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ABSTRACT 

The current mainstream treatments available for patients who are chronically infected with the 

hepatitis B virus (HBV) are capable of suppressing viral replication, however these 

therapeutic strategies cannot eradicate the virus. Thus, the development of novel therapeutic 

strategies capable of eradicating the virus are urgently needed. The RNA interference (RNAi) 

pathway can be exploited by introducing RNAi activators such as primary microRNA (pri-

miRNA) mimics into cells to silence genes of interest. The exploitation of the RNAi pathway 

by employing DNA expression cassettes that endogenously express pri-miRNA mimics which 

target the hepatitis B x protein (HBx) sequence has demonstrated to be efficient in inhibiting 

HBV replication. However, achieving safe, efficient, and cost-effective delivery remains a 

major challenge. The delivery of RNA therapeutics using non-viral vectors is safer and more 

cost-effective than the delivery of DNA therapeutics using viral vectors, and the use of 

chemically synthesised small interfering RNAs (siRNA) is expensive whereas in vitro 

transcription offers a cheaper alternative. Therefore, the purpose of this study was to in vitro 

transcribe pri-miRNA mimics that target the HBx sequence which is common to each of the 

viral transcripts. The rationale was that simultaneously targeting the viral transcripts may 

reduce viral protein production, thereby removing their immunosuppressive effects, which 

can potentially reactivate the host’s natural defences to clear the virus. In this study, several 

pri-miR-31 mimics were successfully in vitro transcribed and assessed in cultured mammalian 

cells. The results obtained demonstrated the mimics to modestly inhibit viral replication, 

however these constructs were also shown to induce non-specific silencing, activate the 

interferon response, and were inefficiently processed into the expected guide sequences. 

Nevertheless, improvements can be made to the system to promote safe and efficient gene 

silencing. The modest inhibition demonstrated could have been attributed to inefficient 

processing due to the activation of the interferon response and limited trafficking of the pri-

miR-31 mimics into the nucleus. The use of chemically modified nucleotides and employing 

precursor miRNA (pre-miRNA) may improve the safety and efficacy of these constructs. 

Therefore, this study demonstrated the potential of the in vitro transcribed miRNA mimics in 

inhibiting HBV, however improvements to the system could increase viral replication 

inhibition and reduce the immunogenicity of these constructs.  
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CHAPTER 1 

1. INTRODUCTION  

1.1. Epidemiology and transmission  

Hepatitis B is an inflammatory disease of the liver that is caused by the hepatitis B virus 

(HBV). The disease has been found to greatly contribute to morbidity and mortality 

throughout the world, with the acute and chronic form of the disease accounting for 

approximately 90 000 and 800 000 deaths each year, respectively (World Health 

Organization, 2017). These incident rates occur as acute infections are more likely to be 

cleared by the immune system as opposed to chronic infections, which are able to persist and 

may eventually lead to cirrhosis, hepatocellular carcinoma (HCC), or liver failure [reviewed 

in (Liang, 2009)].  

The chronic form of the disease affects over 257 million people worldwide, with the highest 

prevalence in the Western Pacific and African regions (World Health Organization, 2017). 

Infection with acute HBV may present as asymptomatic, or symptomatic which can range 

from fatigue to jaundice, or in rare cases, liver failure [reviewed in (Liang, 2009)]. The risk of 

acute infection developing into chronicity decreases with age of infection (Hyams, 1995; 

Edmunds et al., 1993). Thus, progression from acute to chronic disease occurs in 

approximately 90% of perinatally infected infants and less than 5% of infected adults (Hyams, 

1995; Edmunds et al., 1993). Chronically infected patients may present with symptoms 

similar to those associated with the acute form of the disease or more severe symptoms such 

as palmar erythema, spider telangiectasia, fetor hepaticus and splenomegaly [reviewed in 

(Liang, 2009)]. Exposure to infected blood or other bodily fluids allows the virus to be 

transmitted from one individual to another [reviewed in (Papastergiou et al., 2015)]. In areas 

of low prevalence most infections are acquired through horizontal transmission from engaging 

in high-risk behaviours [reviewed in (Hwang and Cheung, 2011)]. However, in areas of high 

prevalence, infections are predominantly acquired through horizontal transmission or through 

vertical transmission from mother to child [reviewed in (Hwang and Cheung, 2011)].  

There are ten HBV genotypes (A to J) that have been identified and many of these can be 

further categorised into various subgenotypes [reviewed in (Tong and Revill, 2016)]. It is 

estimated that most chronic infections worldwide are caused by genotypes A to E (Velkov et 

al., 2018) . HBV genotypes are geographically distributed with genotypes A and E 

predominantly occurring in sub-Saharan Africa, genotypes B and C mainly presenting in east 

and southeast Asia, and genotype D primarily arising in Central Asia, southern Asia, western 
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Asia, and northern Africa (Velkov et al., 2018). Each genotype differs in nucleotide sequence 

by at least 8% [reviewed in (Sunbul, 2014)]. The development of disease and response to 

treatment varies between each group, thus it is crucial to be able to differentiate between these 

genotypes [reviewed in (Sunbul, 2014)].  

1.2. Viral biology and genome organisation  

The hepatitis B virus is classified as a member of the Hepadnaviridae family [reviewed in 

(Gust et al., 1986)]. The virion is approximately 42 nm in diameter and consists of an outer 

lipid envelope embedded with large (L), middle (M) and small (S) surface proteins (Sonveaux 

et al., 1995; Ueda et al., 1991; Dane et al., 1970). The envelope surrounds an icosahedral 

nucleocapsid core which encloses the viral genome and polymerase (Böttcher et al., 1997; 

Robinson, 1975). The viral genome is approximately 3.2 kb in length and exists as partially 

double-stranded relaxed circular DNA (rcDNA) [reviewed in (Karayiannis, 2017)] (Figure 

1.1). The rcDNA consists of a complete negative strand and an incomplete positive strand and 

encodes four overlapping open reading frames (ORFs) namely core (C), polymerase (P), 

surface (S) and X [reviewed in (Tsukuda and Watashi, 2020)] (Figure 1.1). During replication 

the rcDNA is converted into covalently closed circular DNA (cccDNA) which serves as a 

template for the transcription of five viral transcripts specifically pre-genomic RNA (3.5 kb), 

pre-core mRNA (3.5 kb), preS1 mRNA (2.4 kb), preS2/S mRNA (2.1 kb) and X mRNA (0.7 

kb) [reviewed in (Zhao et al., 2021)] (Figure 1.1). The transcripts each have a 5’ cap and a 3’ 

polyadenylated tail. The length of each transcript is dependent on the location of its relevant 

promoter as transcription terminates at a single polyadenylation signal [reviewed in 

(Lamontagne et al., 2016)]. This results in the transcripts having a common 3’ end which is 

identical to the shortest mRNA specifically the X mRNA.  

The X mRNA is transcribed from the X ORF and translates into the regulatory hepatitis B x 

protein (HBx) which serves to maintain cccDNA expression (Lucifora et al., 2011). The 

SMC5/6 complex which normally functions to limit expression from episomal DNA can bind 

to cccDNA and inhibit its transcription (Decorsière et al., 2016; Murphy et al., 2016). 

However, after infection with HBV the HBx directs the SMC5/6 complex to the E3 ubiquitin 

ligase proteasome for degradation which prevents it from inhibiting transcription of the 

cccDNA (Decorsière et al., 2016; Murphy et al., 2016). The HBx also promotes binding of the 

parvulin 14 and 17 proteins to the cccDNA which enhances cccDNA formation by escalating 

viral RNA transcription (Saeed et al., 2019). 

The preS1 mRNA and preS2/S mRNA are transcribed from the S ORF and translates into the 

hepatitis B surface antigen (HBsAg) proteins [reviewed in (Zhao et al., 2021)]. The preS1 
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mRNA translates into the L-HBsAg protein and the preS2/S mRNA translates into the M-

HBsAg and S-HBsAg proteins [reviewed in (Zhao et al., 2021)]. These proteins are 

responsible for attachment and entry into the hepatocyte as well as nucleocapsid envelopment 

and viral particle secretion (Yan et al., 2012; Bruss and Ganem, 1991). They also contribute to 

viral persistence by deregulating the immune system [reviewed in (Zhao et al., 2021)]. The 

pre-core mRNA is transcribed from the C ORF and translates into the hepatitis B e antigen 

(HBeAg) protein which is suspected to suppress the immune response and prevent viral 

clearance [(Chen et al., 2005) and reviewed in (Zhao et al., 2021)].  

The pre-genomic RNA serves as a template for the translation of the hepatitis B core antigen 

(HBcAg) and the DNA polymerase protein [reviewed in (Lamontagne et al., 2016)]. HBcAg 

is encoded within the C ORF and is responsible for co-ordinating and self-assembling to form 

the nucleocapsid core which encapsulates the pre-genomic RNA and DNA polymerase 

protein [reviewed in (Zlotnick et al., 2015)]. The carboxy-terminal domain of HBcAg is 

required for pre-genomic encapsidation and contributes to genome replication pleiotropically 

(Lewellyn and Loeb, 2011; Nassal, 1992). Furthermore, HBcAg plays a role in regulating 

viral transcription by binding to the cccDNA and regulating its epigenetics [reviewed in (Diab 

et al., 2018)]. These proteins are also associated with T cell exhaustion which contributes to 

immune escape [reviewed in (Zhao et al., 2021)]. The polymerase protein is encoded within 

the P ORF and is responsible for synthesising the rcDNA by reverse transcription [reviewed 

in (Seeger and Mason, 2000). It also has roles in encapsidation and may contribute to innate 

immune evasion [(Bartenschlager et al., 1990) and reviewed in (Zhao et al., 2021)]. 
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Figure 1.1: Schematic representation of the HBV genome. The inner circle represents the 

HBV genome which consists of a complete negative strand and an incomplete positive strand. 

The four inner arrows surrounding the genome represents the four ORFs. The four outer 

arrows surrounding the ORFs represents the five viral transcripts. The rectangular and circular 

symbols represent the transcriptional regulatory elements. [Adapted from (Moolla et al., 

2002)]. 

 

1.3. Viral replication cycle 

The hepatitis B viral replication cycle involves several steps which include viral attachment, 

entry, replication, and secretion (Figure 1.2). Entry is first initiated through low-affinity 

binding of the virus to heparan sulphate proteoglycan (HSPG) receptors present on the surface 

of the hepatocyte (Leistner et al., 2008; Schulze et al., 2007). This is followed by high-affinity 

binding of the preS1 domain of the large envelope protein to the hepatocyte-associated 

sodium taurocholate co-transporting polypeptide (NTCP) receptor (Yan et al., 2012). The 

subsequent interaction of NTCP to the host epidermal growth factor receptor (EGFR) then 

triggers the endocytotic entry of the virus into the hepatocyte (Iwamoto et al., 2020, 2019). 

The internalised virus is then guided through the endosomal network by the activated EGFR 

and assisting host molecules (Iwamoto et al., 2020). The mechanism in which the 

nucleocapsid is released into the cytoplasm remains unclear however it is presumed that the 

release occurs after the viral envelope fuses with the endosomal membrane [reviewed in 
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(Tsukuda and Watashi, 2020)]. The nucleocapsid is then transported to the nuclear pore 

complex where it disassembles and releases the rcDNA into the nucleus (Rabe et al., 2003). 

The rcDNA is modified by host-derived cellular enzymes to remove the polymerase protein 

from the 5’ end of the negative strand and the RNA primer from the 5’ end of the positive 

strand [reviewed in (Prifti et al., 2021)]. The positive and negative strands are then repaired, 

ligated and modified to generate a stable double-stranded cccDNA minichromosome 

[reviewed in (Xia and Guo, 2020)]. The cccDNA minichromosome serves as a template for 

the transcription of the five viral transcripts using the host derived RNA polymerase II 

[reviewed in (Zhao et al., 2021)].  

Following translation of the viral polymerase it attaches to the epsilon structure on the 5' end 

of the pre-genomic RNA and forms a complex which triggers its encapsulation by the core 

proteins (Knaus and Nassal, 1993; Junker-Niepmann et al., 1990). Once encapsulated, the 

polymerase attaches the first nucleotide of the negative strand directly to itself to initiate 

polymerisation and then uses the bulge region of epsilon as a template to synthesise the next 

few nucleotides of the negative strand (Nassal and Rieger, 1996; Rieger and Nassal, 1996). It 

is then translocated with the attached sequence to the direct repeat 1 (DR1) located at the 3’ 

end of the pre-genomic RNA (Nassal and Rieger, 1996; Rieger and Nassal, 1996). The 

polymerase uses the attached sequence as a primer to extend the negative strand while 

degrading the majority of the pre-genomic RNA template (Loeb et al., 1991). The extreme 5’ 

end of the pre-genomic RNA that remains undegraded is then translocated to the direct repeat 

2 (DR2) located towards the 5’ end of the negative strand where it serves as an RNA primer 

(Loeb et al., 1991). The primer is used to synthesise the positive strand until it reaches the 5’ 

end of the negative strand (Loeb et al., 1991). Circularisation then occurs when the 3’ 

extending end of the positive strand is translocated to the corresponding 3’ end of the negative 

strand [reviewed in (Chen et al., 2015)]. This conformation allows for further elongation of 

the positive strand before it randomly terminates, leaving the polymerase still attached to the 

5’ end of the negative strand [reviewed in (Chen et al., 2015)]. The mature nucleocapsid 

which contains the newly formed rcDNA with the attached polymerase can then either enter 

the endoplasmic reticulum (ER) or the nucleus. If it enters the ER, it will acquire a membrane 

with surface antigen proteins, and be released from the hepatocyte as a new virion through the 

use of the host’s multivesicular body system (Watanabe et al., 2007). If it enters the nucleus it 

will function to replenish the supply of cccDNA to allow the virus to establish persistent 

infections in the hepatocyte and cause chronic HBV (Tuttleman et al., 1986). 
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Figure 1.2: Schematic representation of the hepatitis B viral replication cycle. The virus 

first binds to HSPG receptors present on the surface of the hepatocyte which facilitates the 

attachment of the virus to adjacent NTCP receptors. The subsequent interaction of NTCP to 

EGFR triggers endocytosis and internalisation of the virus. The internalised virus travels 

through the endosomal network towards the nucleus where it releases the nucleocapsid. The 

nucleocapsid is then transported to the nuclear pore where it disassembles and releases the 

rcDNA into the nucleus. The rcDNA is converted to cccDNA which serves as a template for 

the transcription of the viral transcripts. The pre-genomic RNA and viral mRNAs are 

translated into the viral proteins. The polymerase protein attaches to the pre-genomic RNA 

which triggers encapsidation by the core proteins. The pre-genomic RNA is then used as a 

template by the polymerase protein to synthesise the rcDNA. The mature nucleocapsid 

containing the newly formed rcDNA and polymerase can then either enter the ER or nucleus. 

If it enters the ER, it will acquire an outer lipid envelope with embedded surface proteins and 

be secreted to infect other hepatocytes. If it enters the nucleus it will function to replenish the 

supply of cccDNA thus allowing viral persistence. This figure was created with 

BioRender.com. 

 

1.4. Current vaccines and treatments 

The HBsAg vaccine has been proven to be effective in inducing a long-lasting protective 

antibody response against new HBV infections in approximately 95% of healthy individuals 

who have completed their vaccine series [reviewed in (Poland and Jacobson, 2004)]. The 

remaining 5% of healthy individuals who do not respond to the HBsAg vaccine and those 

individuals who are immunocompromised can also acquire protective immunity through the 
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use of other existing vaccine interventions (Krawczyk et al., 2014; McDermott et al., 1998). 

Although these vaccines are effective in preventing new HBV infections from occurring, the 

overall vaccination coverage remains low, especially in developing countries, such as South 

Africa (Subaiya et al., 2015). This occurs as it is recommended that the vaccine be 

administered within 24 hours after birth, and developing countries experience challenges 

which may hinder timely delivery (World Health Organization, 2017). Furthermore, since 

more than one dose is recommended, this may become challenging to achieve in regions with 

limited resources (World Health Organization, 2017). Therefore, infants born in these 

countries are at a high risk of contracting HBV and developing chronic infection. 

The current mainstream treatments for people with chronic HBV are pegylated interferon 

alpha (PEG-IFN-α) and nucleoside/nucleotide analogue (NA) therapy. IFN-α is a therapeutic 

cytokine which inhibits viral genome transcription, promotes viral nucleocapsid decay, 

induces cccDNA degradation and accelerates natural killer cell proliferation, activation, and 

antiviral activity (Lucifora et al., 2014; Micco et al., 2013; Belloni et al., 2012; Xu et al., 

2010). Conventional IFN-α was the first agent approved to treat chronic HBV infections, 

however due to its adverse pharmacokinetic properties and short half-life it was gradually 

replaced with its pegylated counterpart PEG-IFN-α [reviewed in (Tsai, 2021)]. A major 

limitation with PEG-IFN-α therapy is that only approximately 30% of chronically infected 

patients who receive treatment achieve HBeAg seroconversion and reduction of viral DNA 

(Lau et al., 2005; Cooksley et al., 2003). PEG-IFN-α also requires weekly subcutaneous 

administration and is associated with a considerable number of adverse events which may 

include flu-like symptoms, fatigue, depression, irritability, neutropenia, and 

thrombocytopenia [reviewed in (Rijckborst et al., 2011)]. On the other hand, treatment with 

PEG-IFN-α can sustain the rate of HBeAg seroconversion for up to 5 years post-treatment 

(Chuang et al., 2018).  

NAs mainly function to reduce HBV DNA replication by directly targeting the HBV 

polymerase and inhibiting its reverse transcriptase activity [reviewed in (Menéndez-Arias et 

al., 2014)]. The NAs approved for the treatment of chronic hepatitis B include lamivudine, 

adefovir, entecavir, telbivudine and tenofovir. They are administered orally once a day and 

are generally safe with minimal adverse events (de Fraga et al., 2020). A major disadvantage 

with earlier NAs such as lamivudine is that they are associated with increased risk of antiviral 

resistance, however newer drugs in particular entecavir and tenofovir have a high resistance 

barrier (Tenney et al., 2009; Yuen et al., 2007). Thus, entecavir, tenofovir disoproxil fumarate 

and tenofovir alafenamide are currently recommended as the first line NA treatment for 
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chronic hepatitis B infections [reviewed in (Terrault et al., 2018)]. The majority of patients 

who receive treatment with these high resistance drugs are able to achieve reduction in serum 

HBV DNA and normal alanine aminotransferase concentrations [reviewed in (Tsai, 2021)]. 

Furthermore, long-term treatment can increase overall survival and decrease the rate of HCC 

progression (Papatheodoridis et al., 2018; Idilman et al., 2015). NA therapy can also markedly 

reduce the amount of intrahepatic cccDNA and decrease the risk of mother to child 

transmission of HBV (Funk et al., 2021; Jia et al., 2020; Lai et al., 2017). Although viral 

suppression can be achieved with NA monotherapy, HBeAg and HBsAg seroclearance is 

relatively low in long-term treatment (Seto et al., 2013). While both treatment strategies are 

able to suppress viral replication, neither are capable of eradicating cccDNA from infected 

patients. Therefore, novel therapeutics capable of eradicating cccDNA are urgently needed. 

1.5. The microRNA biogenesis pathway 

The microRNA (miRNA) biogenesis pathway or RNA interference (RNAi) pathway is an 

innate gene silencing mechanism present in most eukaryotic systems in which targeted 

mRNA molecules are inhibited to control gene expression [reviewed in (Ha and Kim, 2014)] 

(Figure 1.3). miRNA genes are located within the genome as single genes or groups of genes 

[reviewed in (Treiber et al., 2019)]. These genes are expressed under the control of RNA 

polymerase II promoters to produce single stranded primary miRNA (pri-miRNA) sequences 

(Lee et al., 2004). The pri-miRNA sequences may contain single or multiple hairpin loops 

with a 5’ cap and poly(A) tail, and are processed by the microprocessor complex (Lee et al., 

2004). The microprocessor complex is a heterotrimeric complex, comprised of two molecules 

of a double-stranded RNA binding protein, DGCR8 and one molecule of a ribonuclease III 

enzyme, Drosha (Nguyen et al., 2015). DGCR8 binds and stabilises Drosha and Drosha 

recognises the basal junction of the hairpin loops and cleave the 5′ and 3′ strands 11 bp away 

from the recognition site at the lower stem of the pri-miRNA to produce individual hairpin 

loops of approximately 70 nucleotides in length (Nguyen et al., 2015; Han et al., 2004). The 

individual hairpin loops are known as a precursor miRNA (pre-miRNA) and are exported to 

the cytoplasm via Exportin-5 (Lund et al., 2004). In the cytoplasm, Dicer which is a 

ribonuclease III enzyme, processes the pre-miRNA to form a ~22 bp miRNA duplex with 2 

nucleotide 3’ overhangs (Zhang et al., 2004; Bernstein et al., 2001). The miRNA duplex 

enters the RNA induced silencing complex (RISC) where it assembles with argonaute (AGO) 

proteins [reviewed in (Kobayashi and Tomari, 2016)]. Thereafter, the two strands are 

separated, and the passenger strand is removed while the guide strand remains. The guide 

strand or mature miRNA leads the complex to complementary mRNA which is then silenced 
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either through degradation of the mRNA (perfect match) or inhibition of translation 

(imperfect match) [reviewed in (Jonas and Izaurralde, 2015)]. 

 

 

Figure 1.3: Schematic representation of the miRNA biogenesis pathway. miRNA genes 

are expressed under the control of RNA polymerase II promoters to produce single stranded 

pri-miRNA sequences. These sequences are then cleaved by the microprocessor complex to 

produce pre-miRNA. The pre-miRNA sequences are exported to the cytoplasm via Exportin-5 

where it is processed by Dicer to form the miRNA duplex. The miRNA duplex then enters 

RISC where the passenger strand is removed while the guide strand remains. The guide strand 

leads the complex to complementary mRNA which is silenced either through degradation of 

the mRNA (perfect match) or inhibition of translation (imperfect match). This figure was 

created with BioRender.com. 

