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ABSTRACT 

 

Hepatitis delta virus (HDV) is a unique pathogen that co-infects with hepatitis B virus and 

increase the severity of acute and chronic liver disease. HDV is a negative stranded RNA virus 

and produces three processed RNAs that accumulate in infected cells: the circular genome; the 

circular antigenome, which serves as a replication intermediate, and lesser amounts of the mRNA, 

which encodes the sole viral protein, hepatitis delta antigen (HDAg). The HDV genome and 

antigenome RNAs form ribonucleoprotein complexes (RNP) with HDAg. It was observed that 

HDAg:HDV RNA ratio was maintained constant by the virus in replicating cells. HDAg is known 

to be required for HDV replication. However, it is not known if the relative amounts of HDAg and 

HDV RNA are important for HDV replication, or whether HDAg levels are regulated by the virus. 

To investigate the regulation mechanism of HDV, we developed a   novel transfection system in 

which HDV replication is initiated using in vitro synthesized circular HDV RNAs, HDV 

replication was found to depend strongly on the relative amounts of HDV RNA and HDAg. HDV 

controls these relative amounts via differential effects of HDAg on the production of HDV mRNA 

and antigenome RNA, both of which are synthesized from the genome RNA template. This result 

was consistent when tested with two other clones of HDV. 

  It is not known if HDAg has roles similar to N protein of negative stranded RNA viruses 

in mRNA and antigenomic RNA synthesis. From transfection experiments performed using HDV 

in vitro synthesized circular RNA, it was observed that low HDAg levels favored mRNA 
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transcription. Antigenome RNA accumulation increased linearly with HDAg and dominated at 

high HDAg levels. Further, HDV mRNA synthesis was observed to require a minimum number 

of HDAg octamers bound to genomic RNA to form a functional genomic RNP. These results 

provide a conceptual model for how HDV antigenome RNA production and mRNA transcription 

are controlled from the earliest stage of infection onward and also demonstrate that, in this control, 

HDV behaves similarly to other negative-strand RNA viruses, even though there is no genetic 

similarity between them. 
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1. INTRODUCTION 

1.1. Significance 

 Hepatitis delta virus (HDV) is a unique human pathogen that causes one of the most severe 

forms of liver disease[1-3].  HDV has the smallest genome of all mammalian viruses. It is a 

compact virus consisting of a single stranded, negative sense RNA genome with size ranging from 

1672 to 1692 nucleotides. This small genome encodes only one protein, known as hepatitis delta 

antigen (HDAg). The virus compensates for its limited protein coding capacity in the genome by 

using host proteins for many essential steps in its replication cycle[4-10]. For example, unlike 

other negative stranded RNA viruses, HDV does not encode its own RNA dependent RNA 

polymerase (RdRp). Instead, the virus has a distinctive mechanism to redirect human DNA 

dependent RNA polymerase(s) to replicate its RNA[4-6, 8-18]. Further, HDV can infect only as 

co-infection or super infection with Hepatitis B virus (HBV)[1, 2, 19]. The virus uses the envelope 

of its helper virus, HBV, to make viral particles and thereby accomplishes all the essential steps in 

a viral life cycle with the limited coding capacity in its genome. 

HDV has a unique replication mechanism.  HDV RNA is circular[20], with 74% of the 

nucleotides base pairing to form a quasi-double stranded structure[20-25] (Figure 1.1). It uses 

RNA-coded self-cleaving ribozymes for its RNA replication[21, 26-29]. HDV is also the only 

known virus to use RNA editing of the genome to produce a late protein (Figure 1.3)[30-35], large 

hepatitis delta antigen (L-HDAg), which is required for viral RNA packaging[36-38]. 

HDAg plays many important roles in the viral life cycle, such as packaging of virus 

particles[36-38], nuclear import and export of HDV RNAs[39-43], enhancing ribozyme 

activity[44] and more. Thus, HDAg is a multifunctional protein critical for HDV replication. 

HDAg is present in the form of octamers in cells (Figure 1.2) and binds HDV RNAs to form HDV 

ribonucleoprotein complexes (RNPs). Recent atomic force microscopy (AFM) studies suggested 
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that the binding of the protein to the RNA occurs by the wrapping of HDV RNA around the 

HDAg[45, 46]. 

In negative-stranded RNA viruses, the genomic RNP enters the cells and serves as a 

template for mRNA and antigenomic RNA, a positive-sense replication intermediate[47] (Figure 

1.2). An important characteristic of negative sense RNA viruses is that their genomes and 

antigenomes never exist as free RNA, but instead are always assembled with many copies of a 

single nucleoprotein (N protein) to form highly stable RNPs, sometimes referred to as 

nucleocapsids[11, 48-50]. The N protein is the most abundant element in the negative stranded 

RNA virus RNPs. Presence of N protein is important for viral RNA replication in negative stranded 

RNA viruses. The binding of N protein to the genome and antigenome of non-segmented negative 

stranded RNA viruses, provides the basis for their helical structure for the synthesis of viral (+)ve 

and (-)ve RNAs[51, 52]. Similar to other negative-stranded RNA viruses, HDV genomic RNA is 

packaged into the virus particle in the form of an RNP[36-38]. HDV genomic RNP enters the cells 

upon infection and the RNA serves as a template for viral RNA synthesis and HDAg is important 

viral replication[1, 53, 54]. However, it is unclear if HDAg has similar roles in transcription and 

replication of HDV RNA like N protein in negative-stranded RNA viruses. 

Defaunbaugh et al., 2009 showed that HDAg octamers required 311 nucleotide (nt) of 

HDV RNA to bind, thereby predicting that a full length 1.7kb long HDV RNA can bind 4 or 5 

HDAg octamers[55]. However, the minimum number of HDAg octamers bound to HDV genome 

to make a functional RNP that can act as a template for mRNA synthesis is not known.   

Gudima et al., 2002, found that the ratio of HDV RNA and HDAg during viral replication 

in cells is constant[56], but it is not known if changes in the ratio affect HDV replication, nor if 

the virus has a specific mechanism to maintain a constant HDV RNA-to-protein ratio. Therefore, 
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to understand the importance of HDAg in HDV replication, especially its roles and mechanisms, 

it is critical to study HDV RNPs.  By studying the structure and function of the HDV RNP, we can 

advance our understanding of HDV viral replication mechanisms. Investigation of HDV 

characteristics will also help us improve our knowledge in RNA biology, RNA-protein interactions 

and mechanisms of host Pol II. 

1.2 Epidemiology 

WHO report from 2017 states that worldwide, approximately 257 million people are 

infected with HBV[57]. Among the HBV infected population, approximately 15 to 20 million have 

been estimated to be infected with HDV[58]. However, a recent meta–analysis proposed that a 

staggering 62-70 million patients are co-infected with HDV[59]. If correct, this prevalence would 

be 2 times higher than human immunodeficiency virus (HIV) infection, which was estimated to be 

39.6 million individuals in 2017 by the World Health Organization (WHO). Consistent with the 

meta-analysis, a recent study found that, in the United States of America, 42% of HBsAg carriers 

are positive for HDV antibodies, suggesting that number of people who are infected or may have 

been infected with HDV was higher than expected[60]. Several recent studies have suggested that 

there were suboptimal testing rates in prior studies and which suggests that the prevalence may be 

much higher than previously considered[61-63].  

Like HBV, HDV can be transmitted through horizontal transfer, such as through blood, 

blood derived products and sexual contact; vertical transfer of HDV is very rare[64]. In highly 

endemic populations, transmission occurs mainly through intrafamilial, sexual and iatrogenic 

spread[65]. These methods of transmission are no longer widespread in the Northern Hemisphere, 

which is considered a low-endemic region. Perez-Vargas JP et al., 2019, showed that HDV can 

use envelopes of other viruses, such as HCV, to make infectious viral particles. However, patients 
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with HCV are not usually screened for HDV. If HCV patients are screened and identified positive, 

the population infected with HDV can be expected to increase[66]. 

