitored using an Olympus CKX31 light microscope 

(Olympus, Tokyo, Japan). Once the cells reached 80% confluency, the media was 

discarded, the cells washed with, and incubated in saline at 37 °C for 3 minutes. The saline 

was removed and the cells were incubated with 1 ml of 1× TrypLE Express (Thermo 

Scientific, CA, USA) at 37 °C for 3 minutes. The cells were dislodged from the surface by 

gently tapping the flask and resuspended in growth media. The cells were subsequently 

transferred to a new 75 cm
2
 tissue culture flask. Huh 7 cells were grown in conditioned 

media prepared by combining an equal volume of fresh media and spent media. The flasks 

were incubated at 37 °C and 5% CO2 until the next passage. 
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2.5 Determination of rTALE expression in cell culture 

2.5.1 Transient transfection of cultured mammalian cells with rTALE expression vectors 

A day prior to transfection, the Huh 7 and HEK293T cells were seeded at a density of 30% 

and 40% respectively in CellStar® 48-well plates (Greiner Bio-One, Frickenhausen 

Germany) in 250 μl of complete DMEM. Using jetPRIME® transfection reagent 

(Polyplus-transfection, Illkirch, France) (Appendix 5.2.7) or Lipofectamine™ 3000 

(Thermo Scientific, CA, USA) (Appendix 5.2.8), cultured cells were transfected with 200 

ng of each of the CMV- and mTTR-driven rTALE plasmids according to the 

manufacturer’s instructions. A mock transfection where 200 ng of pTZ57R was transfected 

was included as a negative control. To assess transfection efficiency, a transfection 

containing 200 ng of pCI-neo-eGFP was performed separately. All the transfections were 

carried out in triplicate. Forty-eight hours after transfection immunofluorescence staining 

was carried out on the transfected cells. 

2.4.5.1.1 Immunofluorescence staining 

Forty-eight hours post-transfection, the efficiency of the transfection was assessed by 

analysing GFP expression through a Fluorescein isothiocyanate (FITC) filter using a 

fluorescence microscope (Axiovert 100M, Zeiss, Germany). Spent medium was removed 

from wells and the cells were washed with 500 μl of 1× phosphate buffered saline (PBS) 

(Sigma-Aldrich, MO, USA). The cells were subsequently fixed in 500 μl of 4 % 

paraformaldehyde (PFA) at room temperature for 15 minutes. The fixed cells were washed 

twice with 500 μl of 1× PBS and incubated with 500 μl of 0.1% Triton-X (Sigma-Aldrich, 

MO, USA) in PBS for 10 minutes at room temperature to permeabilise the cells. The cells 

were then washed twice with 500 μl of 1× PBS and blocked in 100 μl of 1% bovine serum 

albumin (BSA) (Roche Applied Science, Mannheim, Germany), in 1× PBS at room 
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temperature for 1 hour in a humidity chamber. After the blocking process, the cells were 

incubated for 1 hour at room temperature in a humidity chamber with 100 μl of mouse anti-

HA primary antibody (Abcam, MA, UK) diluted 1:200 in 1% BSA in PBS. After the 

incubation period, the cells were washed twice with 500 μl of 1× PBS, and incubated in the 

dark at room temperature in a humidity chamber for 40 minutes with 100 μl of rabbit anti-

mouse Alexa Fluor 488 labelled secondary antibody that was diluted 1:200 in 1% BSA in 

PBS. The cells were then washed twice with 500 μl of 1× PBS followed by counterstaining 

the cell nuclei with 100 μl of 1× 4,6-diamidine-2-phenylindole chloride (DAPI) for 5 

minutes at room temperature. The DAPI was removed by washing the cells with 500 μl of 

1× PBS and the fluorescent labelling of the cells viewed using a fluorescence microscope 

(Axiovert 100M, Zeiss, Germany) equipped with filters for the detection of FITC and 

DAPI signal. 

 

2.6 Assessing rTALE-mediated HBV gene knockdown 

2.6.1 Transient transfection of cultured mammalian cells with rTALE expression vectors 

A day prior to transfection, Huh 7 and HEK293T cells were seeded at a density of 30% and 

40% respectively in CellStar® 6-well plates (Greiner Bio-One, Frickenhausen, Germany) 

in 2 ml of complete DMEM. Using jetPRIME® transfection reagent (Polyplus-

transfection, Illkirch, France) (Appendix 5.2.7) or Lipofectamine™ 3000 (Thermo 

Scientific, CA, USA) (Appendix 5.2.8), the cultured cells were transfected with each of the 

CMV- and mTTR-driven rTALE plasmids according to the manufacturer’s instructions. 

The transfections were performed in triplicate and the DNA mixes were prepared as 

follows: 100 ng of pCI-neo-eGFP, 180 ng of pCH-9/3091 and 1800 ng of either rTALE. A 

mock transfection where 1800 ng of pTZ57R was substituted for the rTALE DNA in the 
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mixes was also included. All the transfections were carried out in triplicate and forty-eight 

hours after transfection ELISA and qPCR was carried out. 

2.6.1.1 ELISA  

Forty-eight hours post transfection, HBsAg levels were measured using the Monolisa™ 

HBs Ag ULTRA kit (Bio-Rad, CA, USA) according to the manufacturer’s instructions. 

Briefly, 100 μl of the cell supernatant was added to the wells of a microplate coated with 

mouse monoclonal anti HBsAg antibody. Fifty microlitres of the conjugate working 

solution, containing mouse monoclonal and polyclonal anti HBsAg antibodies bound to a 

peroxidase, was added to the wells, the plate covered with adhesive film and incubated for 

1 hour and 30 minutes at 37 °C. After the incubation, the wells were washed 5 times in an 

Immuno Wash™ 1575 Microplate Washer (Bio-Rad, CA, USA) using the supplied 

washing solution to remove any unbound conjugate. Thereafter, 100 μl of a development 

solution containing the substrate and a chromogen was added to the wells and the plate 

incubated in the dark for 30 minutes at room temperature. After the incubation, the reaction 

was terminated using 100 μl of stopping solution and 4 minutes later the optical densities 

of the samples in the wells were measured at 490/700 nm using a Model 680 Microplate 

Reader (Bio-Rad, CA, USA).  

2.6.1.2 Relative quantification of HBV gene expression  

Forty-eight hours post transfection, total RNA was extracted from the transfected cells 

using TRIzol
® 

Reagent (Thermo Scientific, CA, USA) according to the manufacturer’s 

instructions. Briefly, the spent media was removed and 1 ml of TRIzol® Reagent was 

added to each well to lyse the cells. The lysate was transferred to a microcentrifuge tube 

and incubated at room temperature for 5 minutes. Two hundred microlitres of chloroform 

was added to the lysates, the samples were mixed and then incubated for 3 minutes at room 
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temperature followed by centrifugation at 12 000 ×g for 15 minutes at 4 °C. The aqueous 

phase, which contains the RNA, was transferred to a clean microcentrifuge tube, to which 

0.5 ml of 100% isopropanol was added and the mixture incubated for 10 minutes at room 

temperature. The samples were centrifuged at 12 000 ×g for 10 minutes at 4 °C. The 

supernatant was discarded and the RNA pellet was washed by adding 0.5 ml of 75 % 

ethanol, followed by brief vortexing and centrifugation at 7500 ×g for 5 minutes at 4 °C. 

The RNA pellet was air dried for 10 minutes, and re-suspended in 30 μl of RNase-free 

water. The purity and concentration of samples were assessed by spectrophotometry. 

Using the QuantiTect reverse transcription kit (Qiagen, Hilden, Germany), the extracted 

RNA was reversed transcribed to cDNA according to manufacturer’s instructions. First, the 

extracted RNA was treated to remove any genomic DNA (gDNA). The gDNA elimination 

reaction consisted of 1 μg of the extracted RNA, 2 µl of 7× gDNA Wipeout Buffer and 

made to a final volume of 14 μl with RNase-free water. The reactions were incubated at 42 

°C for 5 minutes. After the incubation period, 1 µl of QuantiTect reverse transcriptase, 4 µl 

of 5× QuantiTect reverse transcription (RT) buffer and 1 µl of RT primer mix were added 

to the RNA samples and incubated at 42 °C for 30 minutes. Negative control reactions 

were included where the reverse transcriptase enzyme was omitted from the reaction. To 

deactivate the Quantitect reverse transcriptase the samples were then incubated at 95 °C for 

3 minutes. 

For the relative quantitation of the HBV surface mRNA and pgRNA as well as the human 

glyceraldehyde-3-phosphate dehydrogenase (hGAPDH) mRNA, separate quantitative PCR 

(qPCR) mixes were prepared. The qPCR reaction mixes contained 10 μl of 2× concentrated 

FastStart Essential DNA Green Master (Roche Applied Science, Mannheim, Germany), 10 

pmol each of the respective forward and reverse primers, 5 μl of template cDNA and 
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RNase-free water to make a final volume of 20 μl. The primers used for the amplification 

of the genes of interest are indicated in Table 2.3. The qPCR reactions were carried out 

using the Bio-Rad CFX96™ RealTime System (Bio-Rad, CA, USA) with the following 

thermal cycling conditions: 1 pre-incubation cycle for initial denaturation of DNA and 

activation of polymerase at 95 °C for 3 minutes; followed by 45 cycles of denaturation for 

10 seconds at 95 °C, annealing for 10 seconds at 58 °C and extension for 10 seconds at 72 

°C. mRNA expression of HBV genes was normalised to hGAPDH mRNA expression, and 

the relative amounts were calculated using the comparative Ct method. 

Table 2.3: Sequences of the primers used in qPCR to amplify the HBV and hGAPDH genes. 