 

1.6. Exploiting the RNAi pathway 

The RNAi pathway can be exploited by introducing RNAi activators into cells to silence 

genes of interest for various applications [reviewed in (Ambesajir et al., 2012)]. These 

activators are generally designed to mimic intermediates of the miRNA biogenesis pathway, 

thus efficient gene silencing is dependent on the structure and sequence of the miRNA mimics 

produced. RNAi activators such as short hairpin RNAs (shRNAs) resemble the structure of 

naturally occurring pre-miRNA sequences, artificial pri-miRNAs (pri-miRNA mimics) 

simulate pri-miRNA sequences, and synthetic small interfering RNAs (siRNAs) imitate 

miRNA duplexes [reviewed in (Maepa et al., 2015)]. shRNAs and pri-miRNA mimics are 

generally expressed endogenously from expression cassettes that have been delivered into 
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target cells whereas siRNAs are usually generated exogenously [reviewed in (Maepa et al., 

2015)]. These activators have all been previously shown to efficiently inhibit HBV replication 

in vitro and in vivo, however there are several challenges associated with the use of these 

constructs (Ely et al., 2009; Carmona et al., 2006; Giladi et al., 2003).  

The challenge with the use of expression cassettes that endogenously express shRNAs or pri-

miRNA mimics is that these constructs may remain within the host cells for several years and 

as a consequence may cause undesirable effects. Furthermore, these expression cassettes are 

commonly delivered using viral vectors which has the potential to integrate into the host 

genome and cause mutagenesis that could lead to severe adverse events [(Raper et al., 2003) 

and reviewed in (Poletti and Mavilio, 2018)]. Moreover, the viral vectors used to deliver these 

expression cassettes are expensive and difficult to produce at large scale and are limited in 

their packaging capacity [(Wu et al., 2010) and reviewed in (Naso et al., 2017)]. The use of 

exogenously expressed RNAs on the other hand bypasses these challenges as the delivery of 

RNA sequences using non-viral vectors have been shown to be safer and are significantly 

more cost effective than the delivery of DNA sequences using viral vectors.  

The challenge with the use of chemically synthesised siRNAs is that these constructs are still 

costly to manufacture [reviewed in (Levanova and Poranen, 2018)]. Therefore, since RNA 

constructs are transiently expressed, the repeat dosing required to treat chronic infections will 

become challenging. The use of in vitro transcribed siRNAs offers a significant cost 

advantage over chemically synthesised siRNAs as in vitro transcription is less expensive 

[reviewed in (De Paula et al., 2007)]. However, the production yield of in vitro transcribed 

siRNAs due to their duplex structure may be hindered by the formation of imperfect strands 

during the in vitro transcription process which may prevent complementary sequences from 

annealing during hybridisation [(reviewed in (Levanova and Poranen, 2018)].  

1.7. Pri-miRNA mimics 

Pri-miRNA mimics are advantageous over shRNAs and siRNAs as these constructs require 

additional processing by the RNAi machinery, thus the products produced are more likely to 

be recognised and produce the intended guide sequences. Several studies assessing pri-

miRNA mimics expressed from expression cassettes were performed in vitro and in vivo. In a 

study performed by Ely and colleagues, various expression cassettes were generated to 

produce anti-HBV pri-miR-31/5 and pri-miR-122/5 mimics from either a Pol II (CMV) or Pol 

III (U6) promoter (Ely et al., 2008). These constructs were designed to target regions within 

the HBx sequence and were demonstrated effective at inhibiting HBV replication both in vitro 

and in vivo. The effectiveness observed by the miR-31/5 and miR-122/5 expression cassettes 
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were similar to that demonstrated by their shRNA counterparts, however, the miR-31/5 and 

miR-122/5 expression cassettes exhibited improved transcriptional control. In addition, the 

miR-31/5 and miR-122/5 expression cassettes had minimal to no effect on independent 

RNAi-mediated gene silencing and were non-toxic when tested in vitro and in vivo. 

Furthermore, processing of the pri-miRNA mimics into mature miRNA guide sequences were 

shown to be more efficient for the Pol II (CMV) generated transcripts compared to the Pol III 

(U6) systems.  

In another study performed by Ely and colleagues, several trimeric expression cassettes were 

generated to produce anti-HBV pri-miR-31/5-8-9, pri-miR-31/5-9-8, pri-miR-31/8-5-9, pri-

miR-31/8-9-5, pri-miR-31/9-5-8 and pri-miR-31/9-8-5 mimics from a Pol II (CMV) promoter 

(Ely et al., 2009). These constructs were designed to target specific regions within the HBx 

sequence and were demonstrated to effectively inhibit HBV replication in vitro. However, 

processing efficiency into individual guide strands and silencing of the specific target 

sequences were different for each of the pri-miR-31 mimics, depending on the position of the 

monomers within the trimeric expression cassettes. The pri-miR-31/5-9-8 and pri-miR-31/9-

8-5 mimics were not able to produce mature guide 8 strands, which was possibly due to the 

pri-miR-31/8 sequence downstream of the pri-miR-31/9 sequence. Furthermore, each of the 

pri-miR-31 trimeric expression cassettes did not induce toxicity or disrupt the endogenous 

miRNA pathway in vitro. The pri-miR-31/5-8-9 and pri-miR-31/8-5-9 mimics were also 

tested in mice and were shown to significantly reduce HBsAg without evidence of toxicity or 

disruption from the promoter, thus indicating the silencing capabilities of trimeric pri-miR-31 

mimics in vivo. The advantage of trimeric expression cassettes is that simultaneous silencing 

of multiple targets can be achieved using a single vector. The results from the study 

demonstrated, each of the pri-miR-31 mimics, except for pri-miR-31/5-9-8 and pri-miR-31/9-

8-5 were able to inhibit their respective targets, irrespective of an introduced mutation within 

target 5 of the viral genome, indicating that this multitargeting attribute may assist in 

overcoming mutational escape that may occur during chronic infection. Therefore, these 

studies together demonstrated the efficiency of the pri-miR-31 expression cassettes in 

combatting HBV, however the use of in vitro transcribed pri-miR-31 mimics could possibly 

be a safer and more cost-effective novel therapeutic approach against the virus.  

1.8. In vitro transcribed RNAs 

The use of in vitro transcribed mRNAs has recently gained the interest of many researchers in 

the field of gene therapeutics due to its promising applications in immunotherapy, protein 

replacement therapy, and regenerative medicine. These constructs are generated through a 
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process of in vitro transcription and are subsequently delivered into target cells where the in 

vitro transcribed mRNAs are translated into desired proteins. In vitro transcription is a 

commonly used method for producing RNA molecules from DNA templates [reviewed in 

(Ryczek et al., 2022)]. This method relies on the specificity of a particular RNA polymerase 

to recognise its promoter sequence within the provided DNA template and subsequently 

produce complementary RNA molecules under the transcriptional control of the recognised 

promoter [reviewed in (Ho and Yu, 2016)]. The incorporation of certain elements within the 

DNA template determines the durability and immunogenicity of the constructs that will be 

produced [reviewed in (Kuhn et al., 2012)]. In vitro transcribed mRNAs are usually designed 

to resemble and function as naturally occurring mRNAs to prevent these constructs from 

activating the innate immune response and inducing severe adverse effects (Figure 1.4). In 

vitro transcribed RNAs that contain a 5’ cap, modified nucleotides, a terminal 5’ UTR, and a 

terminal 3’ UTR with a poly(A) sequence have been shown to be more durable and less 

immunogenic than those that do not contain these elements [reviewed in (Steinle et al., 

2017)]. The 5’ cap can be added to the transcripts during or after in vitro transcription, serving 

to prevent RNA degradation and reduce immune stimulation, whereas the other elements can 

be incorporated within the DNA template [reviewed in (Kwon et al., 2022) and (Wadhwa et 

al., 2020)]. The modified nucleotides, terminal 5’ and 3’ UTRs, and poly(A) tail are 

responsible for inhibiting immune activation, enhancing RNA stability, and preventing RNA 

degradation respectively [(Karikó et al., 2005) and reviewed in (Steinle et al., 2017)]. The 

purification of the in vitro transcribed RNAs by high-performance liquid chromatography or 

cellulose based methods can also reduce immunogenicity by facilitating the removal of 

contaminating products that may be produced during the in vitro transcription process 

(Baiersdörfer et al., 2019; Karikó et al., 2011). In vitro transcribed mRNAs are more cost-

effective to produce than chemically synthesised RNAs and the delivery of these constructs 

using non-viral vectors is safer than the delivery of expression cassettes using viral vectors. In 

addition, pri-miR-31 mimics have been shown to be effective at inhibiting HBV replication 

through targeting of the HBx sequence. Therefore, the purpose of this study was to adapt the 

technology used to generate in vitro transcribed mRNAs and use it to produce in vitro 

transcribed pri-miR-31 mimics which target the HBx region that is common to each of the 

viral transcripts. Since viral antigens, especially HBsAg and HBeAg, are produced in 

considerable quantities during chronic HBV infection, this can lead to an immunosuppressive 

effect on the host antiviral response where it will be unable to eradicate the virus [reviewed in 

(Khanam et al., 2021)]. Therefore, the rationale was that simultaneously targeting the viral 

mRNAs may reduce viral protein production and subsequently remove the suppressive effect 
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that these proteins have on the immune system which has the potential to reactivate the host’s 

natural defences to clear the virus. 

 

Figure 1.4: Schematic representation of in vitro transcribed mRNAs and the in vitro 

transcribed anti-HBV pri-miR-31 mimics. In vitro transcribed mRNAs and the in vitro 

transcribed pri-miR-31 mimics contain a 5’ cap, a terminal 5’ region, an encoding sequence, 

and a terminal 3’ region with a poly(A) sequence. In vitro transcribed mRNAs are designed to 

express a desired protein whereas the in vitro transcribed pri-miR-31 mimics are designed to 

simultaneously silence the HBV transcripts. This figure was created with BioRender.com. 

 

1.9. Aim 

The aim of this project was to in vitro transcribe therapeutic anti-HBV pri-miRNA mimics 

capable of targeting the HBx region common to all of the viral transcripts thereby 

simultaneously silencing the viral mRNAs and consequently suppressing viral replication. 

1.10. Objectives 

1. Generate pT7-pri-miR-31 expression vectors capable of expressing anti-HBV pri-

miR-31 mimics for in vitro transcription. 

2. Assess HBV replication inhibition of the constructed pT7-pri-miR-31 expression 

vectors in cultured mammalian cells. 

3. In vitro transcribe anti-HBV pri-miR-31 mimics using the pT7-pri-miR-31 expression 

vectors as templates. 

4. Assess HBV replication inhibition of the in vitro transcribed pri-miR-31 mimics in 

cultured mammalian cells. 
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5. Evaluate immune stimulation and cytotoxicity of the in vitro transcribed pri-miR-31 

mimics in cultured mammalian cells. 

6. Assess pri-miR-31 mimic processing by performing Northern blot hybridisation 

analysis. 
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CHAPTER 2 

2. METHODS 

Several plasmids were used in this study, some of which were generated during the course of 

this study, while the others were procured from other sources. A complete list of all the 

plasmids used can be found in Table 2.1. Table 2.2 lists RNA from commercial sources used 

in this study. 

Table 2.1: Description of the plasmids used in this study. 

Cloning plasmids 

pmRNA-CMV-pA 

The pmRNA-CMV-pA plasmid was initially developed to in 

vitro transcribe mRNA that will be translated to produce large 

amounts of a desired protein (unpublished data). The plasmid 

has a T7 promoter, a 5’ UTR, a Kozak sequence, an HA 

(haemagglutinin) tag and a 3’ UTR with a poly(A) sequence 

(Figure S1). The T7 promoter allows for high yield in vitro 

transcription, the Kozak sequence plays a role in initiating 

protein translation and the HA tag functions as an identifier of 

the translated protein.  

pCMV-pri-miR-31/5 

pCMV-pri-miR-31/8 

pCMV-pri-miR-31/9 

pCMV-pri-miR-31/589 

pCMV-pri-miR-31/895 

These pri-miR-31 encoding plasmids have been described 

previously by Ely and colleagues (Ely et al., 2009). The 

plasmids contain a monomeric or trimeric pri-miR-31 mimic 

encoding sequence downstream of the cytomegalovirus 

immediate-early (CMV IE) promoter enhancer. The mimics 

were designed to target specific sites within the HBx region, as 

this region is common to all of the viral transcripts.  

pmRNA-CMV-eGFP-pA 

The pmRNA-CMV-eGFP-pA plasmid was previously 

constructed to contain an enhanced green fluorescent protein 

(eGFP) sequence under the control of the T7 promoter. It also 

contains the same backbone as the pT7-pri-miR-31 plasmids 

and thus was used as a control in this study. 

pTZ57R 

The pTZ57R plasmid is a commercial plasmid that does not 

contain any eukaryotic expression elements. It was used as a 

control to check for transfection of an equal amount of DNA.  

pCI-neo The pCI-neo plasmid is a commercial mammalian expression 
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vector that contains a CMV IE promoter. 

Target plasmids 

pCH-9/3091 

 

The pCH-9/3091 plasmid was previously developed by Nassal 

and colleagues (Nassal, 1992; Nassal et al., 1990). The plasmid 

contains a greater-than-genome length HBV sequence 

(genotype D) which allows it to stimulate HBV replication 

when transfected in vitro and in vivo. Transcription of the pCH-

9/3091 plasmid is guided by the human CMV IE promoter to 

generate pre-genomic RNA which is then reverse transcribed to 

form cccDNA. The cccDNA serves as a template for the 

transcription of the viral transcripts and subsequent viral 

proteins which contribute to the replication process.  

psiCHECK-HBx The psiCHECK-HBx plasmid was previously generated by 

Weinberg and colleagues (Weinberg et al., 2007). The plasmid 

contains an independently located firefly luciferase reporter and 

an HBx sequence within the 3’ UTR of a Renilla luciferase 

sequence, which makes Renilla a knockdown reporter for the 

HBx sequence. 

Reporter plasmids 

pCI-neo-eGFP 

 

The pCI-neo-eGFP plasmid was developed by Passman and 

colleagues (Passman et al., 2000). It contains an eGFP 

sequence under the control of the CMV IE promoter. In 

cultured cells the plasmid expresses eGFP protein which emits 

green fluorescence upon exposure to ultraviolet light. The pCI-

neo-eGFP plasmid is a useful marker to assess transfection 

efficiencies. 

mCherry (pAAV-

minCMV-mCherry) 

The pAAV-minCMV-mCherry plasmid was a gift from Feng 

Zhang (Addgene plasmid # 27970 ; 

http://n2t.net/addgene:27970 ; RRID:Addgene_27970). It 

contains a red fluorescent protein (RFP) sequence (Zhang et al., 

2011). In cultured cells the plasmid produces RFP protein 

which emits red fluorescence upon exposure to ultraviolet light. 

The mCherry plasmid is a useful marker to assess transfection 

efficiencies. 
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pUCAsc-ISRE×3 The pUCAsc-ISRE×3 plasmid was a gift from Dr Ruben 

Hernandez Alcoceba (unpublished data). It has a firefly 

luciferase reporter sequence that is responsive to signalling 

from interferon proteins. 

phRL-CMV The phRL-CMV plasmid was purchased from Promega 

(Promega, WI, US). It has a Renilla luciferase reporter 

sequence that is constitutively expressed under the control of 

the CMV (cytomegalovirus) promoter. 

 

Table 2.2: Description of the RNA used in this study. 

CleanCap-eGFP The CleanCap-eGFP mRNA was produced by TriLink Bio 

Technologies (TriLink Bio Technologies, CA, US). It was 

designed to mimic processed mature mRNA with a Cap1 structure 

and a poly(A) tail. The mRNA expresses an eGFP which makes it 

a useful marker to assess transfection efficiencies. 

Poly I:C Poly I:C is synthetic double-stranded RNA which consists of base 

pairs that induces immune stimulation. 

 

2.1. Design of the pT7-pri-miR-31 expression vectors 

The pT7-pri-miR-31 expression vectors were designed for use as templates to in vitro 

transcribe anti-HBV pri-miR-31 mimics that target the HBx region which is common to each 

of the viral transcripts. The pT7-pri-miR-31/5, pT7-pri-miR-31/8 and pT7-pri-miR-31/9 

expression vectors were designed to generate monomeric pri-miR-31 mimics whereas the 

pT7-pri-miR-31/589 and pT7-pri-miR-31/895 expression vectors were designed to generate 

trimeric pri-miR-31 mimics (Figure 2.1). These expression vectors were designed to contain a 

CMV promoter, a T7 promoter, a 5’ flanking region, a pri-miR-31 mimic encoding sequence, 

and a 3’ flanking region with a poly(A) signal. The monomeric and trimeric pri-miR-31 

mimic encoding sequences were obtained from pCMV-pri-miR-31 expression vectors and 

contain mature miRNA mimic regions flanked by naturally derived pri-miR-31 sequences. 

The pCMV-pri-miR-31 expression vectors were chosen specifically as they have previously 

demonstrated to be efficient at inhibiting HBV replication in vitro (Ely et al., 2009). These 

expression vectors contain a CMV promoter, a T7 promoter, a pri-miR-31 mimic encoding 

sequence and a poly(A) signal. 
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Figure 2.1: Design of the pT7-pri-miR-31 expression vectors.  The pT7-pri-miR-31 expression vectors were designed for use as templates to 

in vitro transcribe anti-HBV pri-miR-31 mimics. The pT7-pri-miR-31/5, pT7-pri-miR-31/8 and pT7-pri-miR-31/9 expression vectors were 

designed to generate monomeric pri-miR-31 mimics whereas the pT7-pri-miR-31/589 and pT7-pri-miR-31/895 expression vectors were designed 

to generate trimeric pri-miR-31 mimics. These expression vectors were designed to contain a CMV promoter, a T7 promoter, a 5’ flanking region 

(FR), a pri-miR-31 mimic encoding sequence, and a 3’ flanking region with a poly(A) signal. This figure was created with BioRender.com. 
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2.2. Construction of the pT7-pri-miR-31 expression vectors  

The pT7-pri-miR-31 expression vectors were constructed using conventional molecular 

cloning techniques (Figure 2.2 and 2.3). The pmRNA-CMV-pA plasmid backbone was 

ligated with a generated insert to create a pmRNA-CMV-T7-pA plasmid that was designed to 

in vitro transcribe mRNA. The pmRNA-CMV-T7-pA plasmid was constructed to function as 

a destination vector to allow a monomeric or trimeric pri-miR-31 mimic encoding sequence to 

be inserted. The monomeric and trimeric pri-miR-31 mimic encoding sequences were cleaved 

from pCMV-pri-miR-31 plasmids and were ligated into the pmRNA-CMV-T7-pA plasmid to 

generate the pT7-pri-miR-31 expression vectors. 
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Figure 2.2: Construction of the pmRNA-CMV-T7-pA expression vector. The pmRNA-CMV-pA plasmid was digested with SacI and ApaI 

restriction enzymes to remove the T7 promoter, 5’ UTR, Kozak sequence and HA tag. A generated insert which consisted of a T7 promoter, 5’ 

UTR and a multiple cloning site (MCS) containing NheI, XbaI and SalI restriction sites was digested with SacI and ApaI to create overhangs 

which are complementary to the overhangs of the pmRNA-CMV-pA plasmid backbone. The digested insert was ligated into the pmRNA-CMV-

pA plasmid to create the pmRNA-CMV-T7-pA plasmid.  
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Figure 2.3: Construction of the pT7-pri-miR-31 expression vectors. The pCMV-pri-miR-31 plasmids were cleaved by NheI and SalI 

restriction enzymes to release the pri-miR-31 mimic encoding region. The pmRNA-CMV-T7-pA plasmid was cleaved by NheI and SalI 

restriction enzymes to create overhangs that are complementary to the overhangs of the pri-miR-31 encoding sequences. The mimic encoding 

sequences were inserted into the MCS of the pmRNA-CMV-T7-pA plasmid to generate the pT7-pri-miR-31 plasmids. 
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2.2.1. Generation of the double-stranded insert  

Four oligonucleotides, F1, R1, F2 and R2 which were synthesised by phosphoramidite 

chemistry (Inqaba Biotechnology, South Africa) were used as primers to generate a double 

stranded insert in two separate PCRs (Figure 2.4 and Table 2.3). In the first PCR, the F1 and 

R1 primers which were designed to overlap at their 3’ ends, were extended to synthesise the 

middle section of the insert. The reaction mix was prepared in duplicate by adding 500 pmol 

of F1, 500 pmol of R1, 25 μl of PCR Master Mix (2×) (Thermo Fisher Scientific, MA, US) 

and sterile water to a final volume of 50 μl, in each PCR tube. Two negative controls were 

included, one without R1 and the other without F1. Both controls were prepared by adding 

either 100 pmol of F1 or 100 pmol of R1, and 5 μl of PCR Master Mix (2×) (Thermo Fisher 

Scientific, MA, US) to a final volume of 10 μl with sterile water. The cycling conditions were 

set up according to the manufacturer’s instructions with minor adjustments: initial 

denaturation at 95°C for 5 minutes, 34 cycles of denaturation at 95°C for 30 seconds, 

annealing at 48°C for 40 seconds, extension at 72°C for 30 seconds and a final extension at 

72°C for 5 minutes. The PCR products were then resolved on a 2% agarose gel (Section 

5.2.5). Thereafter, 45 μl of each product was added to 55 μl of sterile water and purified using 

the MinElute Gel Extraction kit (Qiagen, Germany) (Section 5.2.6). The purified PCR 

products were resolved on a 2% agarose gel (Section 5.2.5). In the second PCR, the F2 and 

R2 primers, which were designed to overlap the ends of the PCR product from the first PCR, 

were extended to create the complete insert. The reaction mix was prepared in duplicate by 

adding 50 ng of the purified PCR product, 10 pmol of F2, 10 pmol of R2, 25 μl of PCR 

Master Mix (2×) (Thermo Fisher Scientific, MA, US) and water to a final volume of 50 μl, in 

each PCR tube. A negative control was included without the PCR product. The cycling 

conditions were set up according to the manufacturer’s instructions with minor adjustments: 

initial denaturation at 95°C for 5 minutes, 34 cycles of denaturation at 95°C for 30 seconds, 

annealing at 50°C for 40 seconds, extension at 72°C for 30 seconds and a final extension at 

72°C for 5 minutes. The products from the second PCR were then resolved on a 2% agarose 

gel (Section 5.2.5). Thereafter, both reactions which contained the amplicons from the second 

PCR run were combined to a volume of 80 μl and purified using the MinElute Gel Extraction 

kit (Section 5.2.6). The resulting purified insert was resolved on a 2% agarose gel (Section 

5.2.5). 
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Table 2.3: Primer sequences used to generate the double-stranded insert. 