1.3 Classification 

HDV is the only member of the Delta virus genus[2, 19, 67]. Even though HDV has a 

negative-sense single-stranded RNA genome and shares some properties with the other negative-

stranded RNA viruses, it is not classified in any negative-sense RNA virus family. Because it does 

not have a genome organization similar to any known virus or sub viral agent, HDV is known as 

a floating genus.  Due to its unique characteristics, HDV has been hypothesized to have originated 

from a plant viroid[68], an escaped cellular gene[69] or from host RNAs found in hepatocytes[70]. 

Brazas & Ganem et al., 1996 reported a cellular protein homologous to HDAg interacting with 

HDAg that can modulate HDV replication, suggesting that HDV may have evolved from a 

primitive viroid like RNA through capture of a cellular transcript[71].  Until recently, HBV-carrier 

patients were considered the only established hosts for HDV.  However, recent studies have 

identified HDV-like agents in birds and snakes. Unlike HDV, the HDV-like agents from birds and 

snakes were not associated with hepadnaviruses suggesting that non-human HDV-like agents may 

use other viruses to obtain a lipid envelope to make infectious particles. Another study, Perez-

Vargas et al., 2019 reported that HDV can use HBV-unrelated virus envelopes, to make infectious 

particles[66]. WS Chang et al., 2019 reported identifying HDV-like agents in fish, amphibians and 

invertebrates (termites)[72]. Collectively, these results suggest that HDV-like agents have perhaps 

been associated with animal hosts for the entire evolutionary history.  

There are eight HDV genotypes[73]. There is high heterogeneity between the genotypes, 

with approximately 40% sequence divergence. A majority of HDV genotypes are associated with 

particular geographical locations, with the exception of Genotype 1, which is prevalent worldwide. 

Genotype 3 is found in South America, while Genotypes 2 and 4 are common in East Asia, and 
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Genotypes 5–8 are mainly found in Africa. Different genotypes are known to be associated with 

different severity of liver disease. Among the genotypes, Genotype 3 is associated with severe 

progression of acute infections and a higher risk of liver failure. Genotypes 2 and 4 are known to 

cause milder liver disease, have low incidence of liver cirrhosis and low mortality rates compared 

to Genotype 1[11, 74-85]. One study has suggested there could be co-evolution of HBV and HDV 

genotypes[76]. However, these associations, such as HDV Genotype 3 and HBV Genotype F, may 

just be due to geographical distributions, as HDV virion assembly and infection has been shown 

to occur with several HBV genotypes[86]. 

1.4 Disease and treatment 

 HDV can infect with HBV as a co-infection or HDV infection can occur as a super infection 

in patients who are chronically infected with HBV[87]. Acute hepatitis is caused by co-infection 

or simultaneous infection of HDV and HBV in an individual susceptible to HBV. In adults, 

HDV/HBV coinfection is usually transient and self-limited and the rate of progression to chronic 

infection is the same as that of HBV monoinfection, which is less than 5%[88] . Superinfection of 

HDV in an individual chronically infected with HBV causes severe acute hepatitis that may be 

self-limited but, in most cases up to 80%, progress to chronicity[3, 89] Once chronic HDV 

infection is established, it usually aggravates the preexisting chronic hepatitis B[67]. However, 

HBV replication is usually suppressed by HDV, and this suppression becomes persistent in case 

of a chronic HDV infection[90, 91], which  can lead to development of hepatocellular 

carcinoma[92, 93].   

Most anti-HBV therapies are not effective against HDV infection and currently there are 

no licensed therapies for HDV, even though there are several treatment options currently in use.  

Pegylated IFN-alpha 
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Chronically HDV infected patients can be treated with pegylated IFN-alpha[94]. However, 

the precise mechanism of action is not known. Pegylated IFN-alpha has been shown to have a 

prolonged plasma half-life with better efficiency (25%) and compliance than standard IFN-alpha 

(17%)[95]. Results from studies indicate that treatment with pegylated IFN-alpha for 12 months 

has a sustained suppression of HDV RNA (17-43%)[96]. However, treatment with pegylated IFN-

alpha has limited efficacy and involves severe adverse symptoms, such as anorexia, nausea, weight 

loss, alopecia, leukopenia and thrombocytopenia[95].  

Myrcludex B 

Myrcludex B, a myristoylated lipopeptide, inhibits the entry of HBV and HDV into 

hepatocytes by binding to its natural receptor, NTCP[97]. HBV uses its surface lipopeptide pre-

S1 for docking to mature liver cells via their sodium/bile acid cotransporter and subsequently 

entering the cells[98]. Myrcludex B is a synthetic N-acylated pre-S[99, 100] that can also dock to 

NTCP, thereby acting as a competition for HBV and blocking the virus's entry mechanism. A 

phase I/II clinical trial done on 24 chronically HDV infected patients with Myrcludex B 

monotherapy showed significant reduction in HDV RNA (1.67 log10) levels, even though the 

HBsAg levels were not affected.  However, all the patients had viral rebound after the treatment 

was stopped[101]. Another phase II trial conducted on 120 patients concluded that the decrease in 

serum HDV RNA levels was dose dependent with the highest reduction seen at 10mg of 

Myrcludex B (2.75 log 10). However, similar to the above study, they observed viral rebound in 

patients indicating the need for longer-term treatment with Myrcludex B[102]. Currently there is 

an ongoing phase III clinical trial for Myrcludex B 

https://clinicaltrials.gov/ct2/show/NCT03852719. The outcomes from the clinical trial shows no 

HDV RNA detection 48 weeks after scheduled end of treatment.  

https://clinicaltrials.gov/ct2/show/NCT03852719
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Lonafarnib 

 One of the main post translational modifications of HDAg is farnesylation, which enables 

the HDV RNP to interact with HBsAg[103].  Lonafarnib is a farnesyl-transferase inhibitor that 

prevents the farnesylation of HDAg and consequently its interaction with HBsAg and has been 

shown to stop the secretion of HDV viral particles both in vitro and in vivo[104-106]. A phase IIa 

clinical study showed that HDV RNA levels were significantly reduced in patients treated with 

lonafarnib in comparison to placebo (0.73 log10 IU/ml and 1.54 log10 IU/ml in the 100 mg and 

200 mg group, respectively). However, lonafarnib has significant adverse effects, such as nausea, 

diarrhea, abdominal bloating and weight loss[107]. Another study combined low dosage of 

lonafarnib with pegylated IFN-alpha and showed a decrease of 1.8 log 10 of HDV RNA after four 

weeks. However, almost all patients returned to the pre-treatment HDV RNA levels within 4–24 

weeks post-treatment[108]. There is an ongoing phase III clinical trial for lonafarnib 

https://clinicaltrials.gov/ct2/show/NCT01495585. The outcomes showed change in quantitative 

serum HDV RNA Levels after 28 Days of Lonafarnib therapy 

 Although these treatments have distinct targets, excluding IFN-α, none of the treatments 

completely eliminate the virus and would require long term treatment.   

Vaccination 

 HBV vaccination protects effectively against both HBV and HDV infection. However, 

this vaccine does not provide protection against HDV infection of individuals with chronic HBV 

infection. There is no specific vaccination against HDV available for those with chronic HBV 

infection. There are no perspectives for a vaccination strategy that can HDV infection in HBV-

infected patients currently.  

https://clinicaltrials.gov/ct2/show/NCT01495585
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In conclusion, there is no effective treatment or vaccination available for HDV infection. 

Therefore, understanding the HDV life cycle, replication and regulation mechanisms can help in 

advancing treatment methods and in finding effective drug targets. 

1.5 History of Hepatitis delta virus 

 HDV was first identified as a human pathogen in 1977[2]. Initially, HDAg was thought to 

be a novel HBV antigen and was named delta antigen. Later in 1980, HDAg was recognized as a 

transmissible pathogen from transmission experiments done in chimpanzees[109].  