The expected amplicon sizes are also displayed 

Primer name Primer sequence Expected amplicon 

size  

HBV Surface forward 5’- TGC ACC TGT ATT CCC ATC -3’  

142 bp 

HBV Surface reverse 5’- CTG AAA GCC AAA CAG TGG -3’ 

HBV Core forward 5’- ACC ACC AAA TGC CCC TAT -3’  

125 bp 

HBV Core reverse 5’- TTC TGC GAG GCG GCG A -3’ 

hGAPDH forward 5’- GAA GGT GAA GGT CGG AGT C -3’  

226 bp 

hGAPDH reverse 5’- GAA GAT GGT GAT GGG ATT TC -3’ 
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2.4 Assessment of potential cellular toxicity 

2.4.1 Examining potential rTALE-mediated cell toxicity 

2.4.1.1 Transient transfection of cultured mammalian cells with rTALE expression vectors 

A day prior to transfection, Huh 7 cells were seeded at a density of 30% in CellStar® 96-

well plates (Greiner Bio-One, Frickenhausen, Germany) in 0.1 ml of complete DMEM. 

Using jetPRIME® transfection reagent (Polyplus-transfection, Illkirch, France) (Appendix 

5.2.7) or Lipofectamine™ 3000 (Thermo Scientific, CA, USA) (Appendix 5.2.8), the 

cultured cells were transfected according to manufacturer’s instructions with 10 ng of pCI-

neo-eGFP, 8 ng of pCH-9/3091 and 80 ng of each of the rTALE plasmids. A mock 

transfection with 80 ng of pTZ57R substituted for the rTALE DNA was included as a 

control. An untransfected control consisting of cells receiving no DNA was included. 

Additionally, wells receiving DMEM but no cells were included as blank controls. All the 

transfections were carried out in triplicate. Forty-eight hours after transfection an MTT 

assay was carried out. 

2.4.1.1.1 MTT assay 

Forty-eight hours post transfection, 20 µl of 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) solution (5 mg/mL dissolved in 1× PBS) was added 

into each well and mixed by shaking for 5 minutes. Thereafter the plate was incubated for 

4 hours at 37 °C and 5% CO2. Culture medium was gently aspirated from the wells and the 

formazan crystals formed were resuspended in 200 µl DMSO by pipetting up and down for 

5 minutes. Optical density was measured at 570 and 650 nm using a Model 680 Microplate 

Reader (BioRad, CA, USA).  
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2.4.2 Examining potential off-target binding 

Potential rTALE off-target binding sites in the Homo sapiens genome were determined 

using the TALE-NT 2.0 TAL target finder (175) for the S1 and S2 rTALEs. Primers were 

designed to amplify the prostate androgen-regulated transcript 1 (PART1) and 

phosphodiesterase 4D (PDE4D) genes as they lie near the potential off-target site. Multiple 

alternatively spliced transcript variants have been described for these genes (176, 177) and 

as such a qPCR assay that simultaneously detected all the of transcripts using different sets 

of primers was designed.   

2.4.2.1 Transient transfection of cultured mammalian cells with rTALE expression vectors 

A day prior to transfection, Huh7 cells were seeded at a density of 30% in CellStar® 6-

well plates (Greiner Bio-One, Frickenhausen, Germany) in 2 ml of complete DMEM. 

Using jetPRIME® transfection reagent (Polyplus-transfection, Illkirch, France) (Appendix 

5.2.7) or Lipofectamine™ 3000 (Thermo Scientific, CA, USA) (Appendix 5.2.8), the 

cultured cells were transfected according to manufacturer’s instructions with 1900 ng of 

the CMV- and mTTR-driven rTALEs and 100 ng of pCI-neo-eGFP. A transfection with 

1900 ng of pTZ57R and 100 ng of pCI-neo-eGFP was included as a negative control. All 

the transfections were performed in triplicate and 48 hours after the transfection qPCR was 

carried out. 

2.4.2.1.2Quantitative PCR analysis of potential rTALE off-target binding genes  

Forty-eight hours post transfection a qPCR reaction was carried out as described in section 

2.6.1.2. The primers used for the amplification of the genes of interest are indicated in 

Table 2.4 
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Table 2.4: Sequences of the primers used in qPCR to amplify the potential rTALE off-target binding sites. The expected amplicon sizes are also 

displayed 

Primer name Primer sequence Expected amplicon size 

PART1-A forward 5’- GAA AAC GCA GCT ACA CCT G -3’  

148 bp 

PART1-A reverse 5’- CTC ATA TAG TCA CCG AAG GCA G -3’ 

PART1-B forward 5’- TGC CTT CCA GGA GTT TCA C -3’  

148 bp 

PART1-B reverse 5’- TGC TTC AAT TTA CCC GTC CAG -3’ 

PART1-C forward 5’- CCG TCC CAG AAA CCA AAG G -3’  

80 bp 

PART1 C reverse 5’- CTC CTG CTT GCC AAA TCT TG -3’ 

PDE4D A forward 5’- GCC AGT GAT ATA CAC GGA GAT G -3’  

133 bp 

PDE4D A reverse 5’- TGG GTG ATC TTT TGC TAG GTG -3’ 

PDE4D B forward 5’- ATG TTT TCA GAA TAG CAG AGT TGT C -3’  

150 bp 

PDE4D B reverse 5’- CAT GGT AAT GGT CTT CGA GAG TC -3’ 

PDE4D C forward 5’- CCT GTG ATT TGC TTT CTC GG -3’  

133 bp 

PDE4D C reverse 5’- GGA AGC TGA ATA TTG CGA CAT G -3’ 
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2.5 Statistical analysis 

Data is represented as the mean (n=3) ± the standard error of the mean (SEM). GraphPad 

Prism software package version 4.03 (GraphPad, CA, USA) was used to perform two-

tailed paired student’s t tests. Statistical differences were regarded as significant for p 

values < 0.05. 
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Chapter 3  

3. Results 

3.1 Successful generation of mTTR-driven rTALE vectors 

Four mTTR-driven rTALEs were constructed to target the HBV genome and 

transcriptionally repress viral gene expression. These rTALEs contain a DBD that has been 

engineered to bind specific sequences of HBV cccDNA, a KRAB domain for 

transcriptional silencing and an mTTR promoter to ensure liver-specific expression. An 

additional rTALE, targeted against an unrelated sequence, was constructed and used as a 

negative control. The rTALEs were generated from existing CMV-driven rTALEs 

(unpublished data), using restriction enzyme digestion and ligation methods, as discussed 

in Section 2.2.  

pRK5-mTTR-control-rTALE and pRK5-mTTR-X1-rTALE were successfully generated by 

removing the CMV promoter of the respective plasmids and replacing it with the mTTR 

promoter sequence. Initially the same cloning strategy was used for the generation of 

pRK5-mTTR-S1-rTALE, pRK5-mTTR-S2 and pRK5-mTTR-X2. This was unsuccessful 

necessitating an alternative approach which entailed replacing the DBD of pRK-mTTR-

control-rTALE with the S1, S2 or X2 DBD encoding sequence. Positive clones were 

identified using Bam HI digestion which would cut in the insert and vector backbone 

sequences. Based on the vector map and the agarose gel, all the clones proved to be 

positive for the correct insert as they yielded the expected 3128 and 4179 bp band sizes 

(Figure 3.1). Additionally, Bgl I restriction enzyme was carried out which generates 

specific banding patterns from the DBD and allows the CMV-driven rTALEs to be 
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distinguished from each other and the mTTR-driven rTALEs to be distinguished from each 

other (Figure 3.2).  
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Figure 3.1: Confirmation of complete pRK5-mTTR-rTALEs assembly. mTTR-driven rTALE plasmids were generated by replacing the CMV 

promoter sequence of CMV-driven rTALEs with that of an mTTR promoter. The final mTTR-driven rTALE vector map with Bam HI restriction sites is 

shown on the left and agarose gel electrophoresis restriction digestion migration patterns of selected rTALE clones is shown on the right. Clones were 

screened with a Bam HI restriction enzyme digest, indicating successfully generated clones with a 3128 and 4179 bp band. All the clones of pRK5-mTTR-

S1, pRK5-mTTR-S2, pRK5-mTTR-X1, pRK5-mTTR-X2 and pRK5-mTTR-control yielded the correct banding patterns. (M: O'GeneRuler 1 kb DNA 

Ladder (Thermo Scientific, CA, USA); C1: undigested control). 
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Figure 3.2: Confirmation of rTALE identity. mTTR-driven rTALE plasmids were generated by replacing the CMV promoter sequence of CMV-driven 

rTALEs with that of an mTTR promoter. Restriction enzyme digestion of the mTTR rTALEs with Bgl I produces banding patterns that allows the CMV-

driven rTALEs to be distinguished from each other and the mTTR-driven rTALEs to be distinguished from each other (M: O'GeneRuler 1 kb DNA Ladder 

(Thermo Scientific, CA, USA); C1: undigested control). 
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3.2 Liver-specific expression of mTTR rTALEs in vitro 

 

The mTTR promoter sequence contains binding sites for liver-specific factors which are 

required to initiate mTTR promoter activity, thereby permitting tissue-specific expression 

from the promoter (171).  To determine whether the cloned mTTR promoter drives liver-

specific expression of the rTALE sequences, Huh 7 and HEK293T cells were transiently 

transfected with each of the CMV- and mTTR-driven rTALE vectors. Expression of the 

rTALEs was assessed by immunofluorescence (IF) staining of the transfected cells using a 

monoclonal primary antibody to the HA epitope of the rTALEs, and a fluorescently 

labelled secondary antibody. A mock transfection with pTZ57R plasmid was used as a 

negative control. Transfections were performed in triplicate to ensure reproducibility. 

Successful transfections of the cells were determined by GFP expression in the control 

wells. 