F1 5’- CAGATCTAATACGACTCACTATAGGGAAATAAGAGAGAAAAGAA -3’ 

F2 5’- GATCGAGCTCGTTTAGTGAACCGTCAGATCTAATACGACTCACT -3’ 

R1 5’- TCGCTAGCTATATTTCTTCTTACTCTTCTTTTCTCTCTTATTTC -3’ 

R2 5’- GATCGGGCCCGTCGACTCTAGAGATCGCTAGCTATATTTCTTCT -3’ 
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Figure 2.4: Generation of the complete double-stranded insert. The double-stranded insert was designed to contain a SacI restriction site 

(located towards the start of the sequence), a T7 promoter, a 5’ UTR, a MCS containing NheI, XbaI and SalI restriction sites, and an ApaI 

restriction site (located towards the end of the sequence). The insert was generated in two separate PCR extension reactions. In the first PCR, the 

F1 and R1 primers which were designed to overlap at their 3’ ends, were extended to synthesise the middle section of the insert. In the second 

PCR, the F2 and R2 primers, which were designed to overlap the ends of the PCR product from the first PCR, were extended to synthesise two 

strands with complementary 3’ ends that were annealed and further extended to generate the complete insert.  
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2.2.2. Isolation of the double-stranded insert 

The purified insert was ligated into the pGEM®-T Easy vector at a 1:3, 1:5 and 1:8 vector to 

insert molar ratio using the pGEM®-T Easy vector system according to the manufacturer’s 

instructions (Promega, WI, US). Each ligation reaction was prepared by adding 5.82, 9.70 or 

15.52 ng of the purified insert, 1 µl of pGEM®-T Easy Vector (50 ng), 5 µl of 2× Rapid 

ligation buffer, 1 µl of T4 DNA Ligase and sterile water to a final volume of 10 µl. A 

negative control was included which did not contain the purified insert. The ligation mixes 

were incubated at room temperature for 1 hour. Thereafter, 50 µl of chemically competent E. 

coli was transformed with 2 µl of each ligation mix and plated on a single ampicillin positive 

Luria Bertani agar plate supplemented with 8 µl of IPTG (100 mg/ml) and 40 µl of X-gal (20 

mg/ml) (Section 5.1). Selected colonies were each inoculated into 4 ml of Luria Bertani 

medium supplemented with 4 µl of ampicillin (100 µg/ml) and incubated overnight at 37℃ 

with shaking at 150 rpm. Following incubation, the plasmids were isolated using the 

EconoSpinTM All-in-One Mini Spin Columns (Epoch Life Science, TX, US) (Section 5.2.2). 

The plasmids were screened using PvuII in a single digestion reaction and SacI and ApaI in a 

double digestion reaction (Section 5.2.4 and 5.2.5). The clones which contained the correct 

sized insert were sequenced using the M13F(-20) primer (5’-GTAAAACGACGGCCAGT-3’) 

(Inqaba Biotechnology, South Africa). Following sequencing analysis, the plasmids which 

possessed the correct insert sequence were digested with ApaI and PstI simultaneously and 

resolved on a 2% agarose gel (Section 5.2.4 and 5.2.5). The plasmids were then propagated 

and purified at large scale (Section 5.1 and 5.2.1). Thereafter, the plasmids were screened, and 

a selected positive clone was digested with ApaI and SacI and assessed by agarose gel 

electrophoresis (Section 5.2.4 and 5.2.5). The 103 bp fragments which denoted the insert were 

then isolated and resolved on an agarose gel (Section 5.2.6 and 5.2.5). 

2.2.3. Isolation of the pmRNA-CMV-pA plasmid backbone 

The pmRNA-CMV-pA plasmid was double digested with SacI and ApaI to separate the T7 

promoter, 5′ UTR region, Kozak sequence and HA tag from the plasmid backbone (Figure 2.2 

and Section 5.2.4). The digested samples were then resolved on a 1% agarose gel and the 

3 632 bp bands which indicated the pmRNA-CMV-pA plasmid backbone were excised from 

the gel and purified using the MinElute Gel Extraction Kit (Qiagen, Germany) (Section 5.2.5 

and Section 5.2.6). Following purification, the plasmid backbone was quantified by 

spectrophotometry and visualised on a 0.8% agarose gel (Section 5.2.5).  
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2.2.4. Ligation of the isolated insert into the pmRNA-CMV-pA plasmid backbone 

The purified insert was ligated into the pmRNA-CMV-pA backbone at a 1:3, 1:6 and 1:12 

vector to insert molar ratio to create the pmRNA-CMV-T7-pA plasmid using the T4 DNA 

ligase kit according to the manufacturer’s instructions (New England Biolabs, MA, US). Each 

ligation reaction was prepared by adding 5.11, 10.22 or 20.44 ng of the purified insert, 50 ng 

of the pmRNA-CMV-pA backbone, 2 µl of T4 DNA Ligase Buffer (10×), 1 µl of T4 DNA 

Ligase and sterile water to a final volume of 20 µl. A negative control was included which did 

not contain the purified insert. The reaction mixes were incubated at room temperature for 1 

hour and heat inactivated at 65℃ for 10 minutes. Thereafter, 50 µl of chemically competent 

E. coli was transformed with 5 µl of each ligation mix and plated on a single ampicillin 

positive agar plate (Section 5.1). Selected transformed colonies were each inoculated into 4 

ml of Luria Bertani medium supplemented with 4 µl of ampicillin (100 µg/ml) and incubated 

overnight at 37℃ with shaking at 150 rpm. Following incubation, the plasmids were isolated 

using the small-scale high yield plasmid prep protocol and visualised on a 1% agarose gel 

(Section 5.2.3 and 5.2.5). The isolated plasmids were then screened on a 1% agarose gel after 

digestion with BshNI (Section 5.2.4 and 5.2.5). The pmRNA-CMV-pA plasmid was also 

digested with BshNI and included as a control. The clones which produced the correct size 

bands were digested with SalI and NheI and resolved on a 1% agarose gel to ensure that the 

enzymes were able to recognise these specific restriction sites (Section 5.2.4 and 5.2.5). 

Thereafter, the positive clones were propagated, purified at large scale, and visualised on an 

agarose gel (Section 5.1, 5.2.1 and 5.2.5). The plasmids were then screened, and a selected 

positive clone was digested with NheI and purified by ethanol precipitation before 

visualisation on an agarose gel (Section 5.2.5, 5.2.4 and 5.2.7). The clone was then digested 

with SalI and resolved on an agarose gel before the 3719 bp band of interest was isolated and 

assessed by agarose gel electrophoresis (Section 5.2.4, 5.2.5 and 5.2.6).   

2.2.5. Identification of the pCMV-pri-miR-31 plasmids and isolation of the pri-miR-31 

encoding sequences 

The pCMV-pri-miR-31 plasmids were propagated, purified at large scale, and screened by 

restriction enzyme digestion and sequencing analysis (Section 5.1, 5.2.1 and 5.2.4). The band 

of interest was isolated from the positive clones by digestion with NheI and SalI and the 

purified sequences were assessed by agarose gel electrophoresis (Section 5.2.4, 5.2.7, 5.2.6 

and 5.2.5). 
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2.2.6. Ligation of the pri-miR-31 sequences into the pmRNA-CMV-T7-pA plasmid 

The isolated pri-miR-31 sequences were ligated into the pmRNA-CMV-T7-pA plasmid at a 

1:3, 1:6 and 1:12 vector to insert molar ratio in a 20 µl reaction volume according to the 

manufacturer’s instructions (New England Biolabs, MA, US). Each reaction was prepared by 

adding 15.08, 30.16 or 60.32 ng of the monomeric pri-miR-31 sequence, or 42.03, 84.06 or 

168.12 ng of the trimeric pri-miR-31 sequence, 50 ng of the pmRNA-CMV-T7-pA plasmid, 2 

µl of T4 DNA Ligase Buffer (10×), 1 µl of T4 DNA Ligase and sterile water to a final volume 

of 20 µl. A negative control was included without the insert. The reaction mixes were 

incubated at room temperature for 1 hour and heat inactivated at 65 ℃ for 10 minutes. 

Thereafter, 50 µl of chemically competent E. coli was transformed with 5 µl of each ligation 

mix and plated on a single ampicillin positive agar plate (Section 5.1). Selected transformed 

colonies were each inoculated into 10 ml of Luria Bertani medium supplemented with 10 µl 

of ampicillin (100 µg/ml) and incubated overnight at 37℃ with shaking at 150 rpm. The 

plasmids were then isolated using the EconoSpinTM All-in-One Mini Spin Columns (Epoch 

Life Science, TX, US) and visualised on a 1% agarose gel (Section 5.2.2 and 5.2.5). 

Thereafter, the plasmids were screened with NsbI and BshNI separately on a 1% agarose gel 

(Section 5.2.4 and 5.2.5). The generated monomeric expression vectors with the correct size 

bands were sequenced using the T7 (5’-AATACGACTCACTATAG-3’) and M13-R (5’-

CAGGAAACAGCTATGAC-3’) primers whereas the generated trimeric expression vectors 

with the correct size bands were sequenced using the T7 (5’-AATACGACTCACTATAG-3’) 

primer (Inqaba Biotechnology, South Africa). Following sequencing analysis, the plasmids 

were propagated, purified at large scale, and screened by restriction enzyme digestion 

(Section 5.1, 5.2.1 and 5.2.4). 

2.3. RNA synthesis, purification, and analysis 

2.3.1. In vitro transcription  

The pmRNA-CMV-eGFP-pA, pT7-pri-miR-31/5, pT7-pri-miR-31/8, pT7-pri-miR-31/9, pT7-

pri-miR-31/589 and pT7-pri-miR-31/895 plasmids were digested with the BpiI restriction 

enzyme and assessed by agarose gel electrophoresis to ensure linearisation (Section 5.2.4 and 

5.2.5). The linearised plasmids were then purified by ethanol precipitation and resolved on an 

agarose gel to assess the integrity of the constructs after purification (Section 5.2.7 and 5.2.5). 

Thereafter, the linearised plasmids were used as templates to in vitro transcribe the eGFP, pri-

miR-31/5, pri-miR-31/8, pri-miR-31/9, pri-miR-31/589 and pri-miR-31/895 RNA 

respectively. In vitro transcriptions were performed using the TranscriptAid T7 High Yield 

Transcription Kit (Thermo Fisher Scientific, MA, US) according to the manufacturer’s 
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instructions. Each reaction was prepared by adding nuclease-free water, 4 µl of 5× 

TranscriptAid reaction buffer, 8 µl of ATP/CTP/GTP/UTP mix, 1 µg of template DNA and 2 

µl of TranscriptAid enzyme mix in this specified order to a final volume of 20 µl with 

nuclease-free water. The mixture was briefly centrifuged then incubated at 37ºC for 2 hours. 

Thereafter, 1 µl of DNase was added and the mixture was incubated at 37ºC for a further 15 

minutes. The in vitro transcribed RNA constructs were then purified with lithium chloride and 

resolved on a formaldehyde gel (Section 5.3.1). 

2.3.2. Capping of in vitro transcribed RNA 

In vitro transcribed RNA was capped using the Vaccinia Capping System (New England 

Biolabs, MA, US), according to the manufacturer’s instructions. Briefly, 10 µg of RNA was 

combined with nuclease-free water to a final volume of 15 µl. The solution was heated at 

65ºC for 5 minutes then transferred to ice for an additional 5 minutes. Thereafter, the RNA 

solution was mixed with 2 µl of 10× capping buffer, 1 µl of GTP (10 mM), 1 µl of SAM (2 

mM) and 1 µl of vaccinia capping enzyme. The mixture was incubated at 37ºC for 30 

minutes. The capped in vitro transcribed RNA constructs were then purified by lithium 

chloride and assessed on a formaldehyde gel to assess the integrity of the constructs (Section 

5.3.1). 

2.3.3. Cellulose purification of in vitro transcribed RNA 

The study performed by Baiersdörfer and colleagues described a cellulose-based method to 

remove contaminating dsRNA from in vitro transcribed mRNA (Baiersdörfer et al., 2019). 

The method was followed according to the authors instructions with a few adjustments. 

Briefly, 1 ml of chromatography buffer was added to 0.2 g of cellulose powder (Sigma-

Aldrich, MO, US) and incubated at room temperature with shaking at ~250 rpm for 10 

minutes. Seven hundred microliters of the cellulose mixture was then added to an 

ultrafiltration spin column and centrifuged at 14 000 ×g for 1 minute. The flow-through was 

discarded and 500 µl of chromatography buffer was added to the column and incubated at 

room temperature with shaking at ~250 rpm for 5 minutes. Thereafter, the column was 

centrifuged at 14 000 ×g for 1 minute before the flow through was discarded and the column 

was transferred into a sterile microcentrifuge tube. One hundred micrograms of in vitro 

transcribed RNA was then added to chromatography buffer to a final volume of 500 µl. The 

mixture was added to the spin column and incubated at room temperature with shaking at 

~250 rpm for 30 minutes. Thereafter, the tube was centrifuged at 14 000 ×g for 1 minute 

before the resulting flow through was added back into the spin column. The tube was then 

incubated at room temperature with shaking at ~250 rpm for 30 minutes before it was 



  

29 

 

centrifuged at 14 000 ×g for 1 minute. Following centrifugation, the RNA suspension was 

purified by lithium chloride precipitation (Section 5.3.1).  

2.3.4. Capillary gel electrophoresis 

RNA fragments were analysed using either the Agilent 2100 Bioanalyzer System (Agilent, 

CA, US) or the Agilent 5200 Fragment Analyzer System (Agilent, CA, US). The Agilent 

2100 Bioanalyzer System (Agilent, CA, US) was used with the Agilent RNA 6000 Nano Kit 

(Agilent, CA, US) according to the manufacturer’s instructions where 1 µl (100 ng/µl) of the 

prepared RNA samples were loaded. The Agilent 5200 Fragment Analyzer System (Agilent, 

CA, US) was used with the Agilent DNF-471 RNA Kit (15 nt) (Agilent, CA, US) according 

to the manufacturer’s instructions where 2 µl (25 ng/µl) of the denatured RNA samples were 

loaded. 

2.4. Tissue culture 

2.4.1. Culturing conditions for mammalian cells  

Liver-derived HepG2-hNTCP cells and kidney derived Hek293T cells were maintained in T-

75 culture flasks (Thermo Fisher Scientific, MA, US) with 15 ml of growth medium. The 

flasks were left to incubate in a humidified incubator at 37ºC with 5% CO2. HepG2-hNTCP 

cells were maintained in Dulbecco′s Modified Eagle′s Medium/F-12 (DMEM/F12) (Life 

Technologies, CA, US) supplemented with penicillin (200 U/ml), streptomycin (200 µg/ml), 

HEPES (10 mM), hydrocortisone (50 µM), insulin (5 µg/ml), G418 (400 µg/ml) and FBS 

(10%). Hek293T cells were maintained in high glucose Dulbecco's Modified Eagle Medium 

(DMEM) (Life Technologies, CA, US) supplemented with penicillin (100 U/ml), 

streptomycin (100 µg/ml) and FBS (10%). The confluency of the cell cultures was monitored 

regularly under a confocal light microscope (Olympus, Japan).  

2.5. Transfection assays and expression analysis 

2.5.1. Transfection of mammalian cell lines 

HepG2-hNTCP cells and Hek293T cells were transfected using either the Lipofectamine™ 

3000 Reagent kit (Thermo Fisher Scientific, MA, US) or the Lipofectamine™ 

MessengerMAX™ Reagent (Thermo Fisher Scientific, MA, US). The lipid and lipofectamine 

mix for either of the transfection reactions were prepared according to the size of the culture 

plate in which the cells were seeded. The prepared mixes were incubated at room temperature 

for 5 minutes then combined and incubated further at room temperature for 20 minutes. The 

combined mixture was added to the seeded cells and the plate was left to incubate in a 

humidified incubator at 37ºC with 5% CO2. The tables below indicate the reagents and their 

respective volumes used per well to perform the transfection reactions. 



  

30 

 

Table 2.4: Transfection mixes using the Lipofectamine™ 3000 kit. 

 DNA-lipid complex mix per well Lipofectamine mix per well 

Culture 

plate 

DNA or 

RNA 

P3000 Opti-MEM sterile 

water 

Lipofectamine 

3000 

Opti-MEM 

48-well 100-500 

ng 

0.5-1 µl 20 µl to 25 µl 0.15-0.75 µl to 25 µl 

10 cm2 10 µg 20 µl 450 µl to 500 µl 30 µl to 500 µl 

 

Table 2.5: Transfection mixes using the Lipofectamine™ MessengerMAX™ Reagent. 

 RNA-lipid complex mix per well Lipofectamine mix per well 

Culture 

plate 

RNA Opti-MEM Nuclease-

free water 

Lipofectamine 

MessengerMAX 

Opti-MEM 

48-well  100-500 ng 20 µl to 25 µl 0.75 µl to 25 µl 

10 cm2 10 µg 450 µl to 500 µl  30 µl to 500 µl 

 

2.5.2. Enzyme-linked immunosorbent assay (ELISA) 

The level of HBsAg in the harvested cell culture media was measured with an ELISA using 

the Monolisa™ HBs Ag ULTRA kit (Bio-Rad, CA, US), according to the manufacturer’s 

instructions. Briefly, 100 µl of each sample was distributed into the wells of the pre-coated 

microplate. Thereafter, 50 µl of conjugate solution was added to the samples and gently 

mixed. The plate was covered with adhesive film and incubated at 37ºC for 1 hour and 30 

minutes. Thereafter, the wells were washed four times with the diluted washing solution (1×) 

using the Immuno WashTM 1575 Microplate Washer (Bio-Rad, CA, US). Next, 100 µl of 

enzyme development solution was added to each well and the plate was incubated in the dark 

for 30 minutes at room temperature. Following incubation, 100 µl of stopping solution was 

added to each well and mixed to stop the reaction. The plate was then incubated at room 

temperature for 4 minutes before the optical density of the samples were measured at 490 and 

655 nm using the iMARK Microplate Reader (Bio-Rad, CA, US). 

2.5.3. Dual-luciferase assay 

The Dual-Luciferase® Reporter Assay System (Promega, WI, USA) was used to assess 

firefly and Renilla luciferase expression. Briefly, the culture medium was removed from the 

growing cells and 65 µl of 1× PLB was added to each well of the 48-well plate. Thereafter, 

the plate was gently rocked at room temperature for 15 minutes before 10 µl of each sample 

was distributed into a 96-well plate. Next, 50 µl of LAR II was added per well and the firefly 
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luciferase activity was measured using the GloMax® Explorer Multimode Microplate Reader 

(Promega, WI, USA). Thereafter, 50 µl of Stop & Glo® Reagent was added to each sample 

and the Renilla luciferase activity was measured. 

2.5.4. Trizol RNA extraction 

The total RNA was extracted from the cells using the TRIzolTM Reagent (Thermo Fisher 

Scientific, MA, US) according to the manufacturer’s instructions. Briefly, the medium was 

removed from the culture plate and the appropriate volume of TRIzolTM Reagent (1 ml = 1 

volume) was added and mixed until the solution was homogenised. The lysate was then 

incubated at room temperature for 5 minutes before 0.2 volumes of chloroform was added. 

The solution was mixed and incubated at room temperature for 3 minutes. Thereafter, the 

mixture was centrifuged at 12 000 ×g for 15 minutes at 4ºC before the upper aqueous phase 

was transferred to a sterile microcentrifuge tube and combined with 0.5 volumes of 

isopropanol. The mixture was then incubated at 4ºC for 10 minutes then centrifuged at 12 000 

×g for a further 10 minutes. The supernatant was discarded, and the pellet was resuspended in 

1 volume of 75% ethanol before the resuspension was briefly mixed and centrifuged at 7500 

×g at 4ºC for 5 minutes. Following centrifugation, the supernatant was discarded, and the 

pellet was air-dried for 5 minutes. The pellet was resuspended in the appropriate volume of 

nuclease-free water before the suspension was heated at 60ºC for 15 minutes. The total 

extracted RNA was then stored at -80ºC. 

2.5.5. Collagen coating culture plates 

Tissue culture 48-well plates were coated using the Collagen I (Rat Tail) solution (Gibco, 

MT, USA). The thin coating procedure was followed according to the manufacturer’s 

instructions. Briefly, the Collagen I solution (3 mg/ml) (Gibco, MT, USA) was diluted in 20 

mM of acetic acid to a final concentration of 50 µg/ml. Thereafter, 125 µl of the solution was 

added to each well of the microwell plate. The plate was incubated in the dark at room 

temperature for 1 hour before the solution was removed, and the wells were washed three 

times with 125 µl of complete DMEM/F12. 

2.6. Assessment of the constructed pT7-pri-miR-31 expression vectors 

2.6.1. Assessment of HBV inhibition by the pT7-pri-miR-31 expression vectors 

Two days prior to transfection, HepG2-hNTCP cells were seeded in a 48-well plate at a 

density of 60%. On the day of transfection, the growth medium from each well was replaced 

and the cells were transfected with 50 ng of pCH-9/3091 (target), 50 ng of pCI-neo-eGFP 

(marker) and 400 ng of pCI-neo (negative control), pCMV-pri-miR-31/5, pCMV-pri-miR-

31/8, pCMV-pri-miR-31/9, pCMV-pri-miR-31/589, pCMV-pri-miR-31/895, pmRNA-CMV-
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pA (negative control), pT7-pri-miR-31/5, pT7-pri-miR-31/8, pT7-pri-miR-31/9, pT7-pri-miR-

31/589, T7-pri-miR-31/895 or pTZ57R (negative control). The pCMV-pri-miR-31 plasmids 

were chosen specifically as they have previously demonstrated to be effective at inhibiting 

HBV replication in vitro (Ely et al., 2009). The pCI-neo, pmRNA-CMV-pA and pTZ57R 

plasmids were used as negative controls as they were not expected to reduce HBsAg 

expression. pCI-neo and pmRNA-CMV-pA were chosen specifically as they contain the 

backbone of the pCMV-pri-miR-31 and pT7-pri-miR-31 plasmids respectively. pTZ57R was 

chosen as an additional negative control as it does not contain a backbone common to the 

other plasmids. The transfections were performed in triplicate using the Lipofectamine™ 

3000 kit (Thermo Fisher Scientific, MA, US) where 0.75 µl of Lipofectamine™ 3000 

Reagent and 1 µl of P3000 was used per well (Section 2.5.1). Three wells which were left 

untreated served as an untransfected control. Two days after transfection, the cells were 

analysed by fluorescence microscopy and the culture medium was harvested and assessed by 

performing an ELISA (Section 2.5.2). 