 The HDV virion is roughly spherical and is heterogeneous in size, being 36 ± 4 nm in 

diameter[110]. Inside the HBV lipid membrane, the RNA genome is packaged with HDAg in the 

form of an RNP[19]. Both HBV and HDV enter hepatocytes through the interaction of Hepatitis 

B surface antigen (HBsAg) with the host receptor, sodium taurocholate co-transporting 

polypeptide (NTCP)[111].  

1.6 Hepatitis delta virus RNA 

 HDV RNA is circular[20] and has distinct RNA secondary structures[20-25]. In the 

single-stranded HDV RNA half of the sequence is highly complementary to the other half. 

Consequently, the RNA folds on itself to form a circular, rod-shaped structure that is highly stable, 

with 74% of the RNA base paired. The non-base-paired regions of the RNA form bulges and loops, 

ultimately forming a quasi-double-stranded secondary RNA structure (Figure 1.1). HDV RNA 

also has two ribozymes, genomic and antigenomic A ribozyme is a ribonucleic acid (RNA) enzyme 

that catalyzes a chemical reaction. The ribozyme catalyzes specific reactions in a similar way to 

that of protein enzymes. Also called catalytic RNA, ribozymes are found in the ribosome where 

they join amino acids together to form protein chains[112]. One of the remarkable features of this 

structure is that the genomic and antigenomic ribozymes are base paired to each other, preventing 

them from self-cleaving in HDV RNAs.  Other than the stable quasi-double-stranded structure, the 
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RNA also forms temporary metastable structures during replication. For example, self-cleavage 

by the HDV ribozyme requires the formation of a double pseudoknot structure by an 85 nt segment 

of HDV RNA. This structure is formed during in vitro transcription; however, it competes with 

the formation of the unbranched rod structure when downstream sequences are included[26, 28, 

113]. After self-cleavage of the ribozyme has occurred, the RNA is able to transition to the 

unbranched rod conformation.  

  Another notable characteristic of the RNA is that only half of the genome codes for protein, 

whereas the rest of the sequence contributes in forming the unbranched rod structure. The 

secondary structure of RNA has been shown to be important for HDAg binding and HDV 

replication[45, 46, 114]. It has been hypothesized that cellular RNA polymerase(s) recognize the 

secondary structure near the terminal loop of the HDV RNA during replication initiation[114].  

1.7 Hepatitis delta antigen 

The HDV genome codes for one protein, HDAg. HDAg exists as an octamer in replicating 

cells and is critical for the HDV life cycle. HDAg plays important roles in RNA synthesis, 

ribozyme catalysis and RNA editing, and is also responsible for nuclear import of HDV RNA and 

virus particle assembly through its interaction with HBV envelope proteins. Both HDV genome 

and antigenome bind HDAg to form ribonucleoprotein complexes. HDAgs also undergo post 

translational modifications such as serine and threonine phosphorylation[7, 115], arginine 

methylation[41], lysine acetylation[42], and lysine sumoylation[116]. These modifications have 

been shown to be important for HDV replication, packaging, nuclear transportation and interaction 

with host RNA polymerases.  

Nucleoprotein (N protein) in negative-stranded RNA viruses plays a crucial role in the viral 

life cycle[49, 50]. The genome of these viruses is packaged with N protein in the form of an RNP, 

which later serves as a template for replication following cell entry. In negative stranded RNA 
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viruses, the genomic RNP acts as a template for both mRNA and antigenomic RNA template. 

However, binding of N protein to newly synthesized RNA is required for full length antigenomic 

RNA synthesis. Therefore, after infection the virus synthesizes mRNAs from genomic RNP 

template using the RNA dependent RNA polymerase (RdRp). The mRNAs are translated to 

produce structural and non-structural proteins, among which N protein, a structural protein, 

subsequently supports the antigenomic RNA synthesis[47].  Similarly, HDAg RNP formation is 

required for HDV replication[53, 54, 104], and the genome is packaged into virions as an RNP[36-

38]. However, the mechanism by which HDAg supports replication is still unclear. It is proposed 

that HDAg may function as an elongation factor during transcription by cellular RNA 

polymerase(s). Furthermore, it is also not known if HDAg has similar functions as N protein in 

regulation of mRNA and antigenomic RNA synthesis from a genomic RNA template. 

Defenbaugh et al., 2009 showed that HDAg octamer binding requires a minimum RNA 

length of 311 nt[55]. From, the above result it can be hypothesized that a full length HDV RNA 

can bind 4 to 5 HDAg octamers. Later, Griffin et al., 2014. showed that a full length HDV RNA 

can bind 4 or 5 HDAg and requires a quasi-double-stranded structure in HDV RNA in order to 

bind[45, 46]. However, the stoichiometry of a functional HDV RNP has not been studied.   

1.8 Replication 

 HDV replication occurs through a rolling circle mechanism (Figure 1.6), which is similar 

to the proposed replication models of many plant viroids. Following entry into the cell, the HDV 

genomic RNP is transported to the nucleus, which is facilitated by a nuclear import signal present 

in HDAg. As previously mentioned, replication occurs in the nucleus using host RNA 

polymerase(s). Replication occurs in the nucleus using host RNA polymerase/s that normally 

requires DNA as a template[4-6, 8-14, 16-18]. As shown in Figure 1.2, replication around the 

circular genome RNA generates antigenome RNAs that are multiples of the unit-length. Cleavage 
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of these multimeric RNAs by cis acting ribozyme structures that occur in both the genome and 

antigenome. These ribozymes cleave site-specifically and yield 5′hydroxyl and 2′, 3′-cyclic 

monophosphate ends[27, 29, 117]. Once the antigenome is cleaved to a monomer, ligation occurs 

to covalently close the circular RNA. Evidence suggests that a host ligase activity must be 

responsible for this circularization, and recent results implicate a specific host tRNA ligase in this 

function.  Knockdown of the host tRNA ligase HSPC117, which has activity in joining 5'-hydroxyl 

groups with 2',3'-cyclic monophosphates were shown to inhibit HDV replication. Similarly, HDV 

replication was diminished by knockdown of a cofactor for HSPC117 tRNA ligation, DDX173[71, 

118, 119]. However, in vitro ligation studies are needed to confirm a direct role for HSPC117 in 

circularization of HDV genomic and antigenomic RNAs. Genomic RNA circles are synthesized 

from the ligated monomeric antigenomic circles following a similar pathway. Therefore, the 

replication strategy is described as a double rolling circle[16]. 

In HDV infected cells, the genomic RNA also acts as the template for the mRNA. In HDV 

replicating cells, genomic RNA has been found to be 5 – 22 times more abundant than the 

antigenomic RNA[120]. This characteristic of synthesizing higher amounts of genome than 

antigenome is similar to other negative-stranded RNA viruses[47]. The mechanism by which the 

virus selectively synthesizes more genomic RNA than antigenomic RNA is not known. One 

possibility can be that the genome may have better association with the RNA polymerase 

compared to antigenomic RNA. 

1.9 Transcription and protein translation 

 HDV transcription occurs in the nucleus, carried out by the host RNA polymerase(s). The 

genome is a negative-sense RNA that serves as a template for the positive-sense antigenomic RNA 

and mRNA. The transcribed mRNA shares all the characteristics of cellular mRNAs, including the 

5’ cap and 3’ poly-A-tail; however, it does not undergo splicing. After transcription, the mRNA is 
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transported into the cytoplasm and translated to produce HDAg (Figure 1.2). Then the HDAg is 

transported into the nucleus, facilitated by a nuclear localization signal present in the protein. In 

replicating cells, HDAg is found predominantly in the nucleoplasm, which demonstrates that the 

presence of HDV RNA changes the location of the protein. Han et al., 2009 showed that HDAg in 

the absence of HDV RNA localizes to the nucleolus. But following the expression of non-

replicating HDV RNA, there was redistribution of HDAg to the nucleoplasm[121].  Likewise, 

immunofluorescence performed in our lab on cells expressing only HDAg showed that the protein 

localizes in the nucleolus. This pattern of HDAg localization was also observed 24 hours after 

mRNA transfection in Huh-7 cells by immunofluorescence experiments performed in our lab (data 

not shown).  