In both Huh 7 and HEK293T cells, GFP expression in the control wells reveals that 

transfection with the pCI-neo-eGFP plasmid was successful (Figure 3.3). This further 

suggested that the transfections in the experimental wells were successful. Green 

fluorescence signal from the IF staining indicate that the mTTR-driven rTALEs are 

detected in the liver derived Huh 7 cells only (Figure 3.4 - 3.8). Whereas the CMV-driven 

rTALEs were detected in both the Huh 7 and HEK293T cells (Figure 3.4 - 3.8). The 

negative control which is cells transfected with pTZ57R only, had no green fluorescence 

signal as this plasmid does not express an HA-tag (Figure 3.3). The data confirms that the 

mTTR promoter is functional as it expresses the rTALE proteins, and in stark contrast to 

the CMV promoter, exhibits tissue-specificity as rTALE expression was only detected in 

the liver-derived cells.  
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Figure 3.3: Immunofluorescence detection of rTALEs in vitro. Immunofluorescence staining 

was performed to detect rTALE expression in cell culture. Huh 7 and HEK293T cells were 

transfected with pTZ57R as a mock transfection and separately with pCI-neo-eGFP plasmid to 

assess transfection efficiency. An anti-HA primary antibody together with a fluorescently labelled 

secondary antibody was used to detect the HA tag on the rTALEs and fluorescence imaged by 

microscopy. DAPI was used to stain the nuclei. GFP analysis show good transfection efficiency in 

both cell lines. No IF signal was detected in the mock transfections. Cells were visualised using a 

fluorescence microscope at 20× magnification for HEK293T cells and at 40×magnification for Huh 

7 cells. 
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Figure 3.4: Immunofluorescence detection of control rTALEs in vitro. Immunofluorescence 

staining was performed to detect rTALE expression in cell culture. Huh 7 and HEK293T cells were 

transfected with the CMV- and mTTR-control rTALE plasmids. An anti-HA primary antibody 

together with a fluorescently labelled secondary antibody was used to detect the HA tag on the 

rTALEs and fluorescence imaged by microscopy. DAPI was used to stain the nuclei. The CMV-

control rTALE was detected in both cell lines, whereas the mTTR-control rTALE was only 

detected in the Huh 7 cells. Cells were visualised using a fluorescence microscope at 20× 

magnification for HEK293T cells and at 40× magnification for Huh 7 cells. 
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Figure 3.5: Immunofluorescence detection of S1 rTALEs in vitro. Immunofluorescence staining 

was performed to detect rTALE expression in cell culture. Huh 7 and HEK293T cells were 

transfected with the CMV- and mTTR-S1 rTALE plasmids. An anti-HA primary antibody together 

with a fluorescently labelled secondary antibody was used to detect the HA tag on the rTALEs and 

fluorescence imaged by microscopy. DAPI was used to stain the nuclei. The CMV-S1 rTALE was 

detected in both cell lines, whereas the mTTR-S1 rTALE was only detected in the Huh 7 cells.  

Cells were visualised using a fluorescence microscope at 20× magnification for HEK293T cells and 

at 40× magnification for Huh 7 cells. 
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Figure 3.6: Immunofluorescence detection of S2 rTALEs in vitro. Immunofluorescence staining 

was performed to detect rTALE expression in cell culture. Huh 7 and HEK293T cells were 

transfected with the CMV- and mTTR-S2 rTALE plasmids. An anti-HA primary antibody together 

with a fluorescently labelled secondary antibody was used to detect the HA tag on the rTALEs and 

fluorescence imaged by microscopy. DAPI was used to stain the nuclei. The CMV-S2 rTALE was 

detected in both cell lines, whereas the mTTR-S2 rTALE was only detected in the Huh 7 cells.  

Cells were visualised using a fluorescence microscope at 20× magnification for HEK293T cells and 

at 40× magnification for Huh 7 cells. 
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Figure 3.7: Immunofluorescence detection of X1 rTALEs in vitro. Immunofluorescence staining 

was performed to detect rTALE expression in cell culture. Huh 7 and HEK293T cells were 

transfected with the CMV- and mTTR-X1 rTALE plasmids. An anti-HA primary antibody together 

with a fluorescently labelled secondary antibody was used to detect the HA tag on the rTALEs and 

fluorescence imaged by microscopy. DAPI was used to stain the nuclei. The CMV-X1 rTALE was 

detected in both cell lines, whereas the mTTR-X1 rTALE was only detected in the Huh 7 cells.  

Cells were visualised using a fluorescence microscope at 20× magnification for HEK293T cells and 

at 40× magnification for Huh 7 cells. 



 

56 
 

 

Figure 3.8: Immunofluorescence detection of X2 rTALEs in vitro. Immunofluorescence staining 

was performed to detect rTALE expression in cell culture. Huh 7 and HEK293T cells were 

transfected with the CMV- and mTTR-X2 rTALE plasmids. An anti-HA primary antibody was 

together with a fluorescently labelled secondary antibody used to detect the HA tag on the rTALEs 

and fluorescence imaged by microscopy. DAPI was used to stain the nuclei. The CMV-X2 rTALE 

was detected in both cell lines, whereas the mTTR-X2 rTALE was only detected in the Huh 7 cells.  

Cells were visualised using a fluorescence microscope at 20× magnification for HEK293T cells and 

at 40× magnification for Huh 7 cells. 
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3.3 Anti-HBV rTALEs mediate efficient transcriptional silencing of viral gene 

expression 

3.3.1 rTALE-mediated inhibition of HBsAg expression in vitro 

Following demonstration of tissue-specific expression, the effects of the mTTR-driven 

rTALEs on viral replication was assessed. This was done by measuring the levels of 

secreted HBsAg which is used as a marker of HBV replication. Mammalian cells were 

transiently transfected with rTALE and the pCH-9/3091 plasmid DNA. This target plasmid 

is a greater-than-genome-length HBV sequence which expresses viral RNAs essential for 

HBV replication. Cells were transfected with pCH-9/3091 and pTZ57R plasmid DNA as a 

negative control, which provided baseline HBsAg expression. Transfections were 

performed in triplicate to ensure reproducibility and successful transfections were 

established by GFP expression (Appendix, Figure 5.8). Forty-eight hours post transfection, 

secreted HBsAg levels in the growth media of transfected HEK293T and Huh 7 cells were 

measured using an HBsAg ELISA assay. The data obtained were averaged and normalised 

to the negative control. 

Transfection of the Huh7 cells with the mTTR- and CMV-driven rTALEs significantly 

knocked down HBsAg expression compared to the mock transfection (Figure 3.9; p<0.01). 

In contrast, in HEK293T cells, the CMV-driven rTALEs significantly knocked down 

HBsAg expression compared to the mock transfection (p<0.01) whereas the mTTR-driven 

rTALEs did not (p>0.05). The absence of significant knockdown of HBsAg expression by 

the mTTR rTALEs in kidney-derived cells further serves to demonstrate that the mTTR 

promoter is liver-specific. Furthermore, mTTR-X1, -X2, -S1 and -S2 rTALEs significantly 

reduced HBsAg expression by 63 %, 66 %, 87 % and 92 % respectively compared to the 

mTTR-control rTALE. This was comparable to the CMV-X1, -X2, -S1 and -S2 rTALEs 
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which significantly reduced HBsAg expression by 42 %, 54 %, 82 % and 90 % 

respectively. These results indicate that the S rTALEs, which targets the viral surface ORF, 

are more efficient in inhibiting HBsAg expression than the X rTALEs. This trend was also 

seen in the HEK293T cells as the S rTALEs decreased HBsAg expression to a greater 

extent than the X rTALEs (Figure 3.9). Therefore, while the S and X rTALEs do not 

directly bind the Pre-S1 and Pre-S2 promoters, but rather the surface ORF and HBx 

promoter, they are both still able to repress HBsAg expression. This suggests that the 

KRAB domain has an effect over relatively long distances. It is possible that the X1 and 

X2 rTALEs are binding to their target sequence in the HBx promoter and via the KRAB 

domain repress HBx expression. As HBx is necessary for expression of viral sequences its 

inhibition may explain the reduction in secreted HBsAg levels. Control rTALEs were used 

to assess the effect of transfection on HBsAg levels and the specificity of the rTALEs. The 

control rTALEs caused no significant changes in HBsAg expression (p>0.05), compared to 

the mock transfection, which was expected as the control rTALEs do not target any 

sequences in the HBV genome (Figure 3.9). Together the data demonstrates that the 

rTALEs are sequence-specific and any HBsAg knockdown observed can be attributed to 

the repressors. Overall the results demonstrate that the mTTR-driven rTALEs can cause 

potent liver-specific silencing of HBsAg expression. 
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Figure 3.9: Assessment of rTALE-mediated knockdown of HBsAg in Huh 7 (A) and HEK293T (B) cells. To assess rTALE efficiency, HBsAg levels 

in the culture supernatants were measured. Transient co-transfections were performed in Huh 7 and HEK293T cells with pCH9/3091 and individual rTALE 

plasmids or pTZ57R (mock). Forty-eight hours post transfection HBsAg levels in the culture supernatants were measured by ELISA. The readings were 

averaged and the values displayed are relative to the mock transfection. Error bars indicate the normalised standard deviation (n=3). (**: p<0.01; ***: 

p<0.001; ns: not significant) 

B A 
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3.3.2 rTALE-mediated repression of HBV transcription in vitro 

To determine if the rTALEs were capable of transcriptional repression of viral replication, 

intracellular HBV surface and core transcript levels were measured using reverse 

transcriptase quantitative PCR (RT-qPCR). pCH-9/3091 was individually co-transfected 

with each of the CMV- and mTTR-driven rTALE plasmids into Huh 7 and HEK293T 

cells. pCH-9/3091 co-transfected with pTZ57R was used as the mock transfection. 

Transfections were performed in triplicate to ensure reproducibility and successful 

transfections were determined by GFP expression (Appendix, Figure 5.9). Forty-eight 

hours post transfection, RNA was isolated from the transfected cells, converted to cDNA, 

and used in a RT-qPCR reaction to measure the levels of HBV surface mRNA and pgRNA 

relative to hGAPDH mRNA. 

Transfection of the Huh7 cells with the mTTR- and CMV- driven rTALEs significantly 

knocked down HBV RNA levels compared to the mock transfection (Figure 3.10; p<0.05). 