2.7. Assessment of the in vitro transcribed pri-miR-31 mimics 

2.7.1. Assessment of HBV inhibition by the pri-miR-31 mimics  

The ability of the pri-miR-31 mimics to inhibit HBsAg prior to cellulose purification was 

assessed by performing an ELISA. One day prior to transfection, HepG2-hNTCP cells were 

seeded in a 48-well plate at a density of 70%. On the day of transfection, the growth medium 

from each well was replaced and the cells were transfected with 50 ng of pCH-9/3091 as the 

target, 50 ng of mCherry as the marker, and three wells that were left untreated served as the 

untransfected control. The transfections were performed using the Lipofectamine™ 3000 kit 

(Thermo Fisher Scientific, MA, US) where 0.15 µl of Lipofectamine™ 3000 Reagent and 1 

µl of P3000 was used per well (Section 2.5.1). One day after transfection, the growth medium 

from each well was replaced and the cells were transfected with 500 ng of pri-miR-31/5, pri-

miR-31/8, pri-miR-31/9, pri-miR-31/589, pri-miR-31/895, eGFP (negative control) or 

CleanCap-eGFP (negative control) RNA. The transfections were performed in triplicate using 

the Lipofectamine™ MessengerMAX™ Reagent (Thermo Fisher Scientific, MA, US) 

(Section 2.5.1). One day after RNA transfection, the cells were analysed by fluorescence 

microscopy, and the culture medium was harvested and assessed by performing an ELISA 

(Section 2.5.2). 

The ability of the pri-miR-31 mimics to inhibit HBsAg following cellulose purification was 

assessed by performing an ELISA, as previously described, with the following adjustments. 

Two days prior to transfection, a collagen coated plate was seeded at a density of 60%. On the 
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day of transfection, the cells were transfected with pCH-9/3091 as the target and mCherry as 

the marker, and the cells that were only transfected with pCH-9/3091 and mCherry served as 

the mock control. One day after RNA transfection, the cells were analysed by fluorescence 

microscopy and the culture medium was harvested for assessment with an ELISA (Section 

2.5.2). The growth medium from each well was replaced and the plate was incubated in a 

humidified incubator at 37ºC with 5% CO2. Two days after RNA transfection, the cells were 

analysed by fluorescence microscopy and the culture medium was harvested and assessed by 

performing an ELISA (Section 2.5.2). 

The evaluation of specific HBV inhibition by the pri-miR-31 mimics following cellulose 

purification was assessed by performing dual-luciferase assays. The transfection procedures 

were performed as previously described in this section, with the following adjustments. One 

day prior to transfection, two collagen coated plates were seeded at a density of 70%. On the 

day of transfection, the cells were transfected with psiCHECK-HBx as the target and mCherry 

as the marker, and the cells that were transfected with only psiCHECK-HBx and mCherry 

served as the mock control. One day after RNA transfection, the cells were analysed by 

fluorescence microscopy and one of the plates was assessed by a dual-luciferase assay 

(Section 2.5.3). Two days after RNA transfection, the remaining plate was analysed and 

assessed by a dual-luciferase assay (Section 2.5.3). 

2.7.2. Investigation of cellular cytotoxicity by the pri-miR-31 mimics 

An 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay was performed to 

determine cytotoxicity of the pri-miR-31 mimics in Hek293T cells after transfection. Two 

days prior to transfection, Hek293T cells were seeded at a confluency of 40% in a 96-well 

plate. On the day of transfection, the cells were transfected with 100 ng of pri-miR-31/5, pri-

miR-31/8, pri-miR-31/9, pri-miR-31/589, pri-miR-31/895, eGFP (negative control) or 

CleanCap-eGFP (negative control). The transfection reactions were performed in triplicate 

using the Lipofectamine™ MessengerMAX™ Reagent (Section 2.5.1). The cells that were 

treated with the transfection mixture alone served as the mock control. The cells that were 

treated with 125 µl of 1% Triton X-100 served as a positive control and cells that were left 

untreated served as the untransfected control. One day after transfection, the cells were 

analysed by fluorescence microscopy and 20 µl of MTT solution (5 mg/ml, in 1× PBS) was 

added into each well. The plate was gently mixed by shaking for 5 minutes and allowed to 

incubate at 37ºC with 5% CO2 for 1 hour. Following incubation, the culture medium was 

removed, and the formazan product was resuspended in 200 µl of DMSO. Thereafter, 50 µl of 
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each sample was diluted in 50 µl of saline and the optical densities were measured at a ratio of 

570 nm to 655 nm using the iMARKTM microplate absorbance reader (Bio-Rad, CA, US).  

2.7.3. Evaluation of interferon response by the pri-miR-31 mimics  

A dual-luciferase assay was performed to evaluate the immune response produced by 

Hek293T cells after transfection with the pri-miR-31 mimics. One day prior to transfection, 

Hek293T cells were seeded in a 48-well plate at a density of 45%. On the day of transfection, 

the cells were transfected with 50 ng of phRL-CMV, 50 ng of pUCAsc-ISRE×3 and 100 ng of 

pri-miR-31/5, pri-miR-31/8, pri-miR-31/9, pri-miR-31/589, pri-miR-31/895, eGFP (negative 

control), CleanCap-eGFP (negative control) or poly I:C (positive control). The transfections 

were performed in triplicate using the Lipofectamine™ 3000 kit (Thermo Fisher Scientific, 

MA, US) where 0.15 µl of Lipofectamine™ 3000 Reagent and 0.5 µl of P3000 was used per 

well (Section 2.5.1). The cells that were transfected with only phRL-CMV and pUCAsc-

ISRE×3 served as the mock control. Two days after transfection, the cells were analysed by 

fluorescence microscopy and the ratio of firefly to Renilla expression was measured (Section 

2.5.3).  

Reverse transcription quantitative PCR (RT-qPCR) assays were performed to evaluate the 

immune response produced by Hek293T cells after transfection with the pri-miR-31 mimics. 

One day prior to transfection, Hek293T cells were seeded in a 24-well plate at a density of 

45%. On the day of transfection, the cells were transfected with 500 ng of pri-miRNA-31/5, 

pri-miRNA-31/8, pri-miRNA-31/9, pri-miRNA-31/589, pri-miRNA-31/895, eGFP (mock 

control), CleanCap-eGFP (negative control) or poly I:C (positive control). The transfection 

reactions were performed in triplicate using the Lipofectamine™ MessengerMAX™ Reagent 

(Section 2.5.1). Three wells which were left untreated served as an untransfected control. One 

day after transfection, the cells were analysed by fluorescence microscopy and the total RNA 

was extracted from the cells using 300 µl of Trizol® Reagent (Thermo Fisher Scientific, MA, 

US) per well (Section 2.5.4). The extracted RNA was then used as templates in the following 

RT-qPCRs to quantify the amount of GAPDH, IFN-β, OAS1 and MxA mRNA that was 

produced. The RT-qPCRs were performed using the Luna® Universal One-Step RT-qPCR Kit 

(New England Biolabs, MA, US) according to the manufacturer’s instructions. Briefly, each 

reaction contained 5 µl of Luna Universal One-Step Reaction Mix (2×), 0.5 µl of Luna 

WarmStart® RT Enzyme Mix (20×), 0.4 µl of the relevant forward primer (10 µM), 0.4 µl of 

the relevant reverse primer (10 µM), 1 µl of undiluted template RNA (<500 ng) and nuclease-

free water to a final volume of 10 µl. The cycling conditions were as follows: reverse 

transcription at 55°C for 10 minutes, initial denaturation at 95°C for 1 minute, 44 cycles of 
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denaturation at 95°C for 10 seconds, extension at 60°C for 30 seconds (plate read) and 

melting from 65°C to 95°C at increments of 0.5°C for 5 seconds (plate read at each 

temperature increment). These conditions were carried out by the CFX96 TouchTM Real-Time 

PCR Detection System (Bio-Rad, CA, US).  

Table 2.6: Primer sequences used to amplify the genes of interest. 

Primer name Primer sequence 

GAPDH forward  5’-GAAGGTGAAGGTCGGAGTC-3’ 

GAPDH reverse  5’-GAAGATGGTGATGGGATTTC-3’ 

IFN-β forward  5’-TCCAAATTGCTCTCCTGTTGTGCT-3’ 

IFN-β reverse  5’-CCACAGGAGCTTCTGACACTGAAAA-3’ 

OAS1 forward  5’-CGAGGGAGCATGAAAACACATTT-3’ 

OAS1 reverse  5’-GCAGAGTTGCTGGTAGTTTATGAC-3’ 

MxA forward  5’-CTGGTGCTGAAACTGAAGAAAC-3’ 

MxA reverse  5’-ATCTCAATCTCGTAGTCCTGGTA-3’ 

 

2.8. Assessment of pri-miR-31 processing  

2.8.1. Transfection and total RNA extraction 

One day prior to transfection, Hek293T cells were seeded in 10 cm2 plates at a density of 

45%. On the day of transfection, the cells were transfected with 10 µg of eGFP or pri-miR-

31/5 using the Lipofectamine™ MessengerMAX™ Reagent (Thermo Fisher Scientific, MA, 

US), or 10 µg of pCMV-pri-miR-31/5 using the Lipofectamine™ 3000 kit (Thermo Fisher 

Scientific, MA, US) (Section 2.5.1). One day after transfection, the cells that were transfected 

with eGFP or pri-miR-31/5 were analysed by fluorescence microscopy and the total RNA was 

extracted using 1 ml of Trizol reagent per plate (Section 2.5.4). Two days after transfection, 

the cells that were transfected with pCMV-pri-miR-31/5 were analysed and the total RNA 

was extracted using the same procedure (Section 2.5.4).  

2.8.2. Radioactive labelling 

A DNA probe which was designed to bind the miR-31/5 sequence was radioactively labelled 

and purified in a single Sephadex column for use during hybridisation to detect the RNA of 

interest. Six DNA oligonucleotides of different lengths were radioactively labelled in separate 

reactions and purified in a single Sephadex column to generate a molecular weight ladder to 

estimate the size of the RNA produced after gel electrophoresis. The probe and 

oligonucleotides were radioactively labelled with T4 PNK according to the manufacturer’s 

instructions (New England Biolabs, MA, US). Each reaction was prepared by adding 2.5 µl of 
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DNA (10 pmol), 2.5 µl of T4 PNK Reaction Buffer (10×), 0.5 µl of [γ-32P] ATP (3000 

Ci/mmol) (PerkinElmer, MA, US), 1 µl of T4 PNK and nuclease-free water to a final volume 

of 25 µl. The samples were then incubated at 37 ºC for 30 minutes. Sephadex columns were 

prepared to purify the labelled oligonucleotides from the unincorporated nucleotides. The 

radioactively labelled samples were added into the syringe and centrifuged at 2000 rpm for 2 

minutes. 

2.8.3. Polyacrylamide gel electrophoresis (PAGE) 

A 20% denaturing polyacrylamide gel solution was prepared by mixing 15.2 g of acrylamide, 

0.8 g of bisacrylamide, 40 g of urea and 8 ml of 10× TBE buffer to a final volume of 80 ml 

with sterile water. The solution was heated in a hot water bath until the urea completely 

dissolved. Thereafter, 30 µl of TEMED and 300 µl of 10% APS was added. The solution was 

then briefly mixed, poured into the gel casting system and allowed to solidify. The samples 

were prepared by combining 15 µl of RNA loading dye (2×) (New England Biolabs, MA, 

US), 40 µg of total RNA extracted from the cells that were transfected with either eGFP, pri-

miR-31/5 or pCMV-pri-miR-31/5, and nuclease-free water to a final volume of 30 µl (Section 

2.8.1). The ladder was prepared by adding 10 µl of RNA loading dye (2×) (New England 

Biolabs, MA, US), 6 µl of the radioactively labelled molecular ladder, and nuclease-free 

water to a final volume of 20 µl (Section 2.8.2). The mixes were then heated at 95ºC for 5 

minutes and placed on ice. The prepared ladder and samples were loaded into the wells of the 

gel and left to run at 300 V until the bromophenol dye reached the bottom of the gel.  

2.8.4. Staining, blotting and UV crosslinking 

The gel was stained in 200 ml of 0.5× TBE buffer supplemented with 8 µl of ethidium 

bromide. Thereafter, electroblotting was performed and the system was left to run at 0.49 A 

for 30 minutes to allow the RNA to transfer from the gel onto the nylon membrane. The 

transferred RNA was then fixed onto the membrane using the Ultraviolet Crosslinker system 

(UVP, CA, US). Following crosslinking, the ladder was cut out and separated from the RNA 

samples. 

2.8.5. Hybridisation, stringency washing and visualisation 

The UV crosslinked membrane containing the ladder was enclosed in plastic film and placed 

in a cassette with an imaging plate. The cassette was stored at room temperature in the dark to 

expose for a day. The plate was then imaged using the FLA-7000 imaging system (Fujifilm, 

Tokyo, JP). The UV crosslinked membrane containing the RNA samples was inserted into a 

small glass hybridisation cylinder with 10 ml of PerfectHyb Plus buffer (Sigma-Aldrich, MO, 

US). The cylinder was then left to incubate at 45ºC for 5 minutes with rotation. Following 
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incubation, 1 ml of the buffer was removed and combined with 25 µl of the radioactively 

labelled probe. The entire volume was then added into the cylinder and left to incubate at 45 

ºC overnight with rotation. Following overnight incubation, the buffer was discarded, and the 

membrane was washed twice with 25 ml of pre-warmed low stringency wash buffer. The 

membrane was then incubated twice with 25 ml of pre-warmed low stringency wash buffer at 

25 ºC for 5 minutes with rotation. Thereafter, the membrane was washed twice with 25 ml of 

pre-warmed high stringency wash buffer at 42 ºC for 20 minutes with rotation. The membrane 

was then enclosed in plastic film and placed in a cassette with an imaging plate. The cassette 

was stored at room temperature in the dark to expose for a week. The plate was then imaged 

using the FLA-7000 imaging system (Fujifilm, Japan). 
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CHAPTER 3 

3. RESULTS 

3.1. Successful construction of the pT7-pri-miR-31 expression vectors 

3.1.1. Generation of the double-stranded insert  

The double-stranded insert was generated by four oligonucleotides in two separate PCRs 

(Figure 2.4). In the first PCR, the F1 and R1 primers were expected to anneal at their 3’ ends 

and extend to synthesise the middle section of the insert. To determine whether the middle 

section of the insert was synthesised after the first PCR, the resulting PCR products were 

resolved on an agarose gel (Figure S2a). Following visualisation, the reactions which 

contained both the F1 and R1 primers resulted in a single band of 69 bp as expected. The 

negative control reactions both resulted in a faint band however this can be attributed to the 

large size of the primers as well as the considerable amount of primer that was added to each 

reaction. These results suggested that the middle section of the insert was successfully 

synthesised after the first PCR. Following synthesis, the products were purified, and resolved 

on an agarose gel to assess the integrity of the constructs. The purified products were 

visualised and a single band of 69 bp was shown, which indicated that the constructs 

remained intact after purification (Figure S2b).  

In the second PCR, the F2 and R2 primers were expected to anneal to the ends of the PCR 

product from the first PCR and extend to create the complete insert. To confirm that the 

complete insert was synthesised after the second PCR, the PCR products were resolved on an 

agarose gel. The products produced bands of 117 bp as expected (Figure S2c). Thereafter, the 

products were combined and purified simultaneously, and resolved on an agarose gel to assess 

the integrity of the construct after purification. The purified product produced a single band of 

117 bp as expected which confirmed the integrity of the synthesised insert after purification 

(Figure 3.1). 
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Figure 3.1: Double-stranded insert after generation and purification. The double-

stranded insert was generated in two separate PCR extension reactions. The products from the 

second PCR were purified and resolved on a 2% agarose gel to assess the integrity of the 

construct after purification. Lane 1: 1 kb plus DNA ladder (New England Biolabs, MA, US). 

Lane 2: purified insert. 

 

3.1.2. PCR cloning of the double-stranded insert 

The purified insert was ligated into the pGEM®-T Easy vector to create the pG-insert and the 

subsequent clones were screened by restriction enzyme digestion and sequencing analysis to 

identify the plasmids with the correct insert sequence (Figure S3, S4 and S5). The clones were 

screened with PvuII in a single digestion reaction and SacI and ApaI in a double digestion 

reaction (Figure S4a and S4b). The results indicated that clones 2, 5, 6 and 7 contained the 

correct size insert. Thereafter, clones 5 and 6 were chosen and sequenced to confirm that the 

insert contained the correct sequence. The sequencing data obtained was aligned against the 

design sequence (Figure S5). The results revealed discrepancies within the ApaI site of both 

clones however this was a confirmatory screen. The results obtained previously from the SacI 

and ApaI digestion reactions already demonstrated that the ApaI sites were intact (Figure 

S4b). The plasmids were then screened with ApaI and PstI simultaneously to confirm whether 

the ApaI restriction enzyme was able to recognise the ApaI cleavage site (Figure S6a). These 

results demonstrated that clones 5 and 6 contained the correct sequence of interest from the 

ApaI site to the SacI site. The clones were then propagated, purified, and screened before 

clone 5 was chosen and digested with ApaI and SacI simultaneously to separate the insert 

from the vector and to create overhangs that were compatible with the overhangs of the 

pmRNA-CMV-pA plasmid backbone (Figure S6b and S7). The digestion reaction resulted in 
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two expected bands of 3031 and 103 bp, and one band which may have been as a result of co-

migration of the expected 55 and 56 bp fragments (Figure S7). The 103 bp bands which 

denoted the insert were excised, purified, and resolved on an agarose gel to assess integrity. 

Following agarose gel electrophoresis, a single band of 103 bp was observed as expected 

which indicated that the insert remained intact after purification (Figure 3.2). 

 

Figure 3.2: Purified insert with SacI and ApaI overhangs. Clone 5 which contained the 

correct insert sequence was digested with ApaI and SacI simultaneously. The 103 bp band 

which denoted the insert was extracted from the gel, purified, and resolved on an agarose gel 

to assess the integrity of the construct after purification. Lane 1: 1 kb plus DNA ladder (New 

England Biolabs, MA, US).  Lane 2: purified insert with SacI and ApaI overhangs. 

 

3.1.3. Preparation of the pmRNA-CMV-pA plasmid backbone 

The pmRNA-CMV-pA plasmid was double digested with SacI and ApaI restriction enzymes 

and resolved across several lanes on an agarose gel to separate the 3632 bp plasmid backbone 

from the 124 bp unwanted sequence (Figure 3.3a). The correct size bands were observed and 

the 3632 bp bands that represented the plasmid backbone were extracted from the gel and 

purified. Following purification, the integrity of the pmRNA-CMV-pA backbone was 

assessed by agarose gel electrophoresis. As expected, a single band of 3632 bp was produced 

which confirmed that the pmRNA-CMV-pA plasmid backbone remained intact after 

purification (Figure 3.3b). 
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Figure 3.3: Preparation of the pmRNA-CMV-pA plasmid backbone. (a) The pmRNA-CMV-pA plasmid was double digested with SacI and 

ApaI to separate the plasmid backbone from the unwanted sequence. Lane 1: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lanes 2 to 

7: SacI and ApaI digested pmRNA-CMV-pA plasmid. The single lined arrow depicts the 3632 bp pmRNA-CMV-pA plasmid backbone and the 

double lined arrow shows the 124 bp unwanted sequence. The fragments were resolved on a 1% agarose gel and the bands depicting the 

pmRNA-CMV-pA plasmid backbone were excised from the agarose gel and purified. (b) The integrity of the purified pmRNA-CMV-pA 

plasmid backbone was assessed on a 0.8% agarose gel. Lane 1: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lane 2: purified 

pmRNA-CMV-pA plasmid backbone. 
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3.1.4. Ligation of the isolated insert into the pmRNA-CMV-pA plasmid backbone 

The isolated insert was ligated into the pmRNA-CMV-pA backbone to create the pmRNA-

CMV-T7-pA plasmid and the subsequent clones were screened by restriction enzyme 

digestion to identify the positive clones (Figure 2.2 and Figure S8). The clones were screened 

with BshNI (Figure S9). Thereafter, the chosen plasmids were screened with SalI and NheI 

separately to ensure that these enzymes were able to recognise these specific restriction sites 

(Figure S10). These clones were then screened after propagation and purification (Figure S11 

and S12). The results obtained indicated that clones 3 and 6 were positive clones. Thereafter, 

clone 3 was chosen and sequentially digested with NheI and SalI (Figure S16 and S18). The 

3719 bp band of interest was excised from the gel, purified, and resolved on a gel to assess the 

integrity of the construct (Figure 3.4). Following agarose gel electrophoresis, a single band of 

3719 bp was produced which indicated that the plasmid remained intact after purification. 

 

Figure 3.4: Purified pmRNA-CMV-T7-pA plasmid with NheI and SalI overhangs. The 

pmRNA-CMV-T7-pA plasmid was digested with NheI and SalI and the band of interest was 

excised, purified, and resolved on a 1% agarose gel to assess integrity. Lane 1: 1 kb plus DNA 

ladder (New England Biolabs, MA, US). Lane 2: pmRNA-CMV-T7-pA plasmid with NheI 

and SalI overhangs. 
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3.1.5. Identification of the pCMV-pri-miR-31 plasmids and isolation of the pri-miR-31 

encoding sequences 

The identities of the pCMV-pri-miR-31 plasmids were confirmed by restriction enzyme 

digestion and sequencing analysis (Figure S13, S14 and S15). The confirmed plasmids were 

sequentially digested with NheI and SalI to separate the pri-miR-31 encoding sequence from 

the rest of the plasmid (Figure S16, S17 and S18). The 187 bp bands produced by the 

monomeric expression vectors and 521 bp bands produced by the trimeric expression vectors 

which represented the pri-miR-31 encoding sequences, were excised from the gel, purified, 

and assessed by agarose gel electrophoresis (Figure S17 and S18). The results indicated that 

the pri-miR-31 encoding sequences were successfully isolated from the pCMV-pri-miR-31 

expression vectors (Figure 3.5). 