 HDV produces two different proteins from one coding region: S-HDAg and L-HDAg. 

Replication after initial infection of HDV produces S-HDAg, which supports replication. Later, 

antigenomic RNA is edited by ADAR1, a cellular RNA editing enzyme that leads to the change 

of the S-HDAg amber stop codon to a tryptophan codon, thereby extending the open reading frame 

by 19 amino acids to produce L-HDAg (Figure 1.3). L-HDAg inhibits HDV replication and is 

required for packaging of the genome with HBsAg. Synthesis of edited antigenomes yields edited 

genomes that over time leads to the accumulation L-HDAg, reducing replication. In HDV 

Genotype 1, the editing of HDV antigenomic RNA is regulated by the binding of HDAg, which 

might act as competition for the ADAR1 enzyme binding. 

1.10 Host RNA polymerase and Hepatitis delta virus RNA synthesis 

 Unlike other negative-stranded RNA viruses, HDV does not carry its own RNA dependent 

RNA polymerase[1, 19]. The mechanism adapted by the virus to replicate is to direct the host 

DNA-dependent RNA polymeras(e/s) to transcribe viral RNA using RNA as template. However, 

the identification of the specific RNA polymeras(e/s) that replicates the different strands of HDV 
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RNA has been controversial. Fu et al., 1993 showed that HDV genomic and antigenomic RNA 

synthesis can be inhibited by low concentrations of alpha amanitin, an RNA polymerase II 

inhibitor, and concluded that HDV replication involves host RNA polymerase II for its RNA 

synthesis[4]. Results from RNA transcription inhibitor assays and in vitro runoff experiments also 

provided further evidence that supports the hypothesis that HDV RNA synthesis can be carried 

out by RNA pol II[6, 12, 13]. Further, Yamaguchi et al., 2001 and Yamaguchi et al., 2007, showed 

evidence of HDAg interacting with negative elongation factor and the clamp of RNA polymerase 

II, which holds DNA and RNA complex during elongation and suggested that HDAg may have a 

function as transcription elongation factor during HDV RNA synthesis[8]. On the contrary, 

Modahl et al., 2000, Macnaughton et al., 2002 and have shown evidence that antigenomic RNA 

synthesis is resistant to alpha amanitin[16, 17].  Li YJ et al., 2006 utilized metabolic labeling and 

immunofluorescence staining to demonstrate that HDV antigenomic RNA synthesis occurs in the 

nucleolus carried out by pol I or pol I like polymerase and the alpha amanitin sensitive genomic 

RNA synthesis was carried out by RNA pol II[5]. 

 To identify the host RNA polymerase that is responsible for HDV replication and 

understand the mechanism of RNA directed RNA transcription by RNA polymerase II, an in vitro 

HDV RNA synthesis was performed using HeLa cell nuclear extract. However, the in vitro 

transcription resulted in an RNA product that was a chimeric molecule composed of a newly 

synthesized transcript covalently attached to the RNA template[122] The limited success of this 

method can be attributed to the absence of HDAg, which is important for HDV RNA synthesis 

and also the lack of a circular RNA template. One possible method of identifying the host RNA 

polymerase responsible for HDV RNA replication is by replicating the HDV RNA synthesis in 

vitro using the three different host RNA polymerases individually. However, to replicate HDV 
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RNA synthesis in vitro a circular HDV RNP is required. Therefore, to understand the replication 

mechanism of HDV and to identify the host RNA polymerase used by the virus for replication, it 

is important to develop a method to synthesize HDV circular RNAs. 

1.11 Role of Hepatitis delta antigen in virion packaging 

 The HDV genomic RNP is packaged into envelopes containing HBsAg with the aid of L-

HDAg[39, 123].  

Farneselysation of L-HDAg is required for the association of the protein with membrane-

bound HBsAg and assembly of HDV virions[103]. Therefore, L-HDAg binding HDV genomic 

RNA to form HDV genomic RNPs is essential for virion assembly. The mechanism by which L-

HDAg forms these viral particles is unknown, but it has been hypothesized that HDV virions are 

assembled and released using a cellular secretory pathway, similar to the case for HBV sub viral 

particles. 

1.12 Hepatitis delta virus RNA structure 

 HDV genome and antigenome RNAs have ~70% intramolecular Watson-Crick base-

pairing that causes the circular RNAs to form an unbranched closed hairpin structure in which 

short base-paired segments are interspersed with small bulges and internal loops, but no secondary 

branching structures. Completely double-stranded RNA structures form an A helix, which is 

comparatively less flexible than the B helix formed by DNA[20, 22-25, 113]. Electron microscopy 

studies demonstrate that HDV RNA appears extended and unbranched[20]. Additionally, 

individual molecules exhibit various degrees of curvature suggesting that the RNA is flexible[23]. 

Atomic force microscopy analysis results from Griffin BL et al., 2014 suggests that HDV RNA is 

wrapped around the HDAg octamer to form HDV RNPs. The wrapping of HDV RNA around 

HDAg requires flexibility. Therefore, it is hypothesized that the presence of interspersed bulges 

and loops can add flexibility to the RNA.  
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 The HDV sequence in my dissertation is represented as in Figure 1.1, with the coding 

region in the genome represented from left to right. The RNA loop on motif caps at each end of 

the genomic RNA will be represented as the left and the right terminal loop. This form of 

representation was adapted for easy understanding of HDV RNA transcription by host RNA 

polymerase(s). Beeharry Y et al., 2014 showed that the quasi-double stranded structure of the left 

terminal end of the genome and antigenome sequence is conserved[124]. Previous studies have 

indicated the left terminal region of genomic HDV RNA plays a role in HDV replication. This 

region includes the site of transcription initiation for HDAg mRNA, binds an active RNA Pol II 

pre-initiation complex, and acts as template to initiate antigenomic RNA synthesis in vitro. 

Mutations affecting the rod-like conformation of this region decrease both RNAP II 

affinity/initiation and HDV RNA accumulation in cells[10, 11, 114, 125]. Mutations introduced in 

the region intending to disrupt the structure led to a reduction in replication efficiency. Griffin BL 

et al., 2014 showed that HDAg binding required the quasi-double stranded structure and sequence 

changes that made the RNA completely double-stranded led to a loss of HDAg binding. From the 

above evidence it can be concluded that the specific structure of HDV RNA is important for HDAg 

binding. 

1.13 Hepatitis delta antigen binding to Hepatitis delta virus RNA 

 HDAg plays multiple roles in the HDV life cycle. The two forms of HDV protein, S-HDAg 

and L-HDAg, are both highly basic and bind HDV RNA with high specificity[32]. HDAg binds 

HDV RNA as a preassembled octamer, and multimerization is a major determinant of HDAg 

binding specificity that is required for replication and packaging[36, 37, 104, 126-129]. Alves et 

al., 2010, has shown that HDAg is a highly disordered protein. It has been hypothesized that the 

disorder might enable the protein to interact with different viral and host factors, thereby 

facilitating the multiple functions in HDV replication and packaging[130, 131]. Several HDAg 
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domains have been categorized, namely the N-terminal coiled-coil that is vital for 

dimerization[132], a bipartite nuclear localization signal[39, 43], a pol II binding domain[8, 18], a 

region in the C-terminus of L-HDAg[103], which enables virion assembly, and basic amino acids 

within the N-terminal of the protein that have been implicated in RNA binding[36, 38, 40, 54, 104, 

133-136]. However, there is no specific model explaining HDAg binding to HDAg.   