In contrast, knockdown of viral RNA in HEK293T cells was only observed for the CMV-

driven rTALEs (Figure 3.11). As the mTTR-driven rTALE vector does not express the 

repressor in non-liver-derived cells there was no knockdown observed in HEK293T cells 

(Figure 3.11). Transfections in the Huh 7 cells demonstrate that mTTR-X1, -X2, -S1 and -

S2 rTALEs reduced surface mRNA levels by 65 %, 75 %, 83 % and 81% respectively, and 

pgRNA levels by 60 %, 63 %, 78 % and 76%respectively. Whereas the CMV-X1, -X2, -S1 

and -S2 rTALEs reduced surface mRNA levels by 27 %, 53 %, 76 % and 72 % 

respectively and, pgRNA levels by 38 %, 45 %, 61 % and 66 % respectively. The 

reduction in pgRNA levels, which is expressed exclusively from the basic core promoter, 

suggests that the S and X rTALEs suppress transcription from the basic core promoter. 

Similarly, the reduction in surface mRNA levels suggests that the S and X rTALEs 

suppress transcription from the Pre-S1 and/or the Pre-S2 promoters. This data further 
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confirms that the rTALEs can exert their effect over a long distance. Furthermore, the 

control rTALEs did not alter HBV RNA levels significantly (p>0.05) when compared to 

the mock transfection (Figure 3.10 and 11). Again, this was expected as the control 

rTALEs do not target regions in the HBV genome. As before the S rTALEs seem to be 

more efficient than the X rTALEs, as they caused greater knockdown of pgRNA from the 

basic core promoter and surface mRNA from the Pre-S1 and/or the Pre-S2 promoters 

(Figure 3.10 and 3.11). This data corroborates the ELISA results, and overall it 

demonstrates that the mTTR-driven rTALEs function at a transcriptional level to tissue 

specifically inhibit viral replication.  
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Figure 3.10: Assessment of rTALE-mediated knockdown of HBV mRNA in vitro. To assess rTALE efficiency, HBV mRNA levels were measured 

following transfection of Huh 7 cells with rTALE plasmids and pCH-9/3091. Using primers against the surface (A) and core (B) ORFs, RT-qPCR was 

performed to determine the relative levels of viral mRNA relative to hGAPDH, forty-eight hours’ post transfection. The readings were averaged and the 

values displayed are normalised to the mock transfection. Error bars indicate the normalised standard deviation (n=3). (*: p<0.05; **: p<0.01; ns: not 

significant). 

 

B A 



 

63 
 

          

Figure 3.11: Assessment of rTALE-mediated knockdown of HBV mRNA in vitro. To assess rTALE efficiency, HBV mRNA levels were measured 

following transfection of HEK293T cells with rTALE plasmids and pCH-9/3091. Using primers against the surface (A) and core (B) ORFs, RT-qPCR was 

performed to determine the relative levels of viral mRNA relative to hGAPDH, forty-eight hours’ post transfection. The readings were averaged and the 

values displayed are normalised to the mock transfection. Error bars indicate the normalised standard deviation (n=3). (*: p<0.05; **: p<0.01; ns: not 

significant). 

B A 
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3.4 Evaluation of potential rTALE-mediated cytotoxicity 

3.4.1 rTALE expression does not alter cell viability 

To ensure the decrease in HBV transcripts and protein expression was not due to rTALE-

induced toxicity, a thiazolyl blue tetrazolium bromide (MTT) assay was performed. This 

assay measures metabolic activity as only the mitochondria of viable cells can reduce the 

MTT tetrazolium dye to an insoluble formazan purple product (178). Cells were 

transfected with either rTALE plasmid or pTZ57R DNA (control). A blank control 

consisting of wells that did not receive any cells was included. An untransfected control 

consisting of cells receiving transfection reagents and no DNA was included to rule out the 

possibility of the transfection reagent being toxic. Transfections were performed in 

triplicate to ensure reproducibility and successful transfections of the cells were determined 

by GFP expression (Appendix, Figure 5.10). The MTT assay was carried out 48 hours post 

transfection. 

Compared to the untransfected control cells, the optical density (OD) readings of the 

rTALEs do not significantly differ (p> 0.05) (Figure 3.12). This suggests that the metabolic 

activity of the cells transfected with the rTALEs were comparable to the untransfected cells 

and therefore these rTALEs do not exhibit any cytotoxic effects. However, the OD 

readings of the rTALEs were higher than the blank control wells (Figure 3.12). This is 

expected as there were no cells in the wells and thus it reinforces the point that the 

transfected cells were viable. Overall the data demonstrates that the rTALEs do not have 

cytotoxic effects and confirms that the suppression of viral replication observed in the cells 

treated with rTALEs was due to KRAB induced repression as opposed to cytotoxic effects.  
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Figure 3.12: Assessment of cell viability. To determine if there is any toxicity associated with the 

rTALEs, cell viability was assessed by an MTT assay forty-eight hours after co-transfecting cells 

with pCH-9/3091 and each individual rTALE-expressing plasmid or pTZ57R. The values displayed 

are the means and standard deviation (n=3). (**: p<0.01; ns: not significant). 
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3.4.2 rTALEs do not interfere with expression of potential off-target genes 

 

To further characterise the safety of these rTALEs potential off-target binding and 

subsequent gene silencing was investigated. As the S1 and S2 rTALEs were shown to be 

the most efficient repressors and represent possible lead candidates the off-target binding 

of these rTALEs was characterised further. The TALE-NT 2.0 TAL target finder (175) was 

used to search the human genome for any potential off-target binding sites for rTALEs S1 

and S2. Based on bioinformatic analysis several potential binding sites were identified for 

the rTALEs (Table 3.1). 

Mobility shift assays (unpublished data) demonstrated that these rTALEs bind an 

oligonucleotide that represents the off-target site on Chromosome 5 (Table 3.1). qPCR 

primers were designed for genes found closest to this off-target site. The genes identified 

were prostate androgen-regulated transcript 1 (PART1) and phosphodiesterase 4D 

(PDE4D). Located on Chromosome 5, PART 1 is an androgen-induced gene in prostate 

cells that may have a role in prostate carcinogenesis (177), whereas PDE4D is part of a 

protein family with a role in modulating intracellular signalling by cyclic nucleotides 

(179). Multiple alternatively spliced transcript variants have been described for these genes 

(5, 6). qPCR assay designed to simultaneously detect all the transcripts using 3 different 

sets of primers for each gene was used.    

Cells were transfected with pCH-9/3091 and either pTZ57R or the rTALE-expression 

constructs. Transfections were performed in triplicate to ensure reproducibility. Successful 

transfections of the cells were determined by GFP expression (Appendix, Figure 5.11). 

Forty-eight hours post transfection, RNA was isolated from the transfected cells, converted 
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to cDNA, and then used in a qPCR reaction to measure the levels of the off-target mRNA 

relative to hGAPDH mRNA.  
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Table 3.1: Potential rTALE binding sites. Displayed are the potential binding sites identified by TALE-NT 2.0 TAL target finder for each rTALE.  

Mismatches between the target sequence and potential binding sites are underlined.  

rTALE: Target sequence Potential site sequence Chromosome Nucleotides 

 

 

 

 

S1 

 

 

 

 

 

TGCGTCAGCAAACACTTGG 

T CCGTCAGCAAACACTTAG 2 241953249 – 241953266  

TCCATCAGCAAACACTTAG X 55615772 - 55615789 

TCCATCAGCAAACACTTAG 2 120408657 - 120408674 

TCCATCAGCAAACACTTAG 2 129770494 - 129770511 

TGCAACAGCAAACACTTGG 10 121028175 -121028192 

TACAACAGCAAACACTTGG 12  59584156 - 59584173 

TGCTTCAACAAACACTTAG 18 944741 - 944758 

TTCATCAGCAAACACTTAG 8 2655658 - 2655675 

TGAGTCAACAAACACTTGG 2 62695067 - 62695084 

TGAGTCAACAAACACTTGG 8 146220808 - 146220825 

S2 TACCCCGTTGCCCGGCAAC TCCCCCGTTGCCCGGCAAC 14 89882580 - 89882597 

TACCCAGTTGCCCAGCAAC X 65927522 - 65927539 

TACCACGTTGCCCAGCAAC 7 103304981 - 103304998 

TACCACATTGCCCAGCAAC 10 43622387 - 43622404 

TACCCCATCACCCAACAAC 5 59831800 - 59831817 

TACCCCATTACCCAACACC X 63011453 - 63011470 

TACCCCATTACCCAACACC HG1437_PATCH  63011043 - 63011060 

TACCCCGTTGCCCCACACC 8 130210005 - 130210022 

TACCACCTTGCCCGGCAAC 14 65814423 - 65814440 

TACCCCACTGCCCCACAAC 9 109120776 - 109120793 

http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=X:55610772-55620772;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sitesPjIsDJ.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=2:120403657-120413657;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sitesPjIsDJ.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=2:129765494-129775494;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sitesPjIsDJ.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=10:121023175-121033175;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sitesPjIsDJ.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=12:59579156-59589156;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sitesPjIsDJ.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=18:939741-949741;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sitesPjIsDJ.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=8:2650658-2660658;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sitesPjIsDJ.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=2:62690067-62700067;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sitesPjIsDJ.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=8:146215808-146225808;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sitesPjIsDJ.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=14:89877580-89887580;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sites38LJlh.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=X:65922522-65932522;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sites38LJlh.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=7:103299981-103309981;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sites38LJlh.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=10:43617387-43627387;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sites38LJlh.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=5:59826800-59836800;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sites38LJlh.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=X:63006453-63016453;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sites38LJlh.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=HG1437_PATCH:63006043-63016043;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sites38LJlh.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=8:130205005-130215005;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sites38LJlh.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=14:65809423-65819423;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sites38LJlh.bed=labels
http://www.ensembl.org/Homo_sapiens/Location/View?db=core;r=9:109115776-109125776;contigviewbottom=url:http://tale-nt.cac.cornell.edu/files/tale_binding_sites38LJlh.bed=labels
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Melt curve analysis from the qPCR of PART 1 demonstrated that amplification did not 

occur (Appendix, Figure 5.12). The qPCR product was analysed by agarose gel 

electrophoresis which revealed that there are only primer dimers present (Appendix, Figure 

5.13). Primer dimers indicate non-existent or low levels of the target sequence and suggests 

that PART 1 is not expressed in Huh 7 cells. This is in accordance with a study that showed 

PART 1 is mostly expressed in the prostate and could not be detected in the liver (177). 