 
 

Figure 3.5: Isolated pri-miR-31 encoding sequences. The pri-miR-31 encoding sequences 

were isolated from the pCMV-pri-miR-31 expression vectors and resolved on a 1% agarose 

gel. Lane 1: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lanes 2 to 6: isolated 

pri-miR-31 encoding sequences. 
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3.1.6. Ligation of the pri-miR-31 sequences into the pmRNA-CMV-T7-pA plasmid 

The isolated pri-miR-31 sequences were ligated into the pmRNA-CMV-T7-pA plasmid to 

generate the pT7-pri-miR-31 plasmids (Figure S19). Thereafter, the plasmids were screened 

with NsbI and BshNI separately to identify the positive clones (Figure S20 and S21). The 

results obtained confirmed that each of the clones contained the correct size insert. The clones 

were propagated, purified, and visualised on an agarose gel to assess integrity (Figure S22). 

The plasmids were then screened with BshNI and NsbI separately to confirm the identity of 

the plasmids after propagation (Figure 3.6). Following agarose gel electrophoresis, the 

plasmids produced the correct band sizes as expected which confirmed the identity of the 

pT7-pri-miR-31 expression vectors. 
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Figure 3.6: Identification of the generated pT7-pri-miR-31 expression vectors. The 

positive pT7-pri-miR-31 clones were screened with BshNI and NsbI to confirm the identity of 

the plasmids after propagation. Lane 1 and 14: 1 kb plus DNA ladder (New England Biolabs, 

MA, US). Lane 2: pmRNA-CMV-pA plasmid digested with BshNI. Lanes 3 to 7: pT7-pri-

miR-31 plasmids digested with BshNI. Lane 8: pmRNA-CMV-pA plasmid digested with 

NsbI. Lanes 9 to 13: pT7-pri-miR-31 plasmids digested with NsbI. 
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3.2. Assessment of the pT7-pri-miR-31 expression vectors 

3.2.1. pT7-pri-miR-31 expression vectors inhibit HBV replication 

To determine whether the constructed pT7-pri-miR-31 plasmids were able to inhibit HBV 

replication, the amount of HBsAg produced after transfection was measured by performing an 

ELISA (Figure 3.7). The cells were transfected with the pCH-9/3091 plasmid as the target and 

the pCI-neo-eGFP plasmid as the marker. GFP expression was consistent throughout each 

well transfected with the pCI-neo, pCMV-pri-miR-31 and pT7-pri-miR-31 plasmids, which 

indicated equivalent transfection efficiencies (Figure S23). The cells that were transfected 

with either of the pCMV-pri-miR-31 plasmids demonstrated a reduction in HBsAg when 

compared to the cells that were transfected with pCI-neo. The pCMV-pri-miR-31/5, pCMV-

pri-miR-31/8, pCMV-pri-miR-31/9, pCMV-pri-miR-31/589 and pCMV-pri-miR-31/895 

plasmids demonstrated a 79.1%, 50.9%, 55.0%, 83.8% and 84.9% knockdown respectively 

with p-values <0.01. The cells that were transfected with either of the pT7-pri-miR-31 

plasmids demonstrated a reduction in HBsAg when compared to the cells that were 

transfected with pmRNA-CMV-pA. The pT7-pri-miR-31/5, pT7-pri-miR-31/8, pT7-pri-miR-

31/9, pT7-pri-miR-31/589 and pT7-pri-miR-31/895 plasmids demonstrated a 63.1%, 42.8%, 

23.2%, 70.7% and 70.7% knockdown respectively with p-values <0.01. These results 

indicated that the design of the pT7-pri-miR-31 plasmids were suitable to in vitro transcribe 

functional pri-miR-31 mimics. 
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Figure 3.7: Assessment of HBV replication inhibition by the pCMV-pri-miR-31 and 

pT7-pri-miR-31 expression vectors by performing an ELISA. HepG2-hNTCP cells were 

transfected with pCH-9/3091 (target), pCI-neo-eGFP (marker) and an experimental plasmid 

which either contains the pri-miR-31 sequence (pCMV-pri-miR-31 plasmid or pT7-pri-miR-

31 plasmid) or does not contain the pri-miR-31 sequence (pTZ57R, pCI-neo or pmRNA-

CMV-pA). HBsAg expression was assessed two days after transfection by performing an 

ELISA. The graphs were plotted using the mean and the error bars indicate the standard error 

of the mean (SEM) (n=3). The statistical significance was calculated using the student’s 

paired two-tailed t-test (*** indicates p<0.001 and ** indicates p<0.01). 
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3.3. Assessment of the pri-miR-31 mimics 

3.3.1. pri-miR-31 mimics induce non-specific silencing and modestly inhibit HBV 

replication 

The pmRNA-CMV-eGFP-pA and pT7-pri-miR-31 plasmids were digested with BpiI and 

assessed by agarose gel electrophoresis to ensure linearisation (Figure S24a). The digested 

plasmids were then purified by ethanol precipitation and resolved on an agarose gel to analyse 

the integrity of these constructs after purification (Figure S24b). The linearised plasmids were 

then used as templates to in vitro transcribe the eGFP mRNA and pri-miR-31 mimics. The in 

vitro transcribed RNAs were purified with lithium chloride and resolved on a formaldehyde 

gel to assess the integrity of these constructs (Figure 3.8a). The RNAs were then either capped 

or cellulose purified prior to capping before these constructs were purified by LiCl 

precipitation, and assessed by formaldehyde gel electrophoresis (Figure 3.8b, 3.9a and 3.9b). 

The results obtained indicated that the in vitro transcribed eGFP mRNA and pri-miR-31 

mimics were suitable for assessment in vitro. 
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Figure 3.8: In vitro transcribed RNA before and after capping. (a) The linearised pmRNA-CMV-eGFP-pA and pT7-pri-miR-31 plasmids 

were in vitro transcribed, and the RNA produced was purified by lithium chloride and resolved on a 1% formaldehyde gel to assess the integrity 

of the constructs after purification. Lane 1: ssRNA ladder (New England Biolabs, MA, US).  Lane 2: In vitro transcribed eGFP RNA after 

purification. Lane 3 to 7: In vitro transcribed pri-miR-31 mimics after purification (b) The in vitro transcribed RNA was capped, purified by 

lithium chloride, and assessed on a 2% formaldehyde gel to assess integrity. Lane 1: Low Range ssRNA ladder (New England Biolabs, MA, US). 

Lane 2 to 3: capped eGFP RNA after purification. Lane 4 to 7: capped pri-miR-31 mimics after purification. 
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Figure 3.9: Cellulose purified in vitro transcribed RNA before and after capping. (a) The in vitro transcribed RNA produced was purified by 

cellulose and resolved on a 2% formaldehyde gel to assess the integrity of the constructs after purification. Lane 1: Low Range ssRNA ladder (New 

England Biolabs, MA, US).  Lane 2: eGFP RNA after purification. Lane 3 to 7: pri-miR-31 RNA after purification. (b) The purified in vitro transcribed 

RNA was capped, purified by lithium chloride, and assessed on a 2% formaldehyde gel to assess the integrity of the constructs after purification. Lane 

1: Low Range ssRNA ladder (New England Biolabs, MA, US). Lane 2: capped eGFP RNA after purification. Lane 3 to 7: capped pri-miR-31 RNA 

after purification. 
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To determine whether the pri-miR-31 mimics were able to inhibit HBV replication prior to 

cellulose purification, the amount of HBsAg produced after treatment was measured by 

performing an ELISA one day after treatment (Figure 3.10). The cells were transfected with 

the pCH-9/3091 plasmid as the target and the mCherry plasmid as the marker. RFP 

expression was consistent throughout each transfected well which indicated equivalent DNA 

transfection efficiencies (Figure S25). GFP expression was consistent throughout each well 

transfected with eGFP or CleanCap-eGFP which indicated equivalent RNA transfection 

efficiencies, however the CleanCap-eGFP mRNA demonstrated more intense GFP expression 

compared to the cells that were transfected with the eGFP mRNA (Figure S25). This was 

expected as CleanCap-eGFP mRNA is HPLC purified. The cells that were transfected with 

either of the pri-miR-31 mimics demonstrated a modest reduction in HBsAg when compared 

to the cells that were transfected with eGFP. The pri-miR-31/5, pri-miR-31/8, pri-miR-31/9, 

and pri-miR-31/895 mimics demonstrated a 18.9%, 18.9%, 14.1%, 22.7% knockdown with p-

values <0.01. The pri-miR-31/589 mimic demonstrated a 19.73% knockdown however the 

statistical analysis test attested the knockdown to be non-significant. The cells that were 

transfected with eGFP demonstrated a 15.5% reduction in HBsAg when compared to the cells 

that were transfected with the CleanCap-eGFP mRNA which indicated that the sequence 

common to eGFP and the pri-miR-31 mimics may be inducing non-specific silencing. These 

results together suggested that the pri-miR-31 mimics induced non-specific silencing and 

modestly inhibited HBV replication in the cells prior to cellulose purification.  
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Figure 3.10: Assessment of HBV replication inhibition by the pri-miR-31 mimics prior 

to cellulose purification. HepG2-hNTCP cells were transfected with pCH-9/3091 (target) 

and mCherry (marker). One day after DNA transfection, the cells were transfected with 

CleanCap-eGFP (negative control), eGFP (negative control), pri-miR-31/5, pri-miR-31/8, pri-

miR-31/9, pri-miR-31/589 or pri-miR-31/895 RNA. HBsAg expression was assessed one day 

after RNA transfection by performing an ELISA. The graphs were plotted using the mean and 

the error bars indicate the standard error of the mean (SEM) (n=3). The statistical significance 

was calculated using the student’s paired two-tailed t-test (*** indicates p<0.001; ** indicates 

p<0.01 and NS indicates p>0.05).   
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To determine the ability of the pri-miR-31 mimics to inhibit HBV replication after cellulose 

purification, the amount of HBsAg produced after treatment was measured by performing an 

ELISA one and two days after treatment (Figure 3.11). The cells were transfected with the 

pCH-9/3091 plasmid as the target and the mCherry plasmid as the marker. RFP expression 

was consistent throughout each well one or two days after RNA transfection which indicated 

equivalent transfection efficiencies (Figure S26). GFP expression was consistent throughout 

each well transfected with eGFP or CleanCap-eGFP which indicated equivalent transfection 

efficiencies, however the CleanCap-eGFP mRNA demonstrated more intense GFP expression 

compared to the cells that were transfected with the eGFP mRNA (Figure S26). One day after 

treatment, the eGFP mRNA demonstrated a 31.2% reduction in HBsAg compared to the 

mock control with p-values <0.05. The pri-miR-31/5, pri-miR-31/8 and pri-miR-31/9, pri-

miR-31/589 and pri-miR-31/895 mimics demonstrated a 45.0%, 36.8%, 37.4%, 49.2% and 

53.3% reduction in HBsAg compared to the mock control with p-values <0.05. Since the 

eGFP mRNA was not expected to reduce HBsAg this suggests that the knockdown 

demonstrated with the pri-miRNA mimics was as a result of non-specific silencing. Thus, the 

difference between the eGFP mRNA and each of the pri-miR-31 mimics suggested that the 

mimics produced a 13.8%, 5.6%, 6.2%, 18.0% and 22.1% reduction in HBsAg respectively 

one day after treatment. Two days after treatment, the eGFP mRNA demonstrated a 58.5% 

reduction in HBsAg compared to the mock control with p-values <0.01. The pri-miR-31/5, 

pri-miR-31/8 and pri-miR-31/9, pri-miR-31/589 and pri-miR-31/895 mimics demonstrated an 

84.4%, 76.2%, 71.2%, 87.4% and 88.8% reduction in HBsAg compared to the mock control 

with p-values <0.01. Thus, the difference between the eGFP mRNA and each of the pri-miR-

31 mimics suggested that the mimics produced a 25.9%, 17.7%, 12.7%, 28.9% and 30.3% 

reduction in HBsAg respectively two days after treatment. These results together suggested 

that the pri-miR-31 mimics induced non-specific silencing and modestly inhibited HBsAg 

expression in HepG2-hNTCP cells following cellulose purification one and two days after 

treatment.   
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Figure 3.11: Assessment of HBV inhibition by the cellulose purified pri-miR-31 mimics by performing an ELISA. HepG2-hNTCP cells 

were transfected with pCH-9/3091 (target) and mCherry (marker).  One day after transfection, the cells were transfected with CleanCap-eGFP 

(negative control), eGFP (negative control), pri-miR-31/5, pri-miR-31/8, pri-miR-31/9, pri-miR-31/589 or pri-miR-31/895 RNA. HBsAg 

expression was assessed one and two days after RNA transfection by performing an ELISA. The graphs were plotted using the mean and the 

error bars indicate the standard error of the mean (SEM) (n=3). The statistical significance was calculated against the mock control using the 

student’s paired two-tailed t-test (*** indicates p<0.001; ** indicates p<0.01 and * indicates p<0.05). 
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3.3.2. Cellulose purified pri-miR-31/5 and pri-miR-31/8 mimics moderately induce 

specific HBV replication inhibition 

The specific anti-HBV activity of the cellulose purified pri-miR-31 mimics was assessed after 

treatment by performing dual-luciferase assays. Dual-luciferase assays are commonly used to 

assess gene expression as the technique accounts for experimental variability allowing for 

more accurate results. The assay involves sequentially measuring firefly and Renilla 

luciferase reporter expression within a sample where the independent reporter serves as the 

baseline to which the experimentally dependent reporter is normalised to. The cells were 

transfected with the psiCHECK-HBx plasmid as the target and the mCherry plasmid as the 

marker. The psiCHECK-HBx plasmid contains an independently located firefly luciferase 

reporter and a Renilla luciferase reporter ORF upstream of an HBx sequence (Figure S27). 

The firefly reporter expresses firefly luciferase mRNA and the Renilla reporter produces 

Renilla luciferase mRNA with an HBx sequence. Thus, firefly luciferase is steadily produced 

whereas Renilla luciferase expression is dependent on the HBx sequence. The plasmid was 

chosen as the ratio of Renilla luciferase expression to firefly luciferase expression is useful to 

assess anti-HBV activity while accounting for experimental variability. The ratio of Renilla 

luciferase expression to firefly luciferase expression was used to assess the specific anti-HBV 

activity of the cellulose purified pri-miR-31 mimics one and two days after treatment (Figure 

3.12). 

RFP expression was consistent throughout each well one or two days after RNA transfection 

which indicated equivalent transfection efficiencies (Figure S28). GFP expression was 

consistent throughout each well transfected with eGFP or CleanCap-eGFP which indicated 

equivalent transfection efficiencies for each triplicate (Figure S28). One day after treatment, 

the CleanCap-eGFP and eGFP mRNA which did not contain a pri-miR-31 sequence, 

demonstrated a non-significant difference compared to the mock control as expected. This 

suggested that the eGFP mRNA does not induce non-specific silencing. The difference 

observed between the pri-miR-31/8 and pri-miR-31/895 mimics compared to the mock 

control were non-significant, suggesting that these mimics did not inhibit HBV replication. 

The pri-miR-31/5 mRNA demonstrated a 35.9% decrease in expression ratio over the mock 

control with p-values <0.01, indicating moderate HBV inhibition. Two days after treatment, 

the CleanCap-eGFP and eGFP mRNA demonstrated a non-significant difference compared to 

the mock control as expected. The pri-miR-31/9, pri-miR-31/589 and pri-miR-31/895 mimics 

exhibited a non-significant difference compared to the mock control suggesting that these 

mimics did not inhibit HBV replication. The pri-miR-31/5 and pri-miR-31/8 mimics 
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demonstrated reduced expression ratios by 50% and 53.6% respectively compared to the 

mock control, with p-values <0.05, suggesting that these mimics moderately inhibited HBV 

replication.  In a study performed by Ely and colleagues, the pri-miR-31/9 mimics 

demonstrated the lowest reduction in HBsAg whereas the pri-miR-31/589 and pri-miR-31/895 

mimics demonstrated the highest reduction in this antigen (Ely et al., 2009). This may explain 

the absence in specific silencing demonstrated by pri-miR-31/9 however the absence of 

specific silencing by pri-miR-31/589 and pri-miR-31/895 was unexpected. 
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Figure 3.12: Assessment of HBV inhibition by the cellulose purified pri-miR-31 mimics by performing dual-luciferase assays. HepG2-

hNTCP cells were transfected with psiCHECK-HBx (target) and mCherry (marker). One day after DNA transfection, the cells were transfected 

with CleanCap-eGFP (negative control), eGFP (negative control), pri-miR-31/5, pri-miR-31/8, pri-miR-31/9, pri-miR-31/589 or pri-miR-31/895 

RNA. The ratio of Renilla luciferase expression to firefly luciferase expression was assessed one and two days after RNA transfection by 

performing dual-luciferase assays. The graphs were plotted using the mean and the error bars indicate the standard error of the mean (SEM) 

(n=3). The statistical significance was calculated against the mock control using the student’s paired two-tailed t-test (*** indicates p<0.001; ** 

indicates p<0.01; * indicates p<0.05; NS indicates p>0.05). 
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3.3.3. Cellulose purified pri-miR-31 mimics do not affect cellular viability 

To assess cytotoxicity of the cellulose purified pri-miR-31 mimics, an MTT assay was 

performed (Figure 3.13). MTT assays are used to assess cellular viability by measuring the 

amount of formazan produced after incubation with MTT. MTT is a yellow tetrazolium salt 

which converts to a purple formazan product through the activity of NAD(P)H-dependent 

cellular oxidoreductase enzymes. These enzymes are only found in metabolically active cells, 

thus the quantity of formazan formed reflects the amount of living cells present within the 

sample. GFP expression was consistent throughout each well transfected with eGFP or 

CleanCap-eGFP which indicated equivalent transfection efficiencies (Figure S29). The 

CleanCap-eGFP mRNA and mock control demonstrated a non-significant difference 

compared to the untransfected control as expected. The cells treated with Triton X-100 

exhibited a 71.4% reduction in cellular viability compared to the untransfected control with p-

values <0.001. This was expected as Triton X-100 is known to induce cellular cytotoxicity. 

The eGFP mRNA demonstrated statistically significant reduction in cellular viability however 

the difference was minor. The pri-miR-31 mimics demonstrated a non-significant difference 

compared to the untransfected control which indicated that the pri-miR-31 mimics did not 

affect cellular viability.  
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Figure 3.13: Assessment of cellular viability by the cellulose purified pri-miR-31 mimics 

using an MTT assay. Hek293T cells were transfected with pri-miR-31/5, pri-miR-31/8, pri-

miR-31/9, pri-miR-31/589, pri-miR-31/895, eGFP (negative control) or CleanCap-eGFP 

(negative control) RNA. The cells that were treated with 1% Triton X-100 served as the 

positive control, those that were left untreated served as the untransfected control and the cells 

that were treated with the transfection mixture alone served as the mock control. The graph 

was plotted using the mean normalised to the mean of the untransfected control and the error 

bars indicate the normalised SEM (n=3). The statistical significance was calculated against 

the untransfected control using the student’s paired two-tailed t-test (*** indicates p<0.001; * 

indicates p<0.05; NS indicates p>0.05) 

 

3.3.4. Cellulose purified pri-miR-31 mimics induce interferon response 

The ability of the pri-miR-31 mimics to activate the innate immune response was assessed by 

performing a dual-luciferase assay and by real-time RT-qPCR.  

The dual-luciferase assay was performed using the phRL-CMV and pUCAsc-ISRE×3 

plasmids. The phRL-CMV plasmid has a Renilla luciferase reporter sequence that is 

constitutively expressed under the control of the CMV promoter. The pUCAsc-ISRE×3 

plasmid has three copies (×3) of the interferon-stimulated response element (ISRE) (5' 

TCGGGAAACCGAAACT-3') sequence upstream of the firefly luciferase sequence and these 

ISREs are responsive to interferon response factors (IRFs). Thus, these plasmids were chosen 

as the ratio of firefly luciferase expression to Renilla luciferase expression is useful to assess 

interferon response while accounting for experimental variability. GFP expression was 

consistent throughout each well transfected with the eGFP mRNA or CleanCap-eGFP mRNA 

which indicated equivalent transfection efficiencies for each triplicate (Figure S30a). The 

eGFP mRNA and mock control produced similar expression ratios as expected with no 

significant difference (Figure 3.14). The poly I:C dsRNA demonstrated a 7× increase in 

expression over the mock control, as expected, with p-values <0.05. The pri-miR-31/5, pri-
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miR-31/589 and pri-miR-31/895 mimics produced an increased expression ratio compared to 

the mock control, however statistical analysis demonstrated the difference to be non-

significant, suggesting that these mimics did not induce an interferon response. The pri-miR-

31/8 and pri-miR-31/9 mimics compared to the mock control exhibited a 15.0× and 7× 

increased expression ratio with p-values <0.05 respectively, suggesting that these mimics 

were recognised by the host immune system and subsequently activated the interferon 

response. The induction of the interferon response may have been a result of the non-specific 

silencing observed. 

 

Figure 3.14: Evaluation of interferon response by the cellulose purified pri-miR-31 

mimics by performing a dual luciferase assay. Hek293T cells were transfected with phRL-

CMV, pUCAsc-ISRE×3 and pri-miR-31/5, pri-miR-31/8, pri-miR-31/9, pri-miR-31/589, pri-

miR-31/895, eGFP (negative control), CleanCap-eGFP (negative control) or poly I:C 

(positive control). Two days after transfection, the ratio of firefly to Renilla expression was 

measured by a dual-luciferase assay. The graph was plotted using the ratio of firefly to Renilla 

luciferase expression and the error bars indicate the SEM (n=3). The statistical significance 

was calculated against the mock control using the student’s paired two-tailed t-test (* 

indicates p<0.05 and NS indicates p>0.05). 