Several analyses of recombinantly expressed, full-length genotype 1 S-HDAg from E. coli 

show that HDAg binds nucleic acid nonspecifically[45, 46, 55]. This non-specific binding may 

cause aggregation of HDAg, preventing it from entering in agarose gels during electrophoresis due 

to higher molecular weight. One possible explanation for aggregation can be due to the highly 

disordered nature of the protein. To over-come the challenges, Defenbaugh et al., 2009 generated 

a C-terminally truncated form of His tagged S-HDAg named HDAg-160. This protein was soluble 

and exhibited high specificity and affinity for HDV RNA. Mutation studies performed using the 

truncated HDAg-160 protein suggested that the specific interactions of HDAg with HDV RNA 

may be spread throughout the protein with contacts made with multiple basic and non-basic amino 

acids[136]. Moreover, using cross-linking assays, it was shown that the N-terminal region of 

HDAg-160 is in close contact with the RNA suggesting a dominant role for this region of the 

protein in RNA binding. Additional binding studies have shown that the binding of RNA is 

structure specific. Further, using HDAg-160, Defenbaugh et al., 2009 showed that HDAg-160 

requires a minimum length of 311nts to bind. Therefore, it was hypothesized that a full length 

HDV RNA, which is approximately 1.7kb long, can bind 4 or 5 HDAg octamers. However, the 

stoichiometry of a completely bound HDV RNP hasn’t been described yet.  

To overcome the limitation of no specific binding of genotype 1 full length protein and to 

investigate the binding of HDAg full length protein with HDV RNA, the binding characteristics 
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of genotype 3 were tested. Genotype 3 HDAg was chosen, as  genotype 3 is divergent from all 

other genotypes of HDV[104, 122, 137] Therefore, to study the stoichiometry HDV RNP using a 

full length HDAg, binding of genotype 3 full length protein, HDAg-194-3, was characterized[45]. 

Binding experiments performed using HDAg-194-3 showed that the RNA binding characteristics 

for HDAg-194-3 resemble the previous characterizations of HDAg-160 RNA binding[45]. 

Therefore, in this dissertation, I used HDAg-194-3 and full length in vitro synthesized circular 

RNA to study the stoichiometry of an authentic HDV RNP. 

1.14 Hepatitis delta virus Ribonucleoprotein complexes (RNPs) 

 HDV genome and antigenome RNAs are associated with HDAg in cells. These 

ribonucleoprotein complexes (RNPs) play critical roles in many aspects of the virus life cycle, 

including nuclear transportation of HDV genomic RNAs[39-43], RNA replication[53, 54], virion 

formation[36-38]. However, neither the structure of HDV RNP nor the role of HDV RNP in 

carrying out the above-mentioned functions is known.   

In non-segmented negative stranded RNA viruses, the genomic RNA enters the host cell 

in the form of an RNP. As previously mentioned, in negative stranded RNA viruses, genomic RNP 

acts as template for both mRNAs and antigenomic RNAs. However, the binding of N protein to 

nascent RNA is required for synthesis of full-length RNAs. Therefore, the virus transcribes 

mRNAs coding for N protein. The translation of the mRNAs produces N protein that further 

support synthesis of full-length RNAs.  Even though the exact mechanism that involves the switch 

from transcription to replication in negative stranded RNA viruses is not known, the latter requires 

the interaction of N protein to the newly synthesized nascent RNA[138-142]. 

To differentiate mRNA synthesis from genome and antigenomic RNA synthesis, I will 

henceforth indicate mRNA synthesis as transcription and genomic and antigenomic RNA synthesis 

as replication.  For HDV, the genomic RNP functions as a template for both mRNA transcription 



 

 

18 

 

and antigenomic RNA replication. However, the mechanism by which the HDV synthesizes 

mRNA and antigenomic RNA from a single template, genomic RNP, has not been studied. 

Furthermore, the regulation mechanism, role of HDAg, and the regulatory factors involved in the 

process also remain unknown.  

In negative strand RNA viruses, the genomic RNA is linear. Therefore, a transcription 

initiation by RdRp can either synthesize a full length antigenomic RNA in the presence of N 

protein or transcribe mRNA in the absence of excess N protein[47]. I will henceforth refer this 

model of RNA synthesis as the “either or” model, as every polymerase initiation event can led to 

either the transcription of an mRNA or synthesis of an antigenomic RNA. However, because HDV 

RNA is circular[20], a transcription initiation can give rise to an mRNA followed by an 

antigenomic RNA by continuous RNA synthesis by host RNA pol II, in which case every 

transcription initiation event will give rise to one mRNA and several antigenome. I refer to this 

model as “mRNA first” (Figure 1.5). In this model, both mRNA and antigenomic RNA are 

synthesized by host RNA polymerase II. On the other hand, the transcription of mRNA and 

synthesis of antigenomic RNA could be two completely exclusive events, like other negative 

stranded RNA viruses; i.e. the either-or model. Here, the synthesis of mRNA and antigenomic 

RNA can be performed by the same or two different host RNA polymerases.  

 Studies done on Vesicular stomatitis virus (VSV) virus, one of the best studied negative 

stranded RNA viruses[143], have shown that after infection, transcription of genomic RNP by 

RdRp produces mRNAs that code for N protein followed by those (mRNAs) for other non-

structural and structural proteins[144]. Translation of N protein mRNA leads to accumulation of 

RNA-free N protein in the cytoplasm. The binding of N protein to nascent RNA is thought to 

trigger a switch from transcription to replication in VSV (Figure 1.4)[145]. Furthermore, a 
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recombinant form of the N protein with phosphoprotein (N-P, P protein prevents aggregation and 

non-specific RNA binding of N protein) was shown to inhibit transcription and to promote 

replication of the VSV genome in the presence of cell extracts, indicating  that the N–P complex 

serves as an authentic switching factor from transcription to replication[146]. The N-P complex 

was identified as a soluble viral factor required for encapsidation-dependent replication of the VSV 

genome in infected cells[147, 148]. Thus, from the above reports it can be understood that N 

protein in negative stranded RNA viruses facilitates a switch from mRNA synthesis to antigenomic 

RNA synthesis from genomic RNA template, which is required for the viral replication. The 

presence of N-P complex is also required for genomic RNA synthesis and encapsidation into viral 

particles[143]. Therefore, the synthesis of N proteins after infection is essential for viral replication 

and virus particle production.  

HDV, also a negative stranded RNA virus, synthesizes both mRNA and antigenomic RNA 

from genomic RNP after infection[1, 19]. However, it is not known if HDAg, similar to N protein, 

has roles in regulating transcription and replication. Like N protein, HDAg forms RNP complexes 

with viral genome and antigenome RNAs and these RNPs are required for the synthesis of viral 

RNA[12, 45, 46, 53-55, 123, 133, 149, 150].  Comparison of HDAg and HDV RNA levels in 

replicating cells have shown that the ratio of HDAg to HDV RNA to be constant, suggesting that 

the ratio is regulated[56]. However, the mechanism by which HDV regulates the amount of HDAg 

to HDV RNAs has not been studied. Previous work using a system in which HDAg levels are 

regulated by a tetracycline regulated integrated cDNA plasmid, independent of HDV RNA, 

increase in HDAg levels induced increase in HDV RNA[151]. However, it is not known whether 

variations in the relative amounts of HDAg and HDV RNA affect replication, or whether HDAg 

synthesis is regulated by the virus.  
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Attempts to determine if HDAg has a role similar to that of N protein in facilitating 

synthesis of mRNAs from antigenomic RNA have not been successful. One study, which was 

based on DNA plasmid transfection experiments that did not involve virus replication, suggested 

that HDAg could reduce mRNA synthesis by inhibiting polyadenylation[152]. However, 

subsequent analyses of HDAg levels during HDV replication initiated in transfected cells 

suggested that, unlike N proteins, mRNA synthesis was not inhibited by HDAg[153, 154]. Neither 

of these previous studies quantitatively analyzed how the virus might regulate the ratio of HDAg 

to HDV RNA nor whether variations in this ratio might be critical for virus replication. 

One of the major limitations in the HDV studies is the lack of an efficient transfection system. 