This highlights the improved safety profile of liver-specific expression of rTALEs as 

limiting expression of the therapeutic to a specific tissue prevents inhibition of potential 

off-target genes that are normally expressed in a different tissue.   

In contrast to PART 1, PDE4D expression was detected the liver-derived Huh 7 cell line, 

but was unaffected by rTALE activity. Compared to mock transfected cells, the relative 

amount of PDE4D mRNA levels were not significantly different in Huh 7 cells transfected 

with rTALEs (p>0.05) (Figure 3.13). This suggests that transcription of the gene is not 

repressed in the presence of the rTALEs. The transcription start site of the PDE4D gene is 

located approximately 800 000 bp upstream of the predicted off-target binding site of the 

rTALEs. The data suggest that the repressors either do not bind the potential off-target site, 

or bind and are too far from the PDE4D promoter to effect transcriptional inhibition. 

Importantly the data demonstrate that rTALEs are safe and do not cause undesirable effects 

on host gene expression. 
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Figure 3.13: Evaluation of rTALE off-target activity. Bioinformatic analysis identified potential off-target binding sites for rTALEs S1 and S2. To 

determine if the rTALEs bind to the off-target sites and cause repression, qPCR was performed to determine the relative levels of the 27 phosphodiesterase 

4D (PDE4D) transcript variants.  PDE4D A covers transcripts PDE4D-001, -003, -012, -013, -014, -015, -016, -017, -018, -019, -020, -022 and -201. 

PDE4D B covers all the PDE4D A transcripts except PDE4D-017 and includes PDE4D-011, -024, -025, -026. PDE4D C covers transcripts PDE4D-004, -

005, -006, -007, -008, -009, -010, -021, -023 and -025.The readings were averaged and the values displayed are relative to the mock transfection. Error bars 

indicate the normalised standard deviation (n=3). (ns: not significant). 
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Chapter 4 

4. Discussion 

HBV infection continues to be a global health threat, particularly for hyper-endemic 

regions such as sub-Saharan Africa and Asia (2). Current treatment options are unable to 

diminish HBV cccDNA, which is the cause of persistent HBV infection, and therefore 

novel treatment strategies which can target the viral cccDNA reservoirs are required (18). 

Artificial repressor transcription factors such as a KRAB repressor domain fused to a 

designer TALE provides a promising approach to specifically target and transcriptionally 

silence HBV cccDNA expression.   

4.1 Tissue-specificity 

The HBV cccDNA minichromosome serves as the template for viral RNA synthesis and is 

associated with histone and non-histone proteins (180). It has been established that HBV 

replication is regulated by the acetylation status of cccDNA bound H3 and H4 histones 

(181). Acetylation of the bound H3 and H4 histones is associated with HBV replication, 

whereas lower HBV viral replication was associated with reduced acetylation of histones 

H3 and H4 (181). By exploiting the chromatin remodelling process of cccDNA, sequence-

specific DNA-binding proteins can be used to direct repressor domains to target sites to 

achieve chromatin based repression of HBV gene expression.  

In this study, the anti-HBV potential of KRAB-based rTALEs designed to target HBV 

cccDNA was assessed. In contrast to current treatment strategies, this technology can 

directly target HBV cccDNA, as the simple TALE DNA recognition code permits 
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adaptable sequence-specific DNA interaction (117). A critical factor for gene therapy 

strategies is the control of exogenous gene expression to prevent unwanted activity in non-

targeted tissue. Since HBV primarily affects hepatocytes (1), the design of previously 

generated anti-HBV rTALEs (unpublished data) was optimised by replacing the ubiquitous 

CMV promoter with the liver-specific mTTR promoter to ensure hepato-specific rTALE 

activity. Assessment of mTTR promoter tissue-specificity and functionality, demonstrated 

that the promoter is capable of driving liver-specific expression of rTALEs. This 

hepatotropic expression is facilitated by the binding requirement of at least four different 

cell-specific factors: hepatocyte nuclear factors (HNF) -1, -3, -4 and CCAAT/enhancer 

binding protein (C/EBP) for mTTR activity (171). C/EBP and HNF 4 are essential for 

mTTR enhancer activity whilst HNF-1, -3, and -4 are required for the promoter activity 

(171). Although the HNF transcription factors are also found in other cells, the 

combination of the 4 essential factors are exclusive to liver cells, thus limiting extrahepatic 

expression from a mTTR promoter (171). While kidney cells express HNF-1 (182) and 

HNF-4 (183) this is not sufficient for mTTR promoter activity. As a consequence, 

immunofluorescence staining was unable to detect rTALE expression in HEK293T cells 

transfected with the mTTR-driven rTALEs vectors. The tissue-specificity conferred by the 

mTTR promoter ensures that rTALE activity is limited to hepatocytes thereby significantly 

reducing the potential of off-target effects. 

4.2 Anti-HBV activity 

The rTALEs generated in this study were designed to specifically bind a region in the 

surface ORF and the HBx promoter region of HBV cccDNA to direct KRAB mediated 

repression of viral transcription. This study demonstrated that the mTTR-driven rTALEs 

were shown to reduce liver-specifically secreted HBsAg levels by 63-92 % in vitro. 
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Additionally, a significant liver-specific reduction in HBV surface mRNA (65-81%) and 

pgRNA (60-76%) levels was observed. The data indicates that the rTALEs cause 

transcriptional silencing of HBV genes. 

HBV transcription is regulated by four individual promoters, which in turn is regulated by 

the binding of several liver-specific and ubiquitous transcriptional factors (26). 

Transcription of the pre-S1 and pre-S2 promoters yield pre-S1 and pre-S2 mRNAs which 

encode the HBV surface proteins (11). Whereas the basic core promoter initiates 

transcription of the pgRNA which is reverse transcribed into rcDNA (10). Here we show 

that the S rTALEs and the X rTALEs silence HBsAg secretion and reduce the levels of 

RNAs amplified by the surface primers and the pgRNA primers. The surface primers 

amplify Pre-S1 and Pre-S2 mRNA as well as pgRNA. The data indicate that the S and the 

X rTALEs are likely repressing activity of one or all three of the promoters producing 

these transcripts. On the other hand, the core primers only amplify pgRNA. Therefore, both 

S and X rTALEs are clearly inhibiting transcription from the basic core promoter. 

Furthermore, HBsAg secretion decreases in cells receiving S and X rTALEs. Since HBsAg 

can only be translated from the Pre-S1 and Pre-S2 mRNA this indicates that the S and X 

rTALEs decrease Pre-S1 and/or Pre-S2 mRNA. Taken together the data show that pgRNA 

and Pre-S1 and/or Pre-S2 mRNA levels are decreased indicating in turn that the rTALEs 

suppress transcription from the basic core promoter and thePre-S1 and/or the Pre-S2 

promoters.  

A possible mechanism of HBV gene silencing exhibited by  these rTALEs  is that binding 

of the target sequences is followed by recruitment of KRAB-associated protein 1 (KAP1), 

which in turn recruits heterochromatin-inducing factors (165). This leads to localised 

chromatin remodelling, histone deacetylation and methylation, thereby forming facultative 

heterochromatin that extends from the binding site to the basic core, Pre-S1 and Pre-S2 
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promoters. This is consistent with a study that demonstrated the ability of the KRAB 

domain to induce heterochromatin spreading across long ranges of DNA (168). The 

heterochromatin formation at the promoters would inhibit binding of the aforementioned 

transcription factors which are necessary for transcription initiation of the basic core, Pre-

S1 and Pre-S2 promoters, thereby suppressing gene transcription. The data also 

demonstrates that the S rTALEs caused a greater knockdown of HBV mRNA than the X 

rTALEs. The observation that some TALE proteins exhibit lower activity than others has 

been reported before and could possibly be due to the differences in binding efficiency, 

chromatin state or conformation of their target sites (184). If low binding efficiency is a 

cause it could be attributed to the design of the rTALEs which contain the so-called weak 

NK RVD to bind G nucleotides (137). Compared to the S rTALEs, the binding sites of the 

X rTALEs contains more G nucleotides, therefore due to the presence of weak RVDs, 

there would be less efficient binding of the X rTALEs to their site. This could ultimately 

lead to lower repression activity. Moreover TALE design guidelines are available to ensure 

that the choice of RVDs and target site are sufficient to provide efficient TALE activity 

(119, 184, 185). Nonetheless, the X and S rTALEs were able to exhibit significant 

silencing of viral replication. Together this data indicates that the rTALEs generated 

repress expression from the HBV replication competent plasmid at a transcriptional level, 

resulting in a decrease of viral mRNA production and subsequently a decrease in viral 

protein production. It is worth noting that since the X rTALEs bind at the HBx promoter 

and near the Enhancer I sequence, through heterochromatin formation silencing of HBX 

may also occur. HBx promotes viral replication by targeting the structural maintenance of 

chromosomes’ (Smc) complex Smc5/6 for ubiquitin-mediated degradation (35). Smc5/6 is 

a restrictive factor which inhibits cccDNA transcription, thus when HBx expression is 

repressed, Smc5/6 remains functional and as a result, HBV transcription is silenced.  
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The ability of these rTALEs to cause silencing of HBV gene expression is in agreement 

with conceptually similar studies, involving a different DBD protein, where KRAB-based 

ZFPs targeted to HBV sequences demonstrated efficient silencing of viral gene expression 

(154, 186). Another study demonstrated that dCas9-KRAB can mediate transcriptional 

silencing via methylation of the lysine at the position 9 of histone 3 (H3K9me3) (152). 