 

The RT-qPCR assays were performed in addition to the dual-luciferase assay as it is a more 

sensitive assay to assess interferon response and provides greater insight into the analysis of 

this response. RT-qPCR assays are used to measure gene expression by reverse transcribing 

total RNA into complementary DNA and amplifying the gene of interest to determine the 

amount of targeted mRNA that was initially present. The detection of foreign nucleic acids by 

the host innate immune system leads to the production of interferons (IFNs) and the 
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subsequent expression of IFN stimulated genes (ISGs) such as IFN-β, OAS1 and MxA. Thus, 

the difference in expression between constitutively expressed GAPDH and IFN-β, OAS1 or 

MxA was used to determine interferon response. GFP expression was consistent throughout 

each well transfected with the eGFP mRNA or CleanCap-eGFP mRNA which indicated 

equivalent transfection efficiencies for each triplicate (Figure S30b). The CleanCap-eGFP 

mRNA which was used as a negative control did not produce significantly different quantities 

of IFN-β, OAS1 and MxA mRNA compared to the untransfected control as expected, which 

indicated that the CleanCap-eGFP mRNA did not induce an immune response (Figure 3.15). 

The poly I:C dsRNA which was used as a positive control produced increased amounts of 

IFN-β, OAS1 and MxA mRNA compared to the untransfected control as expected, which 

indicated that the poly I:C dsRNA induced an immune response. The pri-miR-31 mimics 

expressed increased levels of IFN-β, OAS1 and MxA mRNA compared to the untransfected 

control at a confidence level of >95% which demonstrated that the mimics were recognised 

by the host immune system and subsequently induced an interferon response.   

 



  

62 

 

 

 



  

63 

 

Figure 3.15: Assessment of immune stimulation by the cellulose purified pri-miR-31 mimics by performing RT-qPCR assays. Hek293T cells 

were transfected with pri-miR-31/5, pri-miR-31/8, pri-miR-31/9, pri-miR-31/589, pri-miR-31/895, eGFP (negative control), CleanCap-eGFP (negative 

control) or poly I:C (positive control). One day after transfection, the total RNA was extracted, and RT-qPCR assays were performed to determine 

immune response. The graphs were plotted by calculating the relative expression ratio of the sample genes (IFN-β, OAS1 or MxA) to the control gene 

(GAPDH) normalised to their respective untransfected control and the error bars indicate the normalised SEM (n=3). The statistical significance was 

calculated against the untransfected control using the student’s paired two-tailed t-test (*** indicates p<0.001; ** indicates p<0.01; * indicates p<0.05; 

NS indicates p>0.05). 
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3.3.5. Cellulose purified pri-miR-31 mimics were inefficiently processed 

The linearised pmRNA-CMV-eGFP-pA and pT7-pri-miR-31/5 plasmids that were purified 

and assessed above, were in vitro transcribed, and the RNA produced was purified by lithium 

chloride precipitation and visualised on a formaldehyde gel to assess the integrity of the 

constructs after purification (Section 3.3.1 and Figure 3.16a). The eGFP RNA produced an 

expected band of 959 nt. The pri-miR-31/5 RNA produced a band of 500 nt instead of a band 

of 387 nt. The difference in size could be accounted to the inconsistent accuracy of the 

formaldehyde gel electrophoresis technique. The in vitro transcribed RNA was then purified 

by cellulose and analysed by capillary electrophoresis to ensure integrity of the constructs 

after purification (Figure 3.16b). The eGFP and pri-miR-31/5 RNA produced expected bands 

of 959 nt and 387 nt respectively. The cellulose purified RNA was then capped, purified by 

lithium chloride precipitation, and assessed by capillary electrophoresis to assess the integrity 

of the constructs after purification (Figure 3.16c). The eGFP and pri-miR-31/5 RNA produced 

bands slightly higher than expected which could be as a result of the capillary electrophoresis 

technique. These results all together indicated that the eGFP and pri-miR-31 RNA were 

suitable for assessment in vitro.  
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Figure 3.16: In vitro transcribed RNA after LiCl precipitation, cellulose purification and capping. (a) The linearised pmRNA-CMV-eGFP-

pA and pT7-pri-miR-31/5 plasmids that were purified and assessed above, were in vitro transcribed, and the RNA produced was purified by 

lithium chloride precipitation and visualised on a 2 % formaldehyde gel. Lane 1: Low Range ssRNA ladder (New England Biolabs, MA, US).  

Lane 2: eGFP RNA after purification. Lane 3: pri-miR-31/5 RNA after purification (b) The in vitro transcribed RNA was purified by cellulose 

and analysed using the Agilent Bioanalyzer System (Agilent, CA, US). Lane 1: eGFP RNA after cellulose purification. Lane 2: pri-miR-31/5 
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RNA after cellulose purification. (c) The cellulose purified RNA was capped, purified by lithium chloride precipitation, and assessed using the 

Agilent Fragment Analyzer System (Agilent, CA, US). Lane C10: capped eGFP RNA after purification. Lane C11: capped pri-miR-31/5 RNA 

after purification. 
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The processing efficiency of the pri-miR-31/5 mimics were assessed by Northern blot 

hybridisation analysis. The mimics were expected to enter the cells and initiate the RNAi 

pathway. The initiation of the pathway was expected to process the pri-miR-31 mimics into 

pre-miRNA (70-80 nt), then into the miRNA duplex (20-25 bp), and finally form the mature 

miRNA guide sequence (20-22 nt). The pCMV-pri-miR-31/5 plasmid was used as a positive 

control as it contains the pri-miR-31/5 sequence and has been previously shown to be 

processed into the mature miRNA guide sequence (Ely et al., 2009). GFP expression was 

observed in the plate transfected with the eGFP RNA (Figure S31). The Northern blot 

hybridisation analysis was performed using a radioactively labelled probe with a 

complementary sequence against the expected guide to determine if the pri-miR-31/5 mimic 

was processed as designed (Figure 3.17). The eGFP RNA did not produce a signal 

corresponding to processing of a guide RNA, which was as expected. The pCMV-pri-miR-

31/5 plasmid produced two bands. The first band of an unknown length was presumed to 

indicate pre-miRNA and the second band of approximately 20 nt was indicative of the 

expected mature miRNA. The pri-miR-31/5 mimics produced three high molecular weight 

bands of unknown lengths which were presumed to indicate the mimics that remained 

unprocessed and two faint bands that corresponded to the bands produced by the pCMV-pri-

miR-31/5 plasmid. These results suggest that the majority of the pri-miR-31/5 mimics 

remained unprocessed and only a fraction was processed into the expected guide sequence. 

The inefficient processing of the pri-miR-31 mimics could have been as a result of the 

induction of the interferon response which could have caused the modest inhibition of HBV 

replication. 



  

68 

 

 

Figure 3.17: Expression and processing of the pri-miR-31/5 mimics by Northern blot 

hybridisation analysis. Total RNA was extracted from Hek293T cells that were transfected 

with eGFP (negative control), pri-miR-31/5, or pCMV-pri-miR-31/5 (positive control). The 

samples were run on a 20% denaturing polyacrylamide gel and Northern blot analysis was 

performed using a radioactively labelled probe against the expected guide sequence. The 

ladder was generated by radioactively labelling several oligonucleotides of different lengths 

and running them together alongside the RNA samples. The sizes indicated are 

approximations of the RNA sizes. 
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CHAPTER 4 

4. DISCUSSION 
Infection with the hepatitis B virus remains a leading global health concern despite the 

existence of an effective vaccine [reviewed in (Pattyn et al., 2021)]. It is estimated that over 

275 million people worldwide are living with the chronic form of the disease and 

approximately 800 000 people die each year as a consequence of the complications that arise 

from chronic infection (World Health Organization, 2017). The current mainstream 

treatments available for patients with chronic HBV are capable of suppressing viral 

replication however these therapeutic strategies cannot eradicate the virus. Thus, the 

development of novel therapeutic strategies capable of eradicating the virus are urgently 

needed. The exploitation of the RNAi pathway by employing expression cassettes that 

endogenously express anti-HBV pri-miRNA mimics have demonstrated to be efficient in 

inhibiting viral replication, however achieving safe, efficient, and cost-effective delivery 

remains a major challenge (Maepa et al., 2017; Ivacik et al., 2015; Mowa et al., 2012; Dyer et 

al., 2010; Ely et al., 2009, 2008; Carmona et al., 2006). Thus, the purpose of this study was to 

in vitro transcribe anti-HBV pri-miR-31 mimics as the delivery of RNA sequences using non-

viral vectors offers several advantages over DNA therapeutics and their delivery vectors. The 

rationale was that targeting the HBV transcripts may reduce viral protein production and 

thereby remove the suppressive effect that some of the proteins have on the immune system 

which has the potential to reactivate the host’s natural defences to clear the virus. 

4.1. Construction and assessment of the pT7-pri-miR-31 expression vectors 

pT7-pri-miR-31 monomeric and trimeric expression vectors were successfully constructed 

using conventional molecular cloning techniques for use as templates to in vitro transcribe the 

anti-HBV pri-miR-31 mimics. These expression vectors contained a T7 promoter for in vitro 

transcription and pri-miR-31 sequences from gene cassettes which have been shown to 

efficiently inhibit HBV replication both in vitro and in vivo (Ely et al., 2009, 2008; Milligan 

et al., 1987). The constructed pT7-pri-miR-31 expression vectors were assessed in HepG2-

hNTCP cells prior to in vitro transcription to determine whether these constructs could inhibit 

HBV replication in vitro. The data obtained demonstrated the ability of the pT7-pri-miR-31 

expression vectors to reduce HBsAg which suggested that the design of these expression 

vectors was suitable and could be used as templates to in vitro transcribe functional pri-miR-

31 mimics.  
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4.2. Efficiency of the in vitro transcribed pri-miR-31 mimics  

The ability of the in vitro transcribed pri-miR-31 mimics to mediate effective gene silencing 

was assessed in cultured mammalian cells. The results obtained from the ELISA assays 

demonstrated the pri-miR-31 mimics to induce non-specific silencing and modestly inhibit 

HBsAg. Since previous studies have shown pri-miRNA-31 mimics to work well when 

expressed from expression cassettes, it suggests that the pri-miRNA-31 mimic sequences are 

suitable to efficiently inhibit HBsAg (Ely et al., 2009, 2008). However, the design of the in 

vitro transcribed pri-miRNA-31 mimics demonstrated here are not suitable and can be 

improved to increase HBsAg inhibition. The difference in silencing observed between the 

endogenously expressed and in vitro transcribed pri-miR-31 mimics described here and in 

previous studies were similarly dependent on their target sequences as the pri-miR-31/9 

mimics demonstrated the lowest reduction in HBsAg compared to the pri-miR-31/589 and 

pri-miR-31/895 mimics which demonstrated the highest reduction of this antigen (Ely et al., 

2009). The in vitro transcribed pri-miR-31 mimics were also assessed to determine the 

specific silencing induced by these constructs. The results obtained from the dual-luciferase 

assays demonstrated the pri-miR-31/5 and pri-miR-31/8 mimics to specifically reduce anti-

HBV activity as opposed to the pri-miR-31/9, pri-miR-31/589 and pri-miR-31/895 mimics 

which did not demonstrate an inhibitory effect. The absence of specific silencing 

demonstrated by pri-miR-31/9 was expected as these constructs demonstrated the lowest 

reduction in HBsAg however the absence of specific silencing shown by pri-miR-31/589 and 

pri-miR-31/895 was unexpected as these mimics demonstrated the highest reduction in 

HBsAg. These results together suggested that the in vitro transcribed pri-miR-31 mimics were 

not suitable for mediating efficient gene silencing. 

4.3. Processing of the in vitro transcribed pri-miR-31 mimics 

The processing efficiency of the in vitro transcribed pri-miR-31/5 mimics were assessed by 

Northern blot hybridisation analysis after transfection into cultured mammalian cells. The 

results obtained demonstrated that majority of the pri-miR-31/5 mimics remained unprocessed 

and only a fraction was processed into the expected guide sequence. These results were 

different in comparison with observations from previous studies which assessed the silencing 

efficiency of pri-miR-31 mimics that were endogenously expressed from expression cassettes. 

The pri-miR-31/5 mimics demonstrated within these studies were efficiently processed into 

the expected guide sequence (Maepa et al., 2017; Ivacik et al., 2015; Mowa et al., 2012; Ely et 

al., 2009, 2008). The data obtained also revealed a correlation between guide strand 

production and silencing efficiency thus the modest inhibition demonstrated by the in vitro 
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transcribed pri-miR-31/5 mimics described here may have been as a result of insufficient 

processing (Ely et al., 2009). Since, the in vitro transcribed pri-miR-31/8, pri-miR-31/9, pri-

miR-31/589 and pri-miR-31/895 mimics were also shown to modestly reduce HBsAg this 

suggested that these constructs were also not efficiently processed into the expected guide 

sequences. The recent study performed by Witteveldt and colleagues, which assessed the 

miRNA biogenesis pathway in response to the activation of the interferon response, 

demonstrated this response to prevent the microprocessor complex from binding to the pri-

miRNA constructs, which resulted in inefficient processing of these mimics into the expected 

guide sequences (Witteveldt et al., 2018). Therefore, the inefficient processing observed by 

the in vitro transcribed pri-miR-31/5 mimics described here could have been as a result of the 

activation of the interferon response. 

4.4. Safety of the in vitro transcribed pri-miR-31 mimics 

The safety of the in vitro transcribed pri-miR-31 mimics was determined by assessing the 

ability of these constructs to induce cellular cytotoxicity and activate the innate immune 

response.  

The ability of the in vitro transcribed pri-miR-31 mimics to induce cellular cytotoxicity was 

assessed in cultured mammalian cells by performing an MTT assay. Cellular cytotoxicity can 

be described as the damage caused to living cells due to a toxic agent which can lead to cell 

death due to the induced oxidative stress from the overproduction of reactive oxygen species 

(ROS) and nitric oxide (NO) [reviewed in (Zhang, 2018)]. Thus, it was crucial to examine 

whether the in vitro transcribed pri-miR-31 mimics could induce this effect. The results 

obtained from the MTT assay demonstrated that the cells remained viable after treatment with 

the in vitro transcribed pri-miR-31 mimics which indicated that these constructs did not 

induce cellular cytotoxicity.  

The ability of the in vitro transcribed pri-miR-31 mimics to activate the innate immune 

response was assessed in cultured mammalian cells by performing a dual-luciferase assay and 

by real-time RT-qPCR. The innate immune system detects foreign ssRNA and dsRNA 

molecules through the use of pattern recognition receptors (PRRs) such as toll-like receptors 

(TLRs) and retinoic acid inducible gene I like receptors (RLRs) which leads to the production 

of interferons (IFNs) and other cytokines (Kato et al., 2006; Heil et al., 2004; Alexopoulou et 

al., 2001). The interaction of these IFNs with their specific receptors promotes the activation 

of several signalling pathways that leads to the expression of IFN stimulated genes (ISGs) 

such as dsRNA-dependant protein kinase (PKR) and 2’-5’-oligoadenylate synthetase (OAS) 

which are essential in establishing an antiviral state for combating foreign invasion [reviewed 
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in (Schoggins, 2019)]. The activation of PKR phosphorylates the eukaryotic translation 

initiation factor 2α (eIF2α) which inhibits viral and host mRNA translation, and the activation 

of OAS leads to the cleavage activity of ribonuclease L (RNase L) which promotes viral and 

host mRNA degradation [reviewed in (Hovanessian, 2007)]. Therefore, since PKR and OAS 

have the potential to induce severe adverse effects within the host, it was crucial to determine 

whether the in vitro transcribed pri-miR-31 mimics were capable of activating the interferon 

response. The results obtained demonstrated the in vitro transcribed pri-miR-31 mimics to 

induce the interferon response however the interferon response was not activated in previous 

studies which assessed pri-miR-31 mimics that were endogenously expressed from expression 

cassettes (Ely et al., 2009, 2008). This could have been attributed to the difference in effects 

induced between the in vitro transcribed RNAs and the expression cassettes as exogenous 

RNA and DNA induce different responses during transfection. RNA and DNA that are 

exogenously expressed are internalised into host cells within vesicles that are formed through 

receptor mediated endocytosis [reviewed in (Ziello et al., 2010)]. These vesicles are then 

transported to early endosomes where in which the nucleic acids are released through a 

process of membrane fusion [reviewed in (Maxfield and McGraw, 2004)]. The early 

endosome then sorts the nucleic acids and accompanying receptors into those that will be 

directed out of the endosomal compartment or those that will remain [reviewed in (Maxfield 

and McGraw, 2004)]. The early endosome with the remaining molecules will mature into the 

late endosome and combine with a lysosome to form the endolysosome (Bright et al., 2016; 

Stoorvogel et al., 1991). The molecules within the endolysosomal compartment will then be 

degraded however some can escape and enter the cytoplasm (Bright et al., 2016). TLRs such 

as TLR3, TLR7 and TLR8 are present within the plasma membrane and endosomal 

compartment, and RLRs such as retinoic acid inducible gene I (RIG-I) and melanoma 

differentiation associated protein 5 (MDA5) are present within the cytoplasm [reviewed in 

(Kawai and Akira, 2009)]. In vitro transcribed RNAs and associated contaminating products 

can be recognised by these receptors during the transfection process and subsequently activate 

the interferon response [reviewed in (Mu and Hur, 2021)]. Expression cassettes are generally 

not recognised by PRRs and are able to be transcribed into complementary RNAs upon 

entering the nucleus. These complementary RNAs can then undergo the modification process 

to prevent the constructs from inducing the innate immune response [reviewed in (Karikó and 

Weissman, 2007)].  
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4.5. Chemical modifications 

The difference between endogenously expressed RNAs and in vitro transcribed RNAs is that  

both constructs undergo different modification processes [reviewed in (Karikó and Weissman, 

2007)]. RNAs that are endogenously expressed are composed of nucleotides of which some 

are naturally modified following transcription [reviewed in (Karikó and Weissman, 2007)]. 

These modifications prevent the RNA constructs from being recognised by PRRs and thus 

inhibits the activation of the innate immune response [reviewed in (Karikó and Weissman, 

2007)]. RNAs that are in vitro transcribed which do not contain modified nucleotides have 

been shown to induce immune stimulation and increase the production of contaminating 

products that are formed during the in vitro transcription process. However, the incorporation 

of chemically modified nucleotides within the in vitro transcribed RNAs during transcription 

has been demonstrated to reduce the generation of contaminating products and prevent the in 

vitro transcribed RNAs from being recognised by PRRs. Therefore, the incorporation of 

modified nucleotides during the in vitro transcription process is crucial to prevent these 

constructs from activating the innate immune response and inducing severe adverse effects. 

The most commonly used chemically modified nucleotides include pseudouridine (Ψ), N1-

methylpseudouridine (m1Ψ), 2-thiouridine (s2U), N6-methyladenosine (m6A) and 5-

methylcytidine (m5C). In vitro transcribed RNAs and their contaminating products activate 

PRRs such as RIG-I and TLR3 (which recognises the dsRNA) and TLR7 and TLR8 (which 

recognises the ssRNA), however the ability of these RNA constructs to bind to these receptors 

are prevented by the incorporation of s2U together with m5C (Kormann et al., 2011; Heil et 

al., 2004; Alexopoulou et al., 2001). Several other chemically modified nucleotides that have 

been incorporated, whether in combinations such as Ψ together with m5C or individually such 

as Ψ, m1Ψ, s2U, m6A or m5C, were also shown to reduce the activation of TLR3, TLR7 or 

TLR8, thus decreasing the immunogenicity of these in vitro transcribed RNA constructs 

(Andries et al., 2015; Karikó et al., 2005). In addition, the Ψ, m1Ψ or m5C chemically 

modified nucleotides were shown to alter the behaviour of the RNA polymerase such that the 

production of contaminating dsRNA was reduced [reviewed in (Mu and Hur, 2021)]. Several 

other methods have been assessed to reduce contaminating dsRNA, that can either be 

performed during or after in vitro transcription, however, incorporating chemically modified 

nucleotides during in vitro transcription and purifying the in vitro transcribed constructs 

thereafter, may prove to be a suitable method of reducing immunogenicity [reviewed in (Mu 

and Hur, 2021)]. Studies that have assessed in vitro transcribed RNAs after purification, by 

high performance liquid chromatography (HPLC) or cellulose based methods, have shown 



  

74 

 

that the constructs with unmodified nucleotides were more immunogenic as opposed to those 

that were modified with m1Ψ (Nelson et al., 2020; Baiersdörfer et al., 2019). 

These studies together demonstrate the importance of chemically modified nucleotides within 

in vitro transcribed RNA constructs. Thus, the incorporation of chemically modified 

nucleotides within the pri-miR-31 mimics and purification of these constructs, could possibly 

prevent the in vitro transcribed RNAs from activating the innate immune response. The 

activation of the interferon response has been shown by Witteveldt and colleagues to prevent 

the microprocessor complex from binding to pri-miRNA constructs resulting in inefficient 

processing of these mimics into the expected guide sequences (Witteveldt et al., 2018). 

Therefore, the prevention of the interferon response could possibly improve the processing 

efficiency of the in vitro transcribed pri-miR-31 mimics and subsequently increase the 

inhibitory effect of these constructs. 

4.6. Delivery 

The delivery of therapeutic genes into target cells remains a major challenge as there are 

various factors that impede the safety and efficiency of this process. The therapeutic genes are 

susceptible to endonucleases degradation, are prone to clearance and can interact with non-

specific targets [reviewed in (Weng et al., 2020)]. These constructs also possess an overall 

negative charge that inhibits cellular uptake and are limited in their ability to escape the 

endosomal membrane [reviewed in (Weng et al., 2020)]. Therefore, in an attempt to overcome 

these factors therapeutic genes are commonly delivered using vectors. 