Transfection systems using linear unit length HDV RNA and linear over length HDV RNAs 

require a high concentration of transfected RNA to initiate replication[13, 37, 155-158]; however, 

this methodology can contribute to background signals during quantitative analysis. Initiation of 

HDV replication using linear RNAs also require template switching that can further reduce HDV 

replication initiation efficiency[13, 159, 160]. In a plasmid transfection system, the DNA clone 

becomes a steady source of genomic RNA template, thus constraining the quantification of 

individual strand synthesis[158] (genome to antigenome/ antigenome to genome). These 

drawbacks can be overcome by using an infection system, where HDV replication is initiated by 

viral particle infection. However, mutation studies that can be performed using infection systems 

are limited[161, 162]. Furthermore, the viral particles also contain edited genomic RNA, as both 

edited and non-edited genomic RNAs are packaged into HBsAg[163], that can reduce the HDV 

replication initiation efficiency, as edited genomes transcribe L-HDAg mRNAs and, as previous 

mentioned, L-HDAg has an inhibitory effect on HDV replication[32]. 
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1.15 Hypothesis, research aims and experimental approach 

Gudima S et al., 2002 showed that circular HDV RNA obtained from infected animals was 

able to initiate HDV replication 10-fold higher than linear HDV RNAs when supplied with HDAg 

in trans. The circular HDV RNA, unlike linear RNA, doesn’t have to undergo template switching 

or ligation to initiate HDV replication and the higher efficiency of the circle to initiate HDV 

replication can also be attributed to its stability, as there are very few endonucleases in the nucleus. 

Regulation mechanisms of HDV in maintaining the HDAg:HDV RNA ratio can be studied by 

altering the constant ratio during HDV replication by addition of excess HDV RNA that does not 

produce HDAgs[164]. To understand the importance of the RNA: HDAg ratio and to study the 

regulatory mechanism of HDV to maintain the ratio, I developed a transfection system to initiate 

HDV replication with low levels of HDV RNA in cells; with this new system, I can manipulate 

the ratio of HDAg and HDV RNA in ways that were not previously attainable. Moreover, this 

method allowed me to study synthesis of individual RNA strands, including, mRNA and 

antigenomic RNA from genomic RNA template or genomic RNA from antigenomic RNA 

template. 

 For my first research aim, I cannot use an HDV infection system or linear HDV RNAs due 

to their previously mentioned limitations. However, the regulation mechanism of HDV in 

maintaining the ratio can be studied by using in vitro synthesized circular HDV RNAs, as the 

system requires lower amounts of circular HDV RNA to initiate replication and if synthesized in 

vitro, mutations can be introduced in HDV circular RNAs. Therefore, as the first goal in my thesis, 

I developed a method to synthesize circular HDV RNAs in vitro. 

 In chapter 2, I show that in vitro synthesized circular HDV RNA is more efficient in 

initiating HDV replication than linear HDV RNAs. I was able to initiate HDV replication by 

transfection using 1ng of circular HDV genomic RNA in a 48 well plate format, with HDAg 
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supplied in trans. The circular RNA can also be used in a micro injection system to initiate HDV 

replication, which is closer to mimicking an actual viral replication. Using HDV circular RNA 

transfection system, individual strand synthesis such as genome to antigenome, antigenome to 

genome and mRNA transcription from genomic RNA can be studied quantitatively. Circular HDV 

RNAs can also be used in binding studies to determine the stoichiometry of HDV RNP. In addition 

to using circular RNAs in a transfection system to initiate HDV replication, I was able to use the 

synthesized HDV RNAs to initiate HDV replication by injection HDV circular genomic RNA with 

HDAg mRNAs into Huh-7 cells. 

 Using the circular RNA transfection system, I showed that HDV requires a constant ratio 

of HDAg:HDV RNA ratio  for replication[164]. When the ratio was disturbed, HDV replication 

was affected. However, I observed that HDV was able to synthesize more protein to compensate 

for the change in the ratio showing that the virus has a regulation mechanism by which it maintains 

the HDAg:HDV RNA ratio. 

 As a negative stranded RNA virus, HDV has to make mRNA and antigenomic RNA using 

genomic RNPs as template[1]. However, it is not known if HDAg plays a role in the regulating 

transcription and replication. In this dissertation work, using the in vitro synthesized circular RNA, 

I was able to investigate the role of HDAg in HDV replication. In Chapter 3, I show the relationship 

between HDAg amounts and HDV RNA synthesis. Furthermore, I was able to analyze the 

synthesis of individual strands and also study their association to HDAg amounts. The developed 

in vitro synthesis method for HDV circular RNA can be used to make circular RNAs for all HDV 

genotypes and clones. Therefore, I extended my study to understand if the observed regulation 

mechanism, involving HDAg levels, in transcription and replication was common to other 

genotypes and clones by performing similar experiments  with a genotype 3 clone, Peru,  and a 
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genotype 1 clone, DL1, to investigate  if each genotype had a different response to the change in 

HDAg:HDV RNA ratio. 

After infection, HDV genomic RNA is used as a template to synthesize mRNAs to produce 

HDAg that can further support HDV replication. However, the minimum number of HDAg 

octamers required to bind and make a functional genomic RNP is not known. In chapter 3, from 

transfection experiments performed, I was not able to exactly identify the number of HDAg 

multimers required to make a functional RNA. However, as describe in chapter 3, my results 

indicated that genomic RNP assembled with one HDAg octamer is not functional to transcribe 

HDV mRNAs. Using the observations from this experiment, I was also able to predict and design 

a model explaining the regulation mechanisms of HDV replication. 

 Another approach that I tried to identify the number of octamers required making a 

functional RNP, was to inject in vitro assembled HDV RNPs, with different number of HDAgs, 

into cells and investigate, which of the assembled RNPs initiated HDV replication. Dingle et al., 

1998 showed that linear HDV RNAs transfected with bacterially expressed HDAg can initiate 

HDV replication.  However, from the injection experiment I observed that bacterially expressed 

HDAg was not able to initiate HDV replication, which is consistent with many reports that have 

shown that the post translation modifications of HDAg is important for HDV replication.[7, 41, 

42, 115, 116, 165].  

 Following the observation that HDV genomic RNP requires more than one HDAg octamer 

bound to act as a template for mRNA synthesis, I also studied the stoichiometry of HDV RNP 

using in vitro synthesized HDV circular RNA and full length bacterially expressed HDAg, by 

performing binding experiments. As per prediction made earlier from calculating that 311nts is the 
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minimal length of RNA required for one HDAg octamer to bind, I observed that a full length, 

1.7kb, circular RNA was able to bind 5 HDAg octamers. 

The goal of my work has been to develop a system to study the replication and regulation 

mechanism of HDV and also investigate the stoichiometry of HDV RNPs. This thesis describes a 

novel method developed to synthesize HDV circular genomic RNA in vitro. It also focuses on 

application of the synthesized HDV circles in a transfection system that can be used to study the 

viral RNP structure and function, viral RNA replication mechanism, immune responses to HDV 

and the unique ways HDV uses hepatocyte cellular components for its own benefits. 
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1.16 Figures for Chapter 1 

Figure 1.1 Hepatitis delta virus genomic RNA structure.Structure of the HD genome. The 

upper schematic depicts the location of HDAg coding region (blue arrow), the amber/W editing 

site * and ribozyme cleavage sites (rectangular boxes). The HDV genome has more than 74% 

complementary between the top strand coding strand and the bottom non-coding strand. The quasi-

double stranded structure composed of paired bases interspersed with non-base paired loops and 

bulges of the left-hand loop is illustrated in the bottom schematic. Vertical lines in the quasi-double 

stranded structure represent Watson-Crick base pairs and the solid circles represent non-base 

paired regions. Similar to depictions of negative strand RNA viruses, the coding region (blue 

arrow) is represented from left to right (3’-5’) direction. The RNA motifs at the end of the loop is 

represented as the left-hand loop and right-hand loop, as shown in the figure. 
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Figure 1.1.2 Hepatitis delta virus replication. Schematic showing HDV replication. The 

genomic RNA is negative stranded, and the sense of the RNA is represented by arrow (5’-3’) on 

the left-hand side of the schematic. The genomic RNA is the template for synthesis of both HDAg 

mRNA and antigenomic RNA. The antigenomic RNA, a positive stranded full-length RNA, is the 

replication intermediate and acts as a template for genomic RNA synthesis. The sense of 

antigenomic RNA is indicated by the arrow on the left-hand side of the RNA. (3’-5’). The coding 

region is represented by blue arrows in both genomic and antigenomic RNA. The transcribed 

mRNAs are translated to synthesize HDAgs in the cytoplasm. HDAgs exists and bind HDV RNAs 

in the form of an octamer. 
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Figure 1.3 Hepatitis delta virus RNA editing.  (Left) HDV replication begins with the 

transcription of the mRNA for HDAg and the antigenome (both in red) from the genome 

template (blue). The mRNA produced initially contains an amber stop codon and produces the 