Based on comparative studies between the effect of dCas9 and dCas9-KRAB, it was 

demonstrated that the formation of repressive histone modifications was indeed due to 

KRAB domain activity (152). This supports our hypothesis that our rTALEs silence gene 

activity through KRAB-mediated induction of heterochromatin. Since KRAB domains 

induce heterochromatin formation over a distance, it raises a concern about the specificity 

of KRAB-based repressor activity. However a study investigating this point demonstrated 

that KRAB-ZFPs did not alter expression of neighbouring genes of the target site (187). 

Nonetheless further studies are warranted to investigate the extent of the rTALE-mediated 

epigenome modifications observed in this study. 

Although rTALE-mediated silencing of HBV DNA has not been demonstrated before, 

there are several studies that demonstrate rTALEs targeted to enhancer and promoter 

regions can cause potent transcriptional repression of genes in mammalian cells (118, 147, 

157, 161, 188). Other methods to transcriptionally silence genes have been explored. These 

include using a DBD with no effector which is targeted to regulatory sequences of a gene. 

The DBD would competitively bind transcription activator sites thereby inhibiting the 

initiation of transcription (189). The efficacy of fusing a DBD to epigenome editing 

effectors such as  DNA methyltransferases  or histone demethylase to achieve gene 

silencing has also been investigated (190, 191). However with a KRAB domain, the 

efficiency of gene repression is derived from the incorporation of different histone 

modifiers, instead of producing a single type of histone modification as with other 
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epigenome modifiers (149, 152, 169, 192, 193). This study and others demonstrate that the 

versatility of a  KRAB repressor domain coupled with the specificity of a TALE DBD 

presents a promising platform for gene therapy applications (118, 147, 161, 188). 

4.3 Cytotoxicity 

The simple TALE recognition code allows for any DNA sequence to be targeted, and 

unlike ZFPs there are fewer constraints with regards to site selection, thus making it a 

favourable tool to adapt for precise genome targeting (194).  However, a major concern 

with developing gene therapy strategies is the possible toxic effects of introducing 

exogenous DNA to the cell. In this study, the MTT assay demonstrated that the rTALEs do 

not negatively affect the cell viability of transfected cells. This confirms that the expression 

of rTALEs is not toxic to cells. Additionally, we show that driving expression of these 

rTALEs from a liver-specific promoter restricted rTALE activity to liver-derived cells 

thereby reducing the likelihood of causing toxic effects from unwanted activity in non-

targeted tissue. Furthermore, DBD proteins have a risk of binding to off-target sequences 

leading to off-target activity which consequently can be cytotoxic to the cell. Although 

binding assays in cell culture has demonstrated that TALE proteins primarily bind their 

intended sequences (195), off-target binding of TALE derivatives has been reported (196-

198). In addition, increased off-target binding when a KRAB domain was added to a ZFP 

as compared to a ZFP alone has been demonstrated (199). Thus, in this study the potential 

of these rTALEs to bind off-target sites and alter their gene expression was evaluated by 

determining the mRNA levels of potential off-target genes. Our results show that levels of 

the off-target gene were not altered by the rTALEs. Thus, demonstrating that the rTALEs 

were not repressing gene activity at the off-target site but preferred their intended viral 

target sequences. To ensure adequate specificity and thus safety of the rTALEs, an 18 
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nucleotide sequence was targeted as the probability of this target sequence occurring 

within the human genome is estimated to be 0.041 (95). This ensures that possible off-

target binding is reduced. Off-target binding sites can be predicted using computational 

tools which can scan genomic sequences to identify potential off-target binding sites which 

have similar homology to a dTALE target sequence (175, 200). In addition there are TALE 

protein assembly protocols which can facilitate the design and generation of efficient 

TALEs with adequate specificity for its intended sequence (159, 185, 201, 202). There are 

several ways to assess off target binding and activity by artificial repressors. Chromatin 

immunoprecipitation (ChIP) followed by high-throughput DNA sequencing has been 

extensively used to assess genome-wide binding of proteins on DNA thereby giving an 

indication of any off-target binding (152). Transcriptome profiling by either microarray or 

RNA-seq can be used to assess expression levels of RNA to determine any unintended 

gene silencing (203). Alternatively, global H3K9me3 patterns can be measured by ChIP-

seq to assess if there are unintended histone modifications (152). Off-target activity of 

artificial repressors is a concern as it could lead to unintended silencing of critical genes. 

The risk of off-target binding will always exist for DNA binding proteins as large genomes 

present an array of potential binding sites. To ensure safety of this approach, it is important 

to design the rTALE proteins appropriately to ensure efficient specificity with minimal off-

target binding, and to assess potential off-target activity.  

4.4 Challenges facing anti-HBV gene therapy 

Transcriptional repression of HBV genes presents an alternative approach as an anti-HBV 

therapy. However, some challenges still need to be addressed to ensure rTALEs are fit for 

clinical application, such as determining efficacy and safety of rTALE-mediated repression 

of cccDNA in vivo, and finding a safe and efficient delivery agent. The use of small animal 
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models such as woodchucks, HBV-transgenic mice, or the urokinase plasminogen activator 

SCID (uPA-SCID) mice have been instrumental in testing the preclinical efficacy and 

safety of anti-HBV agents in vivo (204-207). However as the woodchuck hepatitis virus 

only shares 70% nucleotide identity to HBV, it poses a challenge as anti-HBV agents 

would need to be adapted to target a very different sequence (205). The transgenic mice 

contain an integrated HBV replication-competent sequence which permits continuous 

expression of viral proteins for new virion assembly and secretion (204). The limitation of 

this model is that cccDNA is not formed in the livers of these mice highlighting a 

significant shortcoming when evaluating antivirals. The uPA-SCID mouse model has an 

ablated liver repopulated with human hepatocytes and as a consequence is susceptible to 

HBV infection, maintains a productive infection and, importantly, establishes a cccDNA 

reservoir (206). However, this model lacks a functional adaptive immune system making it 

unsuitable for studying immune responses to HBV, evaluating efficacy of vaccines, or 

assessing the role of the immune system in studies of therapeutic efficacy (208). 

Nonetheless, these mice are a major improvement in the development of suitable mouse 

models and remain the popular model to evaluate anti-HBV agents (209-211). Since these 

mice establish and maintain cccDNA, the model provides a promising platform for 

evaluating the effects, safety, and efficacy of rTALE-mediated transcriptional silencing of 

the cccDNA replicative intermediate. cccDNA has been identified as a critical target for 

effective HBV therapeutic strategies and as such chimeric mice will play a critical role in 

studying and developing drugs against the molecular mechanisms which regulate cccDNA 

stability and activity (208, 212). Developments in anti-HBV therapeutics include agents 

which directly target the virus life cycle, and indirect acting agents that target host 

functions, therefore a good HBV animal model should closely resemble the HBV infection 

and replication process that occurs in humans to better characterise anti-HBV agents (213). 
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Despite the advancements made in gene therapy against HBV, a major hurdle is its 

delivery into animal models.  

The delivery of therapeutic genes into cells is fraught with problems which include the 

degradation by intra and extra-cellular enzymes, and inability to cross the cell membrane 

because of size and negative charge (214, 215). Both viral and non-viral vectors have 

emerged as promising candidates for the delivery of therapeutic nucleic acids sequences 

(216). The use of viral vectors as delivery agents is based on their efficient mechanisms of 

entering a cell and delivering their genetic sequences for expression (217). As such, the use 

of lentiviral, adenoviral and adeno-associated viral (AAV) vectors has been successfully 

utilised for the delivery of gene modifiers (161, 217). The lentivirus is an integrating vector 

and therefore the therapeutic sequence gets integrated into the host DNA permitting long-

term transgene expression (218). AAVs and adenoviral vectors are non-integrating vectors 

that confer long-term transgene expression with minimal risk of insertional mutagenesis 

and can be modified to allow liver-specific expression of transgenes (216, 219, 220). 

However AAVs are non-pathogenic vectors, and are therefore widely used as delivery 

vectors however, a packaging limit of approximately 4.5 kb limits its application (221). 

Non-viral methods of delivering gene editing tools were developed in an attempt to 

overcome limitations that viral vectors present (219). These methods deliver therapeutic 

sequences into the cell using synthetic or natural compounds, such as lipid- or polymer-

based vectors and cell-penetrating peptides, or by physical forces such as electric pulses 

(222). Advantages of non-viral vectors include large loading capacity, low toxicity, low 

host immunogenicity and the ability of repeated administration (223). TALE proteins have 

been successfully delivered through the conjugation of cell-penetrating TAT peptides (224) 

and recently TALE-transcription factors were successfully delivered into cells using 

extracellular vesicles (225). Non-viral vectors are known to be less effective than viral 
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vectors however, and, some methods such as lipoplexes and polyplexes are associated with 

cytotoxicity (222).  Both types of gene delivery methods have their own advantages and 

disadvantages and a good choice of delivery system should provide safe and efficient 

delivery to target cells. To meet this requirement, hybrid systems are being investigated 

that can exploit the advantages of both systems overcoming their limitations thereby 

producing vectors with high efficacy and low toxicity (226-229).   