The use of non-viral vectors has been extensively explored and these strategies can be 

categorised into physical and chemical based methods. The physical based methods include 

electroporation, microinjection, and gene gun approaches. The electroporation approach is the 

most commonly used physical technique for delivering in vitro transcribed RNA into target 

cells. This method involves applying electrical forces to the target cells in order to introduce 

pores within the cellular membrane to facilitate the entry of the therapeutic genes into the 

permeabilised cells [reviewed in (Herrero et al., 2017)]. This procedure has advanced to 

human clinical trials and has recently been introduced into various hospitals, however, there 

are several disadvantages associated with this approach [reviewed in (Heller and Heller, 

2015)]. These disadvantages include the possibility of pain, erythema, and discomfort at the 

sites of electroporation as well as extensive cell death from applying high voltages and 

increasing the pulse length in an attempt to improve the efficiency and specificity of this 

procedure [reviewed in (Lambricht et al., 2016)].  
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The chemical-based methods involve the use of nanocarriers such as lipids, polymers, and 

peptides. These chemical nanocarriers can protect the nucleic acids from degradation, prevent 

clearance, promote specific delivery, improve uptake, and enhance endosomal escape. Lipid 

based nanocarriers include liposomes and lipid nanoparticles. Cationic liposomes are the most 

commonly used non-viral chemical vectors for delivering in vitro transcribed RNA into target 

cells. These molecules consist of an outer bilayer membrane and an aqueous core [reviewed in 

(Balazs and Godbey, 2010)]. The membrane is usually composed of positively and neutrally 

charged lipids containing hydrophilic heads and hydrophobic tails [reviewed in (Balazs and 

Godbey, 2010)]. This allows the negatively charged nucleic acids within the aqueous layer to 

bind to the positively charged heads and form the structure that provides the nucleic acids 

within the aqueous core protection against external nucleases [reviewed in (Balazs and 

Godbey, 2010)]. The positively charged lipids that are the most frequently used to construct 

these cationic liposomes include N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium 

chloride (DOTMA) and 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) (Holmen et 

al., 1995; Malone et al., 1989). These cationic lipids in combination with neutrally charged 

helper lipids such as 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), polyethylene 

glycol (PEG) and cholesterol have the potential to improve the delivery process. DOPE 

enables efficient endosomal escape by modifying the membrane of the cationic liposome 

under acidic conditions to allow fusion with the endosomal membrane (Koltover et al., 1998). 

PEG improves circulation time and prevents unintentional binding [reviewed in (Suk et al., 

2016)]. Cholesterol increases stability by regulating the lipid membrane (Briuglia et al., 

2015). The disadvantage of using cationic liposomes is that these molecules possess a 

constant positive charge which has the potential to induce severe toxicity (Andrade et al., 

2022). Therefore, ionisable lipid nanoparticles were recently developed as a safer approach. 

Ionisable lipids are neutrally charged under physiological conditions and positively charged 

under acidic conditions to enable efficient escape from the endosomal membrane [reviewed in 

(Hou et al., 2021)]. Ionisable lipid nanoparticles consist of an outer lipid membrane and an 

electron-dense core which contains inner lipid structures that enclose the nucleic acids 

[reviewed in (Hald Albertsen et al., 2022)]. These molecules are usually composed of 

ionisable lipids, phosphatidylcholine, PEG, and cholesterol [reviewed in (Hou et al., 2021)]. 

The ionisable lipids that are the most frequently used to construct these lipid nanoparticles 

include 1,2-dioleyloxy-N,N-dimethyl-3-aminopropane (DODMA) and 1,2-dioleoyl-3-

dimethylammoniumpropane (DODAP) [reviewed in (Hald Albertsen et al., 2022)]. These 

carriers can be engineered to target liver cells (Kim et al., 2021). Therefore, the use of 
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ionisable lipids to deliver the in vitro transcribed pri-miR-31 mimics has the potential to 

improve transfection efficiency and replication inhibition. 

4.7. Off-target effects 

The use of RNAi activators has the potential of causing off-target effects which may lead to 

the incidence of severe adverse events. The potential of causing off-target effects may be 

especially influenced by non-specific silencing, activation of the innate immune response and 

oversaturation of the miRNA pathway (Galka-Marciniak et al., 2016; Grimm et al., 2006; 

Judge et al., 2005). The off-target effects caused by non-specific silencing are primarily due to 

the improper processing of the RNAi activators into their intended guide sequence. The pri-

miRNA mimic contains a pri-miRNA scaffold and a miRNA insert. The mimic is designed to 

be processed into a miRNA duplex of which the passenger is released, and the guide strand 

remains within RISC to target specific mRNA sequences, however improper processing of the 

pri-miRNA mimic can cause non-specific mRNA sequences to be recognised. The generation 

of miRNA duplexes with heterogenous seed regions can lead to non-specific mRNA 

suppression as only a few nucleotides within the seed region of the guide strand are required 

to bind to the 3’ UTR of an mRNA transcript to mediate silencing [reviewed in (Bartel, 

2009)]. The release of the guide strand instead of the passenger strand can also lead to non-

specific mRNA suppression due to the passenger strand having a lower thermodynamic 

stability at the 5’ end, causing the passenger strand to remain within RISC and target 

unintentional mRNA sequences (Khvorova et al., 2003; Schwarz et al., 2003). These non-

specific effects can be prevented by directing the RNAi activators to the target tissues to 

inhibit these constructs from interacting with unintentional mRNA sequences and by 

designing the passenger strand with a higher thermodynamic stability at the 5’ end to avoid 

incorrect strand loading. The off-target effects caused by activation of the innate immune 

response occurs as a result of PRRs recognising the exogenous RNAi activators and 

subsequently activating the innate immune response. This can be prevented by incorporating 

chemically modified nucleotides within the RNAi activators prior to transfection [reviewed in 

(Karikó and Weissman, 2007)]. The off-target effects induced by oversaturation of the 

miRNA pathway are primarily due to the limited capacity of Exportin-5 which causes both 

RNAi activators and naturally occurring miRNAs to compete for processing (Grimm et al., 

2006). This is not a concern however with the use of exogenous RNAs as the dosage can be 

easily controlled. Therefore, the potential of the in vitro transcribed pri-miR-31 mimics to 

induce off-target effects could be reduced by preventing non-specific silencing, and inhibiting 
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the activation of the innate immune response, which could possibly improve the silencing 

efficiency of these constructs.  

4.8. Conclusion 

This study demonstrated the in vitro transcribed pri-miR-31 mimics to modestly inhibit viral 

replication, however these constructs were also shown to induce non-specific silencing, 

activate the interferon response, and were inefficiently processed into the expected guide 

sequences. Nevertheless, improvements can be made to the system to promote safe and 

efficient gene silencing. The modest inhibition demonstrated by these constructs could have 

been attributed to inefficient processing due to the activation of the interferon response and 

limited trafficking of the pri-miR-31 mimics into the nucleus. The use of chemically modified 

nucleotides and employing pre-miRNA which do not need to enter the nucleus may improve 

the safety and efficacy of these constructs. Therefore, this study demonstrated the potential of 

the in vitro transcribed miRNA mimics in inhibiting HBV, however improvements to the 

system could increase viral replication inhibition and reduce the immunogenicity of these 

constructs.  
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CHAPTER 5 

5. APPENDIX 

5.1. Preparation, transformation, and propagation of chemically competent E. coli 

Reagents: 

Luria Bertani medium 

Five grams of yeast extract, 10 g of tryptone and 5 g of NaCl was dissolved in 1 L of distilled 

water. The solution was then autoclaved for 20 minutes at 121°C and 1 kg/cm2 and stored at 

room temperature.  

Transformation buffer 

Thirty millilitres of glycerol (15%), 2.9404 g of CaCl2.2H2O (100 mM) and 0.6048 g of 

PIPES (10 mM) was added to 150 ml of distilled water. The pH was adjusted to 7.0 with 

NaOH and distilled water was added to a final volume of 200 ml. The solution was 

autoclaved for 20 minutes at 121°C and 1 kg/cm2 and stored at -20°C.  

1000× ampicillin stock  

One gram of ampicillin was dissolved in 5 ml of distilled water with 5 ml of absolute ethanol 

and stored at -20°C.  

Ampicillin positive Luria Bertani agar plates 

Five grams of yeast extract, 10 g of tryptone, 5 g of NaCl and 10 g of agar was dissolved in 1 

L of distilled water. The solution was autoclaved for 20 minutes at 121°C and 1 kg/cm2 and 

left to cool to approximately 50°C. Thereafter, 1 ml of ampicillin (1000×) was added, and the 

agar solution was poured into petri dishes. The plates were left to solidify at room temperature 

before the plates were stored at 4°C. 

IPTG (isopropyl-β-D-thiogalactopyranosid) stock (100 mg/ml) 

Ten millilitres of distilled water was used to dissolve 200 mg of IPTG. The solution was then 

filter sterilised with a 0.22 µm syringe filter and stored at -20ºC. 

X-gal (5-bromo-4-chloro-3-indolyl-βD-galactopyranoside) stock (20 mg/ml) 

Two hundred milligrams of X-gal was added to 10 ml of dimethylformamide and stored at -

20 ºC covered in aluminium foil. 

Protocols: 

Bacterial pre-culture was prepared by inoculating 4 μl of E. coli stock into 4 ml of Luria 

Bertani medium and incubating the cell suspension overnight at 37°C with shaking at 150 

rpm. Sub-cultures were then produced by transferring each half of the pre-culture into 100 ml 



  

79 

 

of Luria Bertani medium and incubating the cell suspension at 37°C with shaking at 150 rpm 

for 4 hours.  

Two hundred millilitres of E. coli sub-culture were then split equally into four 50 ml 

centrifuge tubes and centrifuged at 4 000 rpm for 30 minutes at 4°C. Thereafter, the 

supernatants were discarded, and each pellet was resuspended in 15 ml of transformation 

buffer. The mixtures were then placed on ice for 30 minutes and centrifuged at 2 500 rpm for 

15 minutes at 4°C. Following centrifugation, each pellet was resuspended in 1 ml of 

transformation buffer. The resuspensions containing the chemically competent E. coli were 

then combined and aliquoted into 200 μl volumes. These aliquots were then stored at -80°C 

and thawed on ice before use. 

Plasmid DNA was added to chemically competent E. coli and incubated on ice for 25 

minutes. Following incubation, the cells were heat shocked at 42°C for 90 seconds and placed 

on ice for a further 5 minutes. The transformed E. coli were then spread evenly on pre-

warmed ampicillin positive Luria Bertani agar plates (100 µg/ml) and placed upside down in a 

bacteriological incubator overnight at 37°C.  

Selected colonies were each inoculated into Luria Bertani medium supplemented with 

ampicillin (100 µg/ml) and incubated overnight at 37℃ with shaking at 150 rpm. 

5.2. DNA purification and analysis 

Reagents: 

Buffer P1 (Resuspension buffer) 

To prepare buffer P1, 3.72 g of Na2EDTA.2H2O and 6.06 g of Tris base was added to 800 ml 

of distilled water. The pH was adjusted to 8.0 with HCl and distilled water was added to a 

final volume of 1 L. The solution was then autoclaved for 20 minutes at 121°C and 1 kg/cm2. 

Thereafter, 100 mg of RNase was added, and the buffer was stored at 4°C. 

Buffer P2 (Lysis solution) 

Five hundred millilitres of distilled water was used to dissolve 8 grams of NaOH pellets. 

Thereafter, 10 g of SDS was added and the solution was made to a final volume of 1 L with 

distilled water. The buffer was then stored at room temperature. 

Buffer P3 (Neutralising solution) 

To prepare buffer P3, 294.5 g of potassium acetate was added to 500 ml of distilled water. 

The pH was adjusted to 5.5 with acetic acid and distilled water was added to a final volume of 

1 L. The solution was then stored at 4°C. 
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Buffer QBT (Equilibration buffer) 

Eight hundred millilitres of distilled water was added to 43.83 g of NaCl and 10.46 g of 

MOPS. The pH was adjusted to 7.0 with NaOH and 150 ml of isopropanol was added. 

Thereafter, 15 ml of Triton-X solution (10%) was added, and the solution was made to a final 

volume of 1 L with distilled water. The buffer was then stored at room temperature. 

Buffer QC (Wash buffer) 

To prepare buffer QC, 58.44 g of NaCl and 10.46 g of MOPS was dissolved in 800 ml of 

distilled water. The pH was adjusted to 7.0 with NaOH and 150 ml of isopropanol was added. 

Thereafter, distilled water was added to a final volume of 1 L and the solution was stored at 

room temperature.  

Buffer QF (Wash buffer) 

To prepare buffer QF, 73.05 g of NaCl and 6.06 g of Tris base was dissolved in 800 ml of 

distilled water. The pH was adjusted to 8.5 with HCl and 150 ml of isopropanol was added. 

Thereafter, distilled water was added to a final volume of 1 L and the solution was stored at 

room temperature.  

50× TAE running buffer 

Two hundred and forty-two grams of Tris base, 100 ml of EDTA (0.5 M) and 57.1 ml of 

glacial acetic acid was added to distilled water. The pH was adjusted to 8.0 and distilled water 

was added to a final volume of 1 L. The solution was then stored at room temperature.  

Protocols: 

5.2.1. Large scale plasmid DNA purification 

Large scale plasmid purifications were performed using the QIAGEN® Plasmid Maxi Kit 

(Qiagen, Germany) according to the manufacturer’s instructions with minor adjustments. 

Briefly, the bacterial culture was centrifuged at 5 000 ×g for 15 minutes at 4°C, the 

supernatant was discarded, and the bacterial pellet was resuspended in 10 ml of buffer P1. 

Thereafter, 10 ml of buffer P2 was added, and the solution was mixed by inverting six times. 

The solution was then incubated at room temperature for 5 minutes and 10 ml of prechilled 

buffer P3 was added. After mixing by inverting, the solution was left to incubate on ice for 20 

minutes before it was centrifuged at 4 000 rpm for 20 minutes at 4°C. To equilibrate the 

Qiagen-tip 500 column (Qiagen, NW, DE), 10 ml of buffer QBT was added and allowed to 

empty with gravity. The supernatant was applied to the equilibrated tip and allowed to move 

through the resin of the column by gravity flow. Thereafter, the column was washed by 

adding 30 ml of buffer QC twice and allowing it to empty to the action of gravity. The 
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column was transferred to a clean vessel and 15 ml of buffer QF was added to elute the DNA. 

The eluted DNA was then mixed with 10.5 ml of isopropanol and centrifuged at 4 000 rpm 

for 60 minutes at 4°C. Next, the pellet was washed with 5 ml of 70% ethanol and centrifuged 

at 15 000 ×g for 10 minutes. The supernatant was discarded, and the pellet was centrifuged 

for a further 5 minutes. The remaining ethanol was removed, and the pellet was left to air dry 

for 5 minutes before it was resuspended in 200 μl of sterile water and stored at -20°C. The 

concentration of the plasmid DNA was determined by spectrophotometry. 

5.2.2. Small scale plasmid DNA purification 

Small scale plasmid purifications were performed using the EconoSpinTM All-in-One Mini 

Spin Columns (Epoch Life Science, TX, US) according to the manufacturer’s instructions. 

Ten millilitres of bacterial culture was centrifuged at 2 000 rpm for 15 minutes and the pellet 

was resuspended in 250 µl of buffer P1. Thereafter, 250 µl of buffer P2 was added and the 

solution was mixed by inverting six times. The solution was then incubated at room 

temperature for 5 minutes before 350 µl of buffer P3 was added. After mixing, the solution 

was centrifuged at 12 000 rpm for 10 minutes. The supernatant was then added to the 

EconoSpinTM All-in-One Mini Spin Column (Epoch Life Science, TX, US) and centrifuged at 

4 000 rpm for 1 minute. Thereafter, the flow-through was discarded and 500 µl of WS buffer 

was added to the column and centrifuged at 12 000 rpm for 1 minute. This was repeated and 

the flow-through was discarded. The column was then centrifuged for a further 2 minutes to 

remove the residual ethanol. Following centrifugation, the flow-through was discarded and 

the column was transferred to a sterile 1.5 ml microcentrifuge tube. To elute the DNA, 50 µl 

of distilled water was added onto the membrane of the column and allowed to stand for 5 

minutes. The tube was centrifuged at 12 000 ×g for 1 minute and the eluted DNA was stored 

at -20℃. The concentration of the plasmid DNA was then determined by spectrophotometry. 

5.2.3. Small scale high yield plasmid DNA purification 

Small scale high yield plasmid purifications were performed without the use of purification 

columns. Briefly, the bacterial culture was centrifuged at 4 000 rpm for 15 minutes and the 

resulting pellet was resuspended in 300 µl of buffer P1. The cell resuspension was then 

transferred to a sterile microcentrifuge tube where 300 µl of buffer P2 was added and mixed 

by inverting. The microcentrifuge tube was then left to incubate at room temperature for 5 

minutes before 300 µl of buffer P3 was added. Thereafter, the solution was mixed by 

inverting and centrifuged at 12 000 rpm for 10 minutes. The supernatant was then transferred 

to a sterile microcentrifuge tube and an equal volume (~900 µl) of isopropanol was added. 

Thereafter, the solution was mixed by inverting and left to incubate at -20ºC for 30 minutes 
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before it was centrifuged at 12 000 rpm for 30 minutes. Following centrifugation, the 

supernatant was discarded, and the residual liquid was removed. The pellet was left to air dry 

for 2 minutes before it was resuspended in 100 µl of sterile water. The concentration was then 

determined by spectrophotometry and the plasmid DNA was stored at -20℃. 

5.2.4. Restriction enzyme digestion 

Restriction enzyme digestions were performed using endonucleases acquired from Thermo 

Fisher Scientific and New England Biolabs according to the manufacturers’ instructions. 

5.2.5. Agarose gel electrophoresis  

The desired gel percentage in weight of agarose powder (Lonza, Rockland, US) (1% agarose 

gel = 1 g of agarose powder) was heated in a microwave for 5 minutes with 100 ml of 1× 

TAE running buffer until the agarose completely dissolved. The agarose gel solution was left 

to cool to approximately 50°C before 2 μl of ethidium bromide was added. Thereafter, the 

mixture was slowly swirled and poured into a casting tray with an appropriate gel comb. The 

gel was then left to solidify for approximately 20 minutes before it was placed into an 

electrophoresis tank and submerged with 1× TAE running buffer. The samples were prepared 

by adding the appropriate concentration of plasmid DNA and 6× loading dye (Thermo Fisher 

Scientific, MA, USA) to a final concentration of 1× with sterile water. The prepared samples 

were then loaded into the wells of the agarose gel alongside an appropriate DNA ladder. The 

gel was left to run at 100 V for 45-90 minutes before it was visualised using the Omega Fluor 

TM gel imaging system (Aplegen, CA, US). 

5.2.6. DNA fragment purification 

Agarose gel purification to isolate and purify DNA fragments of interest was performed using 

the MinElute Gel Extraction solutions and protocol (Qiagen, Germany) according to the 

manufacturer’s instructions, however, with minor adjustments, and Econospin columns 

(Epoch Life Science, TX, US). The DNA fragment of interest was excised from the agarose 

gel and weighed in a sterile microcentrifuge tube (100 mg of gel = 1 volume or 100 µl). 

Thereafter, 3 volumes of buffer QG was added to 1 volume of gel and incubated at 50℃ for 

10 minutes. Following incubation, 1 volume of isopropanol was added to the dissolved gel, 

and the solution was briefly mixed by inverting. The solution was then transferred to a 

MinElute column that was placed in a collection tube. The tube was centrifuged at 12 400 rpm 

for 1 minute at room temperature and the flow-through was discarded. Thereafter, 500 μl of 

buffer QG was added to the column and the tube was centrifuged at 12 400 rpm for 1 minute. 

The flow-through was then discarded and 750 µl of buffer PE was added to the column before 

the tube was centrifuged at 12 400 rpm for 1 minute. Following centrifugation, the flow-
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through was discarded and the column was centrifuged for an additional 1 minute to remove 

the excess buffer. The column was then transferred to a sterile 1.5 ml microcentrifuge tube 

and 20 µl of buffer EB was added. The column was left to stand for 5 minutes before it was 

centrifuged at 12 400 rpm for 1 minute to elute the DNA.  

PCR products were purified by adding a 3:1 volume of buffer QG and a 1:1 volume of 

isopropanol and transferring the mixture to a MinElute column that was placed in a collection 

tube. The rest of the method was continued as above from the first centrifugation step. 

5.2.7. Ethanol precipitation 

Sodium acetate (3 M NaOAc, pH 5.2) was added to the DNA suspension to a final 

concentration of 0.3 M with water. Thereafter, 2.5× volume of 100% ethanol was added, and 

the solution was incubated at -20 ºC for 30 minutes. The solution was then centrifuged at 

12 000 rpm for 30 minutes at 4 ºC before the supernatant was removed. The remaining pellet 

was resuspended in 500 µl of 70% ethanol and centrifuged at 12 000 rpm for 5 minutes at 4 

ºC before the supernatant was removed. The pellet was then left to air-dry for 5 minutes 

before it was resuspended in an appropriate volume of sterile water. 

5.3. RNA synthesis, purification, and analysis 

Reagents: 

10× MOPS buffer 

One hundred and forty-six grams of EDTA, 41.85 g of MOPS and 4.10 g of NaAc was 

dissolved in 400 ml of distilled water. The pH was adjusted to 7 with 10 M of NaOH and 

distilled water was added to a final volume of 500 ml. The solution was then autoclaved for 

20 minutes at 121°C and 1 kg/cm2 and stored at room temperature covered in aluminium foil. 

Protocols: 

5.3.1. Lithium chloride precipitation 

Lithium chloride precipitation solution (7.5 M LiCl, 50 mM EDTA) was added to the RNA 

suspension to a final concentration of 2.5 M with nuclease-free water. The mixture was then 

chilled at -20ºC for either 30 minutes or overnight before it was centrifuged at 14 000 ×g for 

15 minutes. Thereafter, the pellet was washed with 70% ethanol and centrifuged for an 

additional 5 minutes. The residual ethanol was removed, and the pellet was air-dried before 

being resuspended in an appropriate volume of nuclease-free water.  

5.4. Tissue culture 

Reagents: 

1000× pen/strep (100 000 U/ml; 100 000 µg/ml) 
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To prepare the solution, 0.9 g of penicillin and 1.5 g of streptomycin was dissolved in 15 ml 

of PBS. The solution was filter sterilised and stored in 0.5 ml aliquots at -20 ºC. 

200× HEPES (1 M) 

The solution was prepared by dissolving 11.92 g of HEPES in 25 ml of distilled water. 

Thereafter, the solution was filter sterilised and stored in 500 µl aliquots at -20ºC. 

1000× Insulin (5 mg/ml) 

Twenty-five milligrams of insulin (Life Technologies, CA, US) was added to 5 ml of HCl (5 

mM) and filter sterilised. The solution was stored in 500 µl aliquots at -20ºC. 

1000× Hydrocortisone (50 mM) 

The solution was prepared by dissolving 0.18 g of hydrocortisone in 10 ml of methanol. 

Thereafter, the solution was filter sterilised and stored in 500 µl aliquots at 4ºC. 

1000× G418 (Geneticin) (400 mg/ml) 

Five grams of G418 (Life Technologies, CA, US) was dissolved in 8.99 ml of PBS and filter 

sterilised. The solution was stored in 500 µl aliquots at 4ºC. 