195 aa form of HDAg, S-HDAg, which is required for RNA replication. During replication, in 

a fraction of the antigenomic RNAs, the adenosine in the amber stop codon in the antigenome 

is deaminated to inosine by the host RNA editing enzyme ADAR1 (bottom). Upon RNA 

replication, the inosine is transcribed as a result, the mRNA synthesized from an edited genomic 

RNA contains a tryptophan (W) codon instead of the amber stop codon and an additional 19–

20 codons are translated to yield L-HDAg, which is required for virion packaging and inhibits 

replication. 
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Figure 1.4 Replication of negative stranded RNA viruses.  Schematic illustrating non 

segmented negative stranded RNA virus transcription and replication (A) Viral RdRp is unable 

to synthesize RNA on naked genomic RNA. (B) The genome is bound by N protein (genomic 

RNA, nucleocapsid and act as a template to transcribe mRNAs in the absence of RNA free  N 

protein. (C) In the presence of RNA free N protein, the newly synthesized RNA from genomic 

RNP template is bound by N protein leading to replication (antigenomic RNA synthesis). 
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Figure 1.5 Proposed models for Hepatitis delta virus replication.Illustration two 

proposed model of replication for HDV. (A) mRNA first model- The transcription of 

mRNA from the genomic RNA is followed by synthesis of antigenomic RNAs. In this 

model both mRNA and antigenomic RNA is synthesized by host RNA polymerase II. 

(B) Illustrates Either or model. In this model the synthesis of mRNA and antigenomic 

RNA are exclusive. The mRNA and antigenomic RNA can be synthesized by two 

different host RNA polymerases. 
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Figure 1.6 Rolling circle replication of Hepatitis delta virus RNA.The schematic illustrates 

the rolling circle replication of HDV. HDV RNA template is transcribed by host RNA 

polymerase(s) shown in red. Replication by rolling circle yield more than unit length HDV 

RNA, shown in blue. The new synthesized RNA is then processed by ribozyme cleavage and 

ligation to yield monomeric HDV RNAs. 
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2. SYNTHESIS OF CIRCULAR HEPATITUS DELTA VIRUS RNAS IN VITRO 

 Negative stranded RNA viruses switch from transcription to replication after synthesis of 

N proteins[138-142], as N proteins are required for synthesis of antigenomes and genomes[48-50, 

145, 166]. As a negative stranded RNA virus, it is not known if HDV has a mechanism to regulate 

mRNA and antigenomic RNA synthesis from the genomic RNP template. It is also not known if 

HDAg plays a role in regulating the synthesis of mRNAs and antigenomic RNAs from the  

genomic RNP template. Therefore, to investigate the role of HDAg regulation in transcription of 

HDV mRNA and antigenomic RNA synthesis and study individual strand synthesis, I require a 

system in which replication of individual strands can be isolated and studied. Also, to reduce 

background signals from transfected RNA during quantification of synthesized HDV RNAs, I 

wanted to develop a system where, transfection can be initiated with low amounts of HDV RNA. 

To study the stoichiometry and assembly of HDV RNP in vitro, it is important to synthesize HDV 

RNPs similar to  HDV viral RNPs.  HDV RNAs are circular[1, 20]. Studies have shown that HDV 

circular RNAs can initiate replication 10 times more efficiently than linear over length HDV 

RNAs[167].  Therefore, to synthesize authentic HDV RNPs and to study the regulation mechanism 

of HDV, I decided to develop a method to synthesize circular HDV RNAs in vitro.  

I wanted to develop an efficient transfection system to study HDV replication and to 

understand its regulation mechanisms. HDV maintains a constant ratio between HDAg and HDV 

RNA in replicating cells[56]. One of the main aims of my analysis is to understand the importance 

of HDAg:HDV RNA ratio in viral replication. I wanted a system where I can modulate 

HDAg:HDV RNA to understand the importance of the ratio and the regulation mechanisms of 

HDV to maintain the ratio.  Further, I also wanted to study individual strand synthesis such as, 
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mRNA and antigenomic RNA synthesis from genomic RNA template or genomic RNA synthesis 

from antigenomic RNA template. 

HDV can be studied using infection and transfection systems. Transfection systems using 

linear and linear over length RNAs require a high concentration of transfected RNA to initiate 

HDV replication, as linear RNAs can be degraded by exoribonucleases[37, 155-158]. Linear RNA 

also must undergo template switching to form circular RNAs that can initiate HDV replication[13, 

159, 160]. However, the efficiency of template switching is not known.  Higher amounts of 

transfected RNA can be a source of background signals limiting detection and quantification of 

synthesized HDV RNAs. Therefore, it would be difficult to study individual strand synthesis using 

linear and linear over length HDV RNAs. 

Transfection of plasmids containing HDV sequence can be used to initiate HDV replication 

[158]. However, the transfected plasmid DNA can become a continuous source of HDV RNA. 

Therefore, I was not be able to use plasmid transfections to modulate HDAg:HDV RNA ratio and 

understand the regulation mechanism of the virus to maintain the ratio, nor can I use this system 

to study individual strand synthesis due to the continuous synthesis of HDV RNA from the 

plasmid.  

Infections are an effective way of studying HDV replication[161, 162]. However, mutation 

studies that can be performed using an infection system are limited. Further, the viral particles will 

also contain edited genomic RNA that can reduce the HDV replication initiation efficiency, as 

edited genome transcribe L-HDAg mRNAs and as previous mentioned L-HDAg has an inhibitory 

effect on HDV replication[1, 20, 48-50, 145, 166, 167]  
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2.1 Overview 

 I designed a protocol to make circular HDV RNAs by ligating linear HDV RNAs using T4 

RNA ligase enzyme[168, 169]. The protocol starts with synthesis of DNA templates containing 

unit-length copies of the genome from an HDV plasmid clone.  These synthesized DNA templates 

are then used to transcribe linear HDV RNAs, which are then ligated using T4 RNA ligases to 

make circular HDV RNAs. The ligated HDV RNAs are separated from unligated linear HDV 

RNAs and purified by gel electrophoresis. The overview of the protocol is illustrated in Figure 2.1.  

 HDV RNA is circular, with 74% of the nucleotides base pairing and the rest forming bulges 

and loops[20, 22-25, 158]. To avoid steric hindrance during ligation and to obtain a higher yield 

of RNA, I selected potential ligation sites in the non-base paired regions of HDV RNA. Modelling 

of the secondary structure of genomic HDV RNA was performed using mfold 

(http://unafold.rna.albany.edu) (Figure 2.2), As the selected sites are in single stranded regions of 

the RNA, I decided to use T4 RNA ligase 1 enzyme (ssRNA Ligase High Concentration, 

NewEngland Biolabs), which ligates single stranded RNAs. 