4.5 Potential antiviral combinatorial therapy 

An interesting avenue for rTALE technology would be to investigate the potential for 

combinatorial strategies with other therapeutic modalities. RNAi technology has been 

extensively used to silence HBV gene expression by acting post transcriptionally, but does 

not affect the cccDNA reservoirs (100, 102, 103). In contrast the rTALEs generated in this 

study silence HBV gene expression by acting directly on the cccDNA at a transcriptional 

level. A study assessing the effects of the combination of rTALE and shRNA demonstrated 

double repression of target protein levels to near background levels (147). Based on this it 

will be interesting to assess if such combined activity can enhance repression against HBV 

replication. It will also be worth investigating the possibility of complete transcriptional 

inhibition of the entire viral genome through the synergistic effect of multiple rTALEs 

designed to target the regulatory elements of the HBV genome. Additionally, the 

availability of rTALEs simultaneously targeted to different regions of the HBV genome 

could prevent the possibility of rTALE resistance occurring from a mutation at one rTALE 

target site (230). With this approach, several critical issues arise such as the increased 

potential for off-target effects, the method of delivering multiple rTALEs, and possible 

cytotoxic effects. 
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4.6 Conclusion 

The work presented here provides a proof-of-concept study demonstrating the potential of 

KRAB-based rTALEs to cause potent HBV gene silencing through the epigenetic 

modification of cccDNA. Significant knockdown of HBsAg including HBV mRNA was 

observed demonstrating that the rTALEs silence HBV at a transcriptional level. By 

engineering the TALE DBD to target specific cccDNA sequences KRAB-mediated 

inhibition of transcription was achieved without causing mutations in the genome. In 

addition, silencing of viral promoters that were not directly targeted demonstrated the 

ability of the KRAB domain to act over long stretches of DNA. Furthermore, using the 

liver-specific mTTR promoter, expression of the rTALEs was limited to liver-derived cells, 

the primary site of HBV infection. Importantly the observed knockdown of HBV viral 

transcription was not associated with any cytotoxic effects or off-target activity. The high 

specificity, efficient activity and absence of cytotoxicity make rTALEs an ideal approach 

for targeting HBV. Considerations should be made to further characterise this molecular 

tool in vivo.  
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Chapter 5 

5. Appendix 

5.1 Additional figures 

 

Figure 5.1: CMV-driven rTALE plasmid map. This vector sequence encodes a CMV promoter 

to drive rTALE transcription, a TALE DNA binding domain, a haemagglutinin (HA) epitope as a 

protein tag for rTALE expression, a KRAB repressor domain for gene suppression and a nuclear 

localisation signal to facilitate transport into the nucleus once translated. This rTALE plasmid was 

used to generate mTTR-driven rTALEs. The restriction sites used in the cloning strategy are 

displayed. Map was created with SnapGene® software (from GSL Biotech; available at 

snapgene.com). 
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Figure 5.2: mTTR-driven rTALE plasmid map. The pRK5-HA-KRAB-NLS-TAL (mTTR) 

vector sequence encodes an mTTR promoter to drive rTALE transcription, a TALE DNA binding 

domain, a haemagglutinin (HA) epitope as a protein tag for rTALE expression, a KRAB repressor 

domain for gene suppression and a nuclear localisation signal to facilitate transport into the nucleus 

once translated. Map was created with SnapGene® software (from GSL Biotech; available at 

snapgene.com). 
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Figure 5.3: Agarose gel electrophoresis of the digested plasmids for backbone preparation. 

Pci I and Not I restriction enzyme digestion was carried out to excise the rTALE vector backbones 

of pRK5-CMV-control and pRK5-CMV-X1. The rTALE vector backbones are represented by the 

6097 bp bands (Red rectangle). (C: undigested control, M: O'GeneRuler 1 kb DNA Ladder 

(Thermo Scientific, CA, USA)). 
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Figure 5.4: Agarose gel electrophoresis of Bpi I digested pUC57-mTTR. Bpi I restriction 

enzyme digestion was carried out to excise the mTTR promoter sequence from the pUC57-mTTR 

plasmid. The mTTR promoter sequence is represented by the 1210 bp bands (Red rectangle). (C: 

undigested control, M: O'GeneRuler 1 kb DNA Ladder (Thermo Scientific, CA, USA)). 
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Figure 5.5: Agarose gel electrophoresis of digested pRK5-CMV-X2-rTALE for insert 

extraction. Kpn I and Nhe I restriction enzyme digestion was carried out to extract the TALE DBD 

sequence from the pRK5-CMV-X2 plasmid. The TALE DBD sequence is represented by the 2584 

bp bands (Red rectangle). (C: undigested control, M: O'GeneRuler 1 kb DNA Ladder (Thermo 

Scientific, CA, USA)). 
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Figure 5.6: Agarose gel electrophoresis of digested pRK5-CMV-S1-rTALE and pRK5-CMV-

S2-rTALE for insert extraction. Kpn I and Nhe I restriction enzyme digestion was carried out to 

extract the TALE DBD sequences from the pRK5-CMV-S1 and pRK5-CMV-S2 plasmids. The 

TALE DBD sequences are represented by the 2584 bp bands (Red rectangle). (C: undigested 

control, M: O'GeneRuler 1 kb DNA Ladder (Thermo Scientific, CA, USA)). 
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Figure 5.7: Agarose gel electrophoresis of the digested plasmids for backbone extraction. Kpn 

I and Nhe I restriction enzyme digestion was carried out to extract the rTALE vector backbone of 

pRK5-mTTR-control. The mTTR vector backbone is represented by the 4723 bp bands (Red 

rectangle). (C: undigested control, M: O'GeneRuler 1 kb DNA Ladder (Thermo Scientific, CA, 

USA)). 
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Figure 5.8: Transfection efficiency of Huh 7 and HEK293T cells (ELISA). To assess the 

efficiency of transfections performed for an ELISA assay, pCI-neo-eGFP was added to the 

transfection DNA mix. Forty-eight hours post transfection, GFP expression was analysed using a 

fluorescence microscope. Representative images of transfected cells are shown. 

 

 

 

 



 

90 
 

 

Figure 5.9: Transfection efficiency of Huh 7 and HEK293T cells (HBV RT-qPCR). To assess 

the efficiency of transfections performed for RNA extraction, pCI-neo-eGFP was added to the 

transfection DNA mix. Forty-eight hours post transfection, GFP expression was analysed using a 

fluorescence microscope.  Representative images of transfected cells are shown. 
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Figure 5.10: Transfection efficiency of Huh 7 cells (MTT assay). To assess the efficiency of 

transfections performed for a MTT assay, pCI-neo-eGFP was added to the transfection DNA mix. 

Forty-eight hours post transfection, GFP expression was analysed using a fluorescence microscope. 

A representative image of transfected cells is shown. 

 

 

Figure 5.11: Transfection efficiency of Huh 7 cells (Off-target RT-qPCR). To assess the 

efficiency of transfections performed for RNA extraction, pCI-eGFP was added to the transfection 

DNA mix.  Forty-eight hours post transfection, GFP expression was analysed using a fluorescence 

microscope.  A representative image of transfected cells is shown. 
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Figure 5.12: Melting curve analysis from qPCR of the prostate androgen-regulated transcript 1 

(PART1) gene. Relative qPCR was performed to determine levels of PART 1 mRNA. Depicted are 

the multiple temperature peaks observed for the reaction indicating nonspecific amplification. 

Image obtained from CFX Manager™ Software (Bio-Rad, CA, USA). 
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Figure 5.13: Agarose gel electrophoresis of qPCR products. Analysis of qPCR amplicons on an 

agarose gel stained with ethidium bromide shows a single band representing amplification of the 

hGAPDH gene. In contrast a low molecular weight band (~ 90 bp) representing primer dimers is 

observed for the different transcripts of the prostate androgen-regulated transcript 1 (PART1) 

gene. (M: O'GeneRuler 1 kb DNA Ladder (Thermo Scientific, CA, USA)). 

 

 

 

 

 



 

94 
 

5.2 Laboratory techniques 

5.2.1 Gel Electrophoresis 

Reagents 

 50× Tris Acetate EDTA (TAE) Buffer  

Two hundred and forty-two grams of Tris base, 57.1 ml glacial acetic acid and 100 ml of 

0.5 M EDTA was added to 800 ml of ddH2O. The pH was adjusted to 8.0 and the solution 

was made to a total volume of 1 L with ddH2O.  

 Ethidium Bromide (10 mg/ml) 

Protocol 

To prepare a 1% gel, 1 g of agarose was mixed with 100 ml of 1× TAE and dissolved by 

heating in a microwave for 2-4 minutes. The agarose mixture was cooled at room 

temperature before 5 µl of Ethidium Bromide solution was added. The mixture was then 

poured into a gel chamber and allowed to solidify. Once solid, the gel was placed in 1× 

TAE buffer in an electrophoresis chamber. The gel was run at 80 volts until the loading 

dyes (Loading dye 6×, Thermo Scientific, CA, USA) reached the bottom of the gel. The 

DNA was visualised by a GBOX UV transilluminator (Syngene, Cambridge, UK). 
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5.2.2 Gel extraction 

Reagents 

 Qiagen® MinElute Gel Extraction kit (Qiagen, Hilden, Germany) 

 Isopropanol 

Protocol 

The DNA fragment of interest was excised from the agarose gel and placed in a 

microcentrifuge tube. The fragments were weighed and 3 volumes of Buffer QG was 

added to 1 volume of gel. The tube was incubated at 50 °C for 10 minutes to dissolve the 

gel slice. One gel volume of isopropanol was added to the samples and mixed. A QIAquick 

spin column was inserted into a 2 ml collection tube, the samples transferred to the column 

and centrifuged for 1 minute at maximum speed in a standard bench top microcentrifuge. 

The flow-through was discarded and the column was placed back into the collection tube, 

500 µl of Buffer QG was added to the column and centrifuged at maximum speed for 1 

minute. The flow-through was discarded and the DNA washed by adding 750 µl of Buffer 

PE and centrifuging the tube at maximum speed for 1 minute. The flow-through was 

discarded and the tube was centrifuged for an additional 1 minute. The column was 

transferred to a sterile 1.7 ml microcentrifuge tube. Fifty microlitres of Buffer EB was 

added to the membrane of the column to elute the DNA by centrifugation at maximum 

speed for 1 minute.  
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5.2.3 Preparation and transformation of chemically competent E. coli 

Chemically competent E. coli 

Reagents:  

 Luria-Bertani (LB) media 

To one litre of deionised water, 10 g Bacto-tryptone (Oxoid, UK), 5 g Yeast extract 

(Oxoid, UK), and 5 g NaCl were added and the solution was autoclaved for 30 minutes at 

121 °C and 1 kg/cm
2
. The media was stored at room temperature. 