Saline-EDTA solution (0.01% EDTA) 

The solution was prepared by adding 1 ml of filter sterilised 10% EDTA to 1 litre of saline.  

DMEM stock 

Five sachets of DMEM high glucose powder (Life Technologies, CA, US) was dissolved with 

18.5 g of NaHCO3 in 4705 ml of sterile water, and then adjusted to a pH of 6.7-6.8. The 

solution was filter sterilised into 500 ml bottles using the Pall VacuCap 90 PF (PALL Life 

Sciences, NY, USA) vacuum filtration device and incubated overnight at 37ºC to observe 

contamination. The DMEM stock solution was stored at 4ºC. 

Complete DMEM  

To make 500 ml, 0.5 ml of 1000× pen/strep was added to 50 ml of FBS (Sigma, SL, USA) 

and filter sterilised (0.22 µm filter) into 449.5 ml of DMEM stock. The complete DMEM 

solution was stored at 4ºC. 

Complete DMEM/F12  

To make 500 ml, 2.5 ml of 200× HEPES, 1 ml of 1000× pen/strep, 500 µl 1000× 

hydrocortisone, 500 µl 1000× insulin and 500 µl 1000× G418 was added to 50 ml of FBS 

(Sigma, SL, USA) and filter sterilised (0.22 µm filter) into 442.5 ml of DMEM/F12 (Life 

Technologies, CA, US). The complete DMEM/F12 solution was stored at 4ºC. 
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5.5. Northern blot hybridisation 

Reagents: 

10× TBE buffer 

Fifty-five grams of Boric acid and 108 g of Tris Base was dissolved in 900 ml of DEPC 

water. Thereafter, 40 ml of 0.5 M EDTA was added, and the solution was adjusted to a pH of 

8.0. The solution was then autoclaved for 20 minutes at 121°C and 1 kg/cm2 and stored at 

room temperature. 

10% APS (Ammonium persulphate solution) 

The solution was prepared by dissolving 0.1g of ammonium persulfate in 1 ml of sterile 

water. 

20× SSC buffer (Saline-sodium citrate buffer) 

To prepare 500 ml, 87.66 g of sodium chloride and 44.11 g of sodium citrate was dissolved in 

400 ml of distilled water. The solution was adjusted to a pH of 7.0 with HCl and made to a 

final volume of 500 ml with distilled water. Thereafter, the solution was autoclaved for 20 

minutes at 121°C and 1 kg/cm2 and stored at room temperature.  

10% SLS buffer (Sodium lauryl sulphate buffer) 

Fifty grams of sodium lauryl sulphate was dissolved in distilled water to a final volume of 500 

ml and stored at room temperature.  

Low stringency wash buffer 

To prepare 70 ml, 37.5 ml of distilled water, 7.5 ml of 20× SSC buffer and 0.75 ml of 10% 

SLS buffer was added in order and made to a final volume of 75 ml with distilled water. 

High stringency wash buffer 

To prepare 50 ml, 25 ml of distilled water, 1.25 ml of 20× SSC buffer and 0.5 ml of 10% SLS 

buffer was added in order and made to a final volume of 75 ml with distilled water. 
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5.6. Supplementary figures 

 

 

 

Figure S1: pmRNA-CMV-pA plasmid map. The pmRNA-CMV-pA plasmid has a T7 

promoter, a 5’ UTR, a Kozak sequence, an HA tag and a 3’ UTR with a poly(A) site for the 

expression of in vitro transcribed RNA. It also has a CMV promoter and a pA signal flanking 

these sequences to allow expression of the transgene directly from the plasmid. BshNI, 

Alw44I, SacI, ApaI and BpiI enzyme cleavage sites are indicated on the plasmid map. BshNI 

has five cleavage sites, Alw44I has three cleavage sites, SacI cleaves before the T7 promoter, 

ApaI cleaves at the start of the 3’ UTR and BpiI cuts within the poly(A) sequence and is used 

for linearisation. The plasmid map was created using SnapGene®. 
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Figure S2: Generation of the double-stranded insert. The double-stranded insert was generated in two separate PCR extension reactions with 

F1, R1, F2 and R2 oligonucleotides as primers. (a) The amplicons from the first PCR were resolved on a 2% agarose gel. Lane 1: 1 kb plus DNA 

ladder (New England Biolabs, MA, US). Lane 2: control which excluded the R1 primer. Lane 3: control which excluded the F1 primer. Lanes 4 

and 5: PCR products which contained the F1 and R1 primers. (b) The amplicons from the first PCR were purified and visualised on a 2% agarose 

gel to assess the integrity of the purified constructs. Lane 1: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lanes 2 and 3: purified 

products from the first PCR. (c) The amplicons from the first PCR were used as templates in the second reaction and the resulting products were 

resolved on a 2% agarose gel. Lane 1: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lane 2: no template control which excluded the 

PCR products from the first PCR. Lanes 3 and 4: PCR products from the second PCR which contained the F2 and R2 primers. 
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Figure S3: pG-insert plasmid maps. The pG-insert plasmid maps were generated by joining the pGEM®-T Easy vector with the generated insert in 

the forward orientation to create the pG-insert-F map and in the reverse orientation to create the pG-insert-R map. PvuII, ApaI, SacI, and PstI enzyme 

cleavage sites are indicated on the plasmid maps. The plasmid maps were created using SnapGene®. 
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Figure S4: Screening for pG-insert positive clones after the purified insert was ligated into pGEM®-T Easy vector. The purified insert was 

ligated into the pGEM®-T Easy vector, and the subsequent pG-insert clones were screened with (a) PvuII on a 1% agarose gel and (b) SacI and 

ApaI on a 1% agarose gel. (a) and (b) The red cross indicates the clones with the incorrect banding pattern. Lane 1: 1 kb plus DNA ladder (New 

England Biolabs, MA, US). (a) Lane 2: no insert control plasmid digested with PvuII. Lanes 3 to 8: clones digested with PvuII. (b) Lanes 2 to 9: 

clones digested with SacI and ApaI. Lane 10: no insert control plasmid digested with SacI and ApaI. The asterisk indicates the fragments that 

were not visible on the gel which was likely due to the extended electrophoresis run time that may have caused these bands to fade and disappear 

completely. 
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Figure S5: Sequencing analysis of the insert region of clone 5 and 6. Sequence alignment 

comparing the chromatography data obtained from clones 5 and 6 to the pG-insert-R plasmid 

map. Sequencing was performed from the M13 forward primer. The sequences highlighted in 

pink indicate the insert. The sequences highlighted in grey and teal within the insert sequences 

indicate the ApaI and SacI restriction sites respectively. The letters highlighted in green 

indicate the ambiguous bases with a signal of the correct base whereas the letters highlighted 

in red indicate the ambiguous bases without a signal of the correct base.  
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Figure S6: Screening of clone 5 and clone 6 using ApaI and PstI to ensure recognition of the ApaI cleavage site after propagation and 

purification. Confirmed positive pG-insert-R clones were screened with ApaI and PstI simultaneously on a 2% agarose gel to ensure recognition 

of the ApaI cleavage site (a) Lane 1: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lane 2: clone 5 digested with ApaI and PstI. Lane 

3: clone 6 digested with ApaI and PstI. (b) Clones 5 and 6 were propagated, purified, and screened by restriction enzyme digestion on a 2% 

agarose gel.  Lane 1: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lane 2: clone 5 digested with ApaI and SacI. Lane 3: clone 6 

digested with ApaI and SacI. Lane 4: clone 5 digested with PuvII. Lane 5: clone 6 digested with PuvII. 
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Figure S7: Restriction enzyme digestion of clone 5 using ApaI and SacI to separate the insert from the pG-insert-R vector. Clone 5 was 

digested with ApaI and SacI simultaneously to separate the insert from the vector and to create overhangs that were compatible with the 

overhangs of the pmRNA-CMV-pA plasmid backbone. The fragments were run on a 2% agarose gel. Lane 1: 1 kb plus DNA ladder (New 

England Biolabs, MA, US).  Lanes 2 to 8: clone 5 digested with ApaI and SacI. The band of interest which denoted the 103 bp insert was 

indicated with the arrow.  
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Figure S8: pmRNA-CMV-T7-pA plasmid map. The pmRNA-CMV-T7-pA plasmid map 

was generated by joining the pmRNA-CMV-pA backbone sequence with the generated insert 

sequence. BshNI, BglI, SacI, NheI, XbaI, SalI, ApaI and BpiI enzyme cleavage sites are 

indicated on the plasmid map. The plasmid map was created using SnapGene®. 
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Figure S9: pmRNA-CMV-T7-pA clones screened with BshNI. The isolated insert was ligated into the pmRNA-CMV-pA backbone to create 

the pmRNA-CMV-T7-pA plasmid and the subsequent clones were screened with BshNI on a 1% agarose gel. Lane 1 and 15: 1 kb plus DNA 

ladder (New England Biolabs, MA, US). Lane 2: pmRNA-CMV-pA plasmid digested with BshNI. Lanes 3 to 14: clones digested with BshNI. 



  

95 

 

 

 

Figure S10: pmRNA-CMV-T7-pA clones digested with SalI and NheI. The isolated insert was ligated into the pmRNA-CMV-pA backbone 

to create the pmRNA-CMV-T7-pA plasmid and the subsequent clones were digested with SalI and NheI separately to ensure that the enzymes 

were able to recognise these restriction sites. Lane 1: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lane 5 to 7: clones digested with 

SalI. Lanes 11 to 13: clones digested with NheI. Lanes 2 to 4 and 8 to 10: undigested controls. 
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Figure S11: pmRNA-CMV-T7-pA clones screened with BshNI and BglI separately and 

SacI and ApaI simultaneously. The pmRNA-CMV-T7-pA clones were screened with BshNI 

and BglI separately and ApaI and SacI simultaneously. Lane 1: 1 kb plus DNA ladder (New 

England Biolabs, MA, US). Lane 2: pmRNA-CMV-pA plasmid digested with BshNI. Lanes 3 

to 5: clones digested with BshNI. Lane 6: pmRNA-CMV-pA plasmid digested with BglI. 

Lanes 7 to 9: clones digested with BglI. Lane 10: pmRNA-CMV-pA plasmid digested with 

ApaI and SacI. Lanes 11 to 13: clones digested with ApaI and SacI. The asterisk indicates the 

fragments that were not visible on the gel which was likely due to the extended 

electrophoresis run time that may have caused these bands to fade and disappear completely. 
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Figure S12: pmRNA-CMV-T7-pA clones screened with SalI and NheI separately. The 

pmRNA-CMV-T7-pA clones were screened with NheI and SalI. Lane 1: 1 kb plus DNA 

ladder (New England Biolabs, MA, US). Lane 2: pmRNA-CMV-pA plasmid digested with 

SalI. Lanes 3 to 5: clones digested with SalI. Lanes 6: pmRNA-CMV-pA plasmid digested 

with NheI. Lanes 7 to 9: clones digested with NheI.  
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Figure S13: Identification of the pCMV-pri-miR-31 plasmids. The pCMV-pri-miR-31/5, 

pCMV-pri-miR-31/8, pCMV-pri-miR-31/9, pCMV-pri-miR-31/589 and pCMV-pri-miR-

31/895 plasmids were screened with NcoI and FspI separately to confirm the identity of the 

plasmids. Lane 1: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lanes 2 to11:  

pCMV-pri-miR-31 plasmids digested with NcoI and FspI separately. 
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Figure S14: Sequencing analysis of the pri-miR-31 encoding region of the monomeric pCMV-pri-miR-31 expression vectors. Sequence 

alignment comparing the chromatography data obtained to the respective pCMV-pri-miR-31 plasmid maps. Sequencing was performed in the 

forward direction from the T7 promoter and in the reverse direction from the T3 promoter. The chromatography data obtained from the T3 

promoters were reverse complemented. The sequences highlighted in pink indicate the pri-miR-31 encoding regions. The sequences highlighted 

in grey and teal indicate the NheI and SalI restriction sites respectively. The letters highlighted in green indicate the ambiguous bases with a 

signal of the correct base whereas the letters highlighted in red indicate the ambiguous bases without a signal of the correct base.  
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Figure S15: Sequencing analysis of the pri-miR-31 encoding region of the trimeric pCMV-pri-miR-31 expression vectors. Sequence 

alignment comparing the chromatography data obtained to the respective pCMV-pri-miR-31 plasmid maps. Sequencing was performed in the 

forward direction from the T7 promoter and in the reverse direction from the T3 promoter. The chromatography data obtained from the T3 

promoters were reverse complemented. The sequences highlighted in pink indicate the pri-miR-31 encoding regions. The sequences highlighted 

in grey and teal indicate the NheI and SalI restriction sites respectively. The letters highlighted in green indicate the ambiguous bases with a 

signal of the correct base whereas the letters highlighted in red indicate the ambiguous bases without a signal of the correct base.  
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Figure S16: pmRNA-CMV-T7-pA and pCMV-pri-miR-31 plasmids digested with NheI. 

The pmRNA-CMV-T7-pA and pCMV-pri-miR-31 plasmids were digested with NheI and 

purified by ethanol precipitation before the fragments were visualised on a 1% agarose gel to 

assess the integrity of the constructs. Lane 1: 1 kb plus DNA ladder (New England Biolabs, 

MA, US). Lanes 2 to 6: NheI digested pCMV-pri-miR-31 plasmids after purification. Lane 7: 

NheI digested pmRNA-CMV-T7-pA plasmid after purification. 
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Figure S17: pCMV-pri-miR-31 monomeric expression vectors after digestion with NheI and SalI. The pCMV-pri-miR-31 monomeric 

expression vectors were visualised on a 1% agarose gel after digestion with NheI and SalI. Lane 1: 1 kb plus DNA ladder (New England Biolabs, 

MA, US). Lanes 2 to 13: pCMV-pri-miR-31 plasmids after digestion with NheI and SalI. The arrow indicates the bands of interest that contain 

the respective pri-miR-31 sequences. The unexpected bands may have been a result of star activity. 
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Figure S18: pCMV-pri-miR-31 trimeric expression vectors and pmRNA-CMV-T7-pA plasmid after digestion with NheI and SalI. The 

pCMV-pri-miR-31 trimeric expression vectors and pmRNA-CMV-T7-pA plasmid were visualised on a 1% agarose gel after digestion with NheI 

and SalI. Lane 1: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lanes 2 to 9: pCMV-pri-miR-31 plasmids after digestion with NheI 

and SalI. Lane 10 to 13: pmRNA-CMV-T7-pA plasmid after digestion with NheI and SalI. The single lined arrow indicates the bands of interest 

that contain the respective pri-miR-31 sequences. The double lined arrow indicates the bands of interest that contain the pmRNA-CMV-T7-pA 

plasmid with NheI and SalI overhangs. The unexpected bands may have been a result of star activity. The asterisk indicates the fragments that 

were not visible on the gel which was likely due to the extended electrophoresis run time that may have caused these bands to fade and disappear 

completely. 
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Figure S19: Schematic representation of the pT7-pri-miR-31 expression vectors. The plasmid map on the left represents the pT7-pri-miR-

31/5, pT7-pri-miR-31/8 and pT7-pri-miR-31/9 monomeric expression vectors as these plasmids are of the same length and consist of the same 

sequence except for their respective pri-miR-31 encoding sequence indicated in orange. The plasmid map on the right represents the pT7-pri-

31/589 and pT7-pri-31/895 trimeric expression vectors as these plasmids are of the same length and consist of the same sequence except for their 

respective pri-miR-31 encoding sequence indicated in orange. The plasmid maps were created using SnapGene®. 
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Figure S20: pT7-pri-miR-31 clones screened with NsbI. The pT7-pri-miR-31 clones were 

digested with NsbI and assessed on a 1% agarose gel to identify the positive clones. Lane 1 

and 18: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lane 2: pmRNA-CMV-pA 

plasmid digested with NsbI. Lanes 3 to 17: pT7-pri-miR-31 clones digested with NsbI. 
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Figure S21: pT7-pri-miR-31 clones screened with BshNI. The pT7-pri-miR-31 clones were 

digested with BshNI and assessed on a 1% agarose gel to identify the positive clones. Lane 1 

and 18: 1 kb plus DNA ladder (New England Biolabs, MA, US). Lane 2: pmRNA-CMV-pA 

plasmid digested with BshNI. Lanes 3 to 17: pT7-pri-miR-31 clones digested with BshNI.
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Figure S22: pT7-pri-miR-31 plasmids after propagation and purification. The pT7-pri-

miR-31 plasmids were visualised on a 1% agarose gel to assess the integrity of the constructs 

after propagation and purification. Lane 1: 1 kb plus DNA ladder (New England Biolabs, 

MA, US). Lanes 2 to 6: purified pT7-pri-miR-31 plasmids. 
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Figure S23: Fluorescence observed in the assay to assess HBV inhibition of the pT7-pri-miR-31 expression vectors. On the day of 

transfection, HepG2-hNTCP cells were transfected with pCH-9/3091 (target), pCI-neo-eGFP (marker) and an experimental plasmid as indicated. 

Two days after transfection, the cells were analysed by fluorescence microscopy. The transfections were performed in triplicate and each 

fluorescent image demonstrated here represents the GFP expression obtained from each of the three wells.  
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Figure S24: Linearised pT7-pri-miR-31 plasmids before and after purification. (a) The pmRNA-CMV-eGFP-pA and pT7-pri-miR-31 

plasmids were digested with BpiI and assessed on a 1% agarose gel to ensure linearisation. Lane 1 (gel 1 and gel 2): 1 kb plus DNA ladder (New 

England Biolabs, MA, US). Lane 2 (gel 1): pmRNA-CMV-eGFP-pA plasmid digested with BpiI. Lanes 2 to 6 (gel 2): pT7-pri-miR-31 plasmids 

digested with BpiI. (b) The linearised pT7-pri-miR-31 plasmids were purified and resolved on a 1% agarose gel to assess integrity after 

purification. Lane 1 (gel 1 and gel 2): 1 kb plus DNA ladder (New England Biolabs, MA, US). Lane 2 (gel 1): pmRNA-CMV-eGFP-pA plasmid 

digested with BpiI. Lanes 2 to 6 (gel 2): pT7-pri-miR-31 plasmids digested with BpiI.  
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Figure S25: Fluorescence observed in the assay to assess HBV inhibition of the pri-miR-31 mimics prior to cellulose purification. On the 

day of transfection, HepG2-hNTCP cells were transfected with pCH-9/3091 (target) and mCherry (marker). One day after DNA transfection the 

cells were transfected with an experimental plasmid as indicated. One day after RNA transfection, the cells were analysed by fluorescence 

microscopy. The transfections were performed in triplicate and each fluorescent image demonstrated here represents the GFP and RFP 

expression obtained from each of the three wells.  
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Figure S26: Fluorescence observed in the assay to assess HBV inhibition of the pri-miR-31 mimics after cellulose purification. On the day 

of transfection, HepG2-hNTCP cells were transfected with pCH-9/3091 (target) and mCherry (marker), and the cells that were transfected with 

only pCH-9/3091 and mCherry served as the mock control. One day after DNA transfection, the cells were transfected with an experimental 

plasmid as indicated. One and two days after RNA transfection, the cells were analysed by fluorescence microscopy. The transfections were 

performed in triplicate and each fluorescent image demonstrated here represents the GFP and RFP expression obtained from each of the three 

wells.  
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Figure S27: Schematic representation of the psiCHECK-HBx plasmid. The psiCHECK-HBx plasmid contains an independently located 

firefly luciferase reporter and a Renilla luciferase reporter ORF upstream of an HBx sequence. The firefly reporter expresses firefly luciferase 

mRNA and the Renilla reporter produces Renilla luciferase mRNA with an HBx sequence. Thus, firefly luciferase is steadily produced whereas 

Renilla luciferase expression is dependent on the HBx sequence. The pri-miR-31 mimics were designed to target the HBx sequence, therefore the 

ratio of Renilla luciferase expression to firefly luciferase expression was used to assess anti-HBV activity while accounting for experimental 

variability. 
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Figure S28: Fluorescence observed in the assay to assess specific HBV inhibition of the pri-miR-31 mimics after cellulose purification. On 

the day of transfection, HepG2-hNTCP cells were transfected with psiCHECK-HBx (target) and mCherry (marker), and the cells that were 

transfected with only psiCHECK-HBx and mCherry served as the mock control. One day after DNA transfection, the cells were transfected with 

an experimental plasmid as indicated. One and two days after RNA transfection, the cells were analysed by fluorescence microscopy. The 

transfections were performed in triplicate and each fluorescent image demonstrated here represents the GFP and RFP expression obtained from 

each of the three wells.  
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Figure S29: Fluorescence observed in the assay to assess cytotoxicity of the pri-miRNA-

31 mimics. On the day of transfection, Hek293T cells were transfected with an experimental 

plasmid (only CleanCap-eGFP and eGFP are demonstrated here). One day after transfection, 

the cells were analysed by fluorescence microscopy and an MTT assay was performed. The 

transfections were performed in triplicate and each fluorescent image demonstrated here 

represents the GFP expression obtained from each of the three wells. 

 

 

Figure S30: Fluorescence observed in the assays to assess immunogenicity of the pri-

miRNA-31 mimics. (a) On the day of transfection, Hek293T cells were transfected with 

phRL-CMV, pUCAsc-ISRE×3 and an experimental plasmid (only CleanCap-eGFP and eGFP 

are demonstrated here). Two days after transfection, the cells were analysed by fluorescence 

microscopy and a dual-luciferase assay was performed. (b) On the day of transfection, 

Hek293T cells were transfected with an experimental plasmid (only CleanCap-eGFP and 

eGFP are demonstrated here). One day after transfection, the cells were analysed by 

fluorescence microscopy and RT-qPCR assays were performed. (a and b) The transfections 

were performed in triplicate and each fluorescent image demonstrated here represents the 

GFP expression obtained from each of the three wells. 
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Figure S31: Fluorescence observed in the analysis to assess processing efficiency of the 

pri-miRNA-31 mimics. On the day of transfection, Hek293T cells were transfected with an 

experimental plasmid (only eGFP is demonstrated here). One day after transfection, the cells 

were analysed by fluorescence microscopy and Northern blot hybridisation analysis was 

performed to determine the mature miRNA guide sequences formed. The transfections were 

performed in triplicate and each fluorescent image demonstrated here represents the GFP 

expression obtained from each of the three wells. 
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