 Transformation buffer (100 mMCaCl2, 10 mM PIPES-HCl, 15% glycerol)  

Transformation buffer was prepared by adding 1.4702 g CaCl2.2H2O, 0.3024 g PIPES and 

15 ml glycerol to 80 ml of ddH2O. The pH of the solution was adjusted to 7.0 with NaOH, 

the solution made up to 100 ml and then autoclaved for 20 minutes at 121 °C and 1 kg/cm
2
. 

The buffer was stored at -20 °C. 

Protocol 

Ten millilitres of LB media was inoculated with a 100 µl of untransformed XL10-Gold E. 

coli. The inoculum was placed at 37 °C in a shaking incubator until it reached an A600 of 

approximately 0.4. The cells were centrifuged at 3000 ×g for 15 minutes. Thereafter the 

pellet was resuspended in 10 ml of transformation buffer and incubated for 20 minutes on 

ice. The suspension was centrifuged at 1000 ×g for 10 minutes and the pellet was 

resuspended in 2 ml transformation buffer, aliquoted, and stored at - 70 °C. 

 

 

 



 

97 
 

Transformation 

Reagents 

 1000 × Ampicillin  

One hundred milligrams of ampicillin (Roche Applied Science, Mannheim, Germany) was 

dissolved in 1 ml of 50% ethanol.  

 Ampicillin positive Luria Bertani agar plates  

LB agar plates were prepared by mixing 1% (w/v) Agar (Oxoid, UK) in LB medium. The 

solution was autoclaved for 20 minutes at 121 °C and 1 kg/cm
2
. The agar solution was 

cooled to 50 °C and ampicillin was added to a final concentration of 100 μg/ml of Luria 

Bertani agar solution. The agar solution was poured into petri dishes and allowed to 

solidify at room temperature. The agar plates were stored at 4 °C. 

 

Protocol 

Ten microlitres of ligation mix was used to transform 100 µl of chemically competent 

XL10-Gold cells. The mixture was incubated on ice for 30 minutes followed by a heat 

shock treatment at 42 °C for 90 seconds. The sample was placed on ice for 5 minutes and 

then spread on an agar plate. The plate was sealed and incubated upside down at 37 °C 

overnight. 
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5.2.4 High Pure Plasmid Isolation 

Reagents 

 Roche High Pure Plasmid Isolation Kit (Roche Applied Science, Mannheim 

Germany) 

 LB media (Appendix 5.2.3) 

 

Protocol 

A single bacterial colony containing the plasmid of interest was used to inoculate 10 ml of 

LB media supplemented with 10 µl of 1000 × ampicillin. The broth was placed in a 

shaking incubator at 37 °C overnight. Thereafter, the bacterial culture was centrifuged at 

4000 ×g for 20 minutes followed by resuspending the pellet in 250 µl suspension buffer. 

The bacterial cells were lysed by adding 250 µl lysis buffer, gently mixed and incubated at 

room temperature for 5 minutes. Three hundred and fifty microlitres of chilled binding 

buffer was added to the sample, followed by gentle mixing and then incubation on ice or 5 

minutes. The sample was centrifuged at 4000 ×g for 20 minutes and the supernatant was 

transferred to a High Pure column that was placed in a collection tube. Using a standard 

bench top centrifuge the sample was centrifuged at maximum speed for 1 minute. The 

flow-through in the collection tube was discarded and 700 µl of wash buffer II was added 

to the column. The sample was centrifuged at 13 000 ×g for 1 minute, the flow-through 

was discarded and the sample was centrifuged for 1 minute to remove excess wash buffer. 

The column was placed in a sterile microcentrifuge tube and 100 µl of elution buffer was 

added to the filter tube followed by centrifugation at 13 000 ×g for 1 minute. The eluted 

plasmid DNA was stored at - 70°C.  
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5.2.5 Plasmid Maxi preparation 

Reagents 

 Luria-Bertani media (Appendix 5.2.3) 

 Plasmid Maxi Kit (Qiagen, Hilden, Germany) 

 1000× ampicillin 

 

Protocol 

A single bacterial colony containing the plasmid of interest was used to inoculate 100 ml of 

LB media supplemented with 100 µl of 1000 × ampicillin. The broth was placed in a 

shaking incubator at 37 °C overnight. Thereafter, the bacterial culture was centrifuged at 

4000 ×g for 30 minutes at 4 °C followed by resuspending the pellet in 10 ml buffer P1. The 

bacterial cells were lysed by adding 10 ml buffer P2, mixed by inverting the tube 4-6 times 

and incubated at room temperature for 5 minutes. Ten millilitres of chilled buffer P3 was 

added to the tube and the sample mixed by inverting the tube. The solution was incubated 

for 20 minutes on ice followed by centrifugation at 20 000 ×g for 30 minutes at 4 °C. The 

supernatant was transferred to a sterile tube and centrifuged at 20 000 ×g for 20 minutes at 

4 °C. Simultaneously a QIAGEN-tip 500 was equilibrated by adding 10 ml buffer QBT to 

the column and allowing it to empty. After the centrifugation, the supernatant from the 

sample was added to the QIAGEN-tip and allowed to enter the resin by gravity. Thereafter 

the QIAGEN-tip was washed twice with 30 ml of buffer QC. The QIAGEN-tip was 

transferred to a sterile collection tube and subsequently 15 ml of buffer QF was added to 

elute the DNA. The eluted plasmid DNA was precipitated by adding 10.5 ml of room 

temperature isopropanol, followed by mixing and centrifugation at 15 000 ×g for 30 

minutes at 4 °C. The isopropanol was discarded and the DNA pellet was washed by adding 

room temperature 70 % ethanol and centrifuging the sample at 4000 ×g for 10 minutes at 4 
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°C. The ethanol was discarded, the pellet was left to air dry for 5 minutes and then re-

suspended in 200 µl of distilled water and stored at -20 °C. 

 

5.2.6 Mycoplasma detection 

Reagents 

 MycoAlert™ mycoplasma detection kit (Lonza, Basel, Switzerland) 

Protocol 

Two millilitres of cell culture supernatant was centrifuged at 200 ×g for 5 minutes. 

Thereafter a 100 µl of the supernatant was placed into a well of a luminometer plate. One 

hundred microlitres of MycoAlert™ reagent was added to the sample in the well and left 

for 5 minutes at room temperature before measuring the luminescence (Reading A) in a 

Veritas™ Microplate Luminometer (Promega, WI, USA). Next, 100 µl of MycoAlert™ 

substrate was added to the sample and left for 10 minutes before measuring the 

luminescence (Reading B). A ratio of Reading B/Reading A was calculated.  

 

5.2.7 jetPRIME® transfection 

Reagents  

 jetPRIME® Transfection Reagent kit (Polyplus-transfection, Illkirch, France) 

Protocol 

Twenty-four hours prior to transfections, HEK293T cells were seeded to be 60 to 80 % 

confluent at the time of transfections. For the transfections, the DNA mix was diluted with 

jetPRIME® buffer and mixed well by vortexing for 10 seconds followed by brief 

centrifugation. Thereafter, jetPRIME® reagent was added to the diluted DNA mix, which 

was then vortexed for 10 seconds, centrifuged briefly and incubated at room temperature 

for 10 minutes at room temperature. The transfection mix was then added dropwise to the 
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cell culture medium per well and mixed by gentle agitation. The cells were incubated in a 

humidified incubator at 37 °C and 5% CO2 for 48 hours. The volumes of reagents used for 

the different culture plates are displayed in Table 5.1. 

 

Table 5.1: The DNA transfection amounts used for the different culture plates based on the 

jetPRIME® transfection guidelines. Volumes are given per well. 

Culture plates Amount of DNA 

used 

Volume of 

jetPRIME® Buffer 

Volume of 

jetPRIME® 

reagent 

96 well 98 ng 5 µl 0.2 µl 

48 well 200 ng 25 µl 0.4 µl 

6 well 2080 ng 200 µl 4.16 µl 

 

5.2.8 Lipofectamine® 3000 transfections 

Reagents  

 Lipofectamine® 3000 Reagent (Thermo Scientific, CA, USA), 

 Opti-MEM® Reduced Serum Medium 

Protocol 

Twenty-four hours prior to transections, Huh 7 cells were seeded to be 70 to 90% confluent at the 

time of transfections. For the transfections, the DNA mixes were diluted in the appropriate volume 

of Opti-MEM™ and P3000™ Reagent and thoroughly mixed. In a separate centrifuge tube 

Lipofectamine™ 3000 was diluted in Opti-MEM™ and thoroughly mixed. A volume of the diluted 

Lipofectamine™ 3000 Reagent was then mixed with the diluted DNA and incubated for 15 minutes 

at room temperature. The transfection mix was then added dropwise to the cell culture medium per 

well and mixed by gentle agitation. The cells were incubated in a humidified incubator at 

37 °C and 5% CO2 for 48 hours. The volumes of reagents used for the different culture 

plates are displayed in Table 5.2. 
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Table 5.2: The DNA transfection amounts used for the different culture plates based on the 

Lipofectamine® 3000 transfection guidelines. Volumes are given per well. 

 Volumes for dilution of DNA Volumes for dilution of 

Lipofectamine® 3000 Reagent 

Culture 

plate 

DNA 

amount 

Opti-MEM® 

Medium 

P3000™ 

Reagent 

Opti-MEM® 

Medium 

Lipofectamine® 

3000 Reagent 

48 well 200 ng 12.5 μl 0.5 μl 12.5 μl 0.75 μl 

6 well 2080 ng 125 μl 10 μl 125 μl 7.5 μl 
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