To obtain a high yield of RNA and to avoid premature transcription termination, I decided 

to use T7 RNA polymerase to synthesize linear HDV RNA. T7 RNA polymerase is highly active, 

is specific to its own promoter sequence for initiation and does not have a high rate of premature 

transcription termination[170-173]. To use T7 RNA polymerase for transcription, the promoter 

sequence 5′–TAATACGACTCACTATAG–3′ was added to the 5’ end of the PCR primer[174, 

175] used to synthesize unit length HDV DNA template from a plasmid clone (Table 1). GGG as 

the first three bases at the 5’ end after the T7 promoter increases transcription efficiency by T7 

RNA polymerase[176, 177]. Therefore, I selected sequences in HDV RNA that had GGG to design 

fusion sites. To prevent any mutation that could be introduced during the ligation process that 

could affect HDV replication, I avoided sites in the coding region and the ribozyme region of HDV 

http://unafold.rna.albany.edu/
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genomic RNA. I chose ligation sites in the non-coding, non-base paired region of the HDV 

genomic RNA, with GGG as the first 3 bases at the 5’ end of the ligation sites.  Taking all the 

above conditions into account I chose 4 ligation sites, G1-G4, on the non-coding strand of HDV 

genomic RNA, Figure 2.2. 

2.2 DNA template synthesis 

HDV genomic DNA templates were made by PCR amplification of plasmid pCMV3-

Peru×1.2 using Taq DNA polymerase enzyme from New England Bio labs[178]. To ensure 

complete amplification of the 1.7kb DNA templates, a 1-minute extension time was used in the 

PCR cycle, and to get a high yield of template, I used 30 cycles. The lower of the melting 

temperatures between the forward and the reverse primer was used as the annealing temperature 

(Table 1). 

 The quality and size of amplified DNA templates were checked by agarose gel 

electrophoresis. The synthesized DNA templates were then purified and concentrated using Zymo 

Research DNA Clean & Concentrator™-25. The concentration of the synthesized DNA templates 

was quantified using Thermo Scientific Spectophotometer NanoDrop 2000C, Model: ND2000C   

2.3 Hepatitis delta virus linear RNA transcription 

 T4 RNA ligase 1 has a high Km value[179, 180]. Therefore, it is important to have high 

concentrations of substrate (linear HDV genomic RNAs) to attain efficient ligation. To obtain a 

high yield of linear HDV RNAs, HiScribe T7 high-yield RNA synthesis kit (NewEngland Biolabs) 

was used for transcription. The HiScribe kit protocol calls for >=500ng of DNA template in a 20µl 

transcription reaction for a 1.8kb RNA[181, 182]. Linear HDV RNA is approximately 1.7kb long. 

Therefore, as per the protocol, I used 500 ng of linear DNA template in a 20 µl transcription 

reaction. 
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T4 RNA ligase catalyzes the ligation of a 5' phosphoryl-terminated nucleic acid donor to a 

3' hydroxyl-terminated nucleic acid acceptor, with the formation of a 5'→3' phosphodiester bond 

and hydrolysis of ATP to AMP and PPi[183, 184]. Hence, the first nucleotide of the RNA should 

be a 5’ monophosphate. RNA synthesized from a typical in vitro transcription will have a 

triphosphate group at the 5’ end and a hydroxyl group at the 3’ end. Synthesis of HDV linear RNA 

with monophosphate as the first base can be done in two ways.  One method is to use a phosphatase 

enzyme to remove the triphosphate from the first nucleotide of the RNA, followed by addition of 

a phosphate group to the nucleoside using a phosphokinase. But this method is time consuming 

and can lead to RNA degradation. An alternative method is to include the nucleotide 

monophosphate, GMP, in the transcription reaction at a higher concentration than the 

corresponding nucleotide triphosphate, GTP. Monophosphates can only be incorporated as the first 

nucleotide, as the energy from breakage of phosphodiester bond is required for RNA transcript 

elongation. By having a higher concentration of GMP, the probability for the monophosphate to 

get incorporated as the first nucleotide of the RNA during transcription is increased. I tested 2mM 

GTP with 8mM, 16mM, 32mM and 64 mM GMP in transcription reactions and found that GMP 

concentrations above 32mM affected RNA synthesis. Therefore, I chose to use 32mM GMP and 

2mM GTP for synthesizing linear HDV RNAs. 

The transcription reaction was set up for 2 hours at 37°C, using the HiScribe T7 RNA 

polymerase kit with 32mM GMP and 2mM GTP, and with a DNA template concentration above 

500ng per 20µl reaction. The concentration of ATP, UTP and CTP in the transcription reaction 

were as per instructed in the kit. The transcribed RNAs were treated with DNase for 10 minutes at 

37°C to remove DNA templates and were purified using Bio-Spin® Columns with Bio-Gel® P-
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30 from Bio-Rad. Typical yields of linear HDV RNAs from a 20µl transcription reaction were 

about 32µg. 

2.4 RNA ligation 

 T4 RNA ligase (ssRNA Ligase) High Concentration (NewEngland Biolabs) was used to 

ligate linear HDV RNA. The ligation reaction was set up as per the protocol and incubated at 25°C 

for 2 hours. 

2.5 Purification of circular Hepatitis delta virus RNA 

The RNAs were extracted with phenol chloroform and concentrated by Zymo Research 

RNA Clean & Concentrator™-5 to remove proteins from the ligation reaction. This extraction 

process solved the problem of proteins interfering during gel electrophoresis of ligated RNAs.  

 RNA ligation using T4 RNA ligase is not 100% efficient; thus, reactions will contain 

mixtures of circular RNAs and non-ligated linear RNAs, as well as linear RNA dimers and trimers 

[179, 180]. One way to separate circular RNAs from linear RNAs is by gel electrophoresis. In a 

native gel the linear HDV RNA and the circular RNA will migrate at the same rate, as they have 

similar molecular weights. However, in a denaturing gel with 8M urea, the circular RNAs migrate 

more slowly than linear RNAs because circular RNAs, after denaturation, have an open circle 

conformation, which hinders their migration through the pores in an acrylamide gel. Therefore, a 

linear denatured RNA migrates faster than a circular RNA in a denaturing acrylamide gel[185]. 

Hence, to separate HDV circles from linear RNA, the ligation reaction was run on an 8M urea, 

3.5% acrylamide gel with 0.5X TBE.  RNAs were denatured prior to gel electrophoresis by heating 

in denaturing buffer (formamide, 1mM EDTA, 10mM Tris HCL at pH 7.5 and 0.1% bromophenol 

blue) at 90°C for two minutes and cooling them immediately on ice. After electrophoresis, the gel 

was washed for 20 minutes with distilled water to remove urea, stained with ethidium bromide and 

imaged.  
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The gel image of ligated HDV RNA showed four bands (Figure 2.3). To identify the band 

containing circles, all the bands were excised, and RNAs were eluted from the gel by incubating 

with an elution buffer (0.5 M Ammonium acetate, 2mM EDTA, 0.1% SDS) overnight on a rocker. 

Each band was cut out separately and weighed. 1ml of elution buffer was added to 1.7g of gel. 

RNAs eluted from the gel were extracted with phenol chloroform to remove SDS and concentrated 

by Zymo Research RNA Clean & Concentrator™-5. To identify the band containing the circle, 

RNAs extracted from each band were subjected to sodium bicarbonate hydrolysis. When treated 

with a basic solution, RNA is degraded by random breakage of the phosphodiester bond in the 

sugar-phosphate backbone. This cleavage results as a smear for a linear RNA electrophoresed on 

a denaturing gel[185, 186].  

When circular RNA is treated with sodium bicarbonate, the first hydrolysis leads to the 

formation of linear RNA, and further degradation of the linear RNA forms a smear (Figure 2.3) - 

this pattern is evidence of circular RNA. Among the 4 bands in the gel that were subjected to 

hydrolysis with sodium carbonate, band 2 formed the signature hydrolysis pattern of a circular 

RNA. Thus, the band containing the circular HDV RNA was identified as band 2.  

Among the chosen ligation sites G1 had the highest yield of circular HDV RNA (3.5µg). 

Hence, the G1 ligation site was picked for further HDV circular RNA synthesis. 

2.6 Hepatitis delta virus replication initiation by in vitro synthesized circular RNA 

The next step after circular RNA synthesis and extraction was to test if the in vitro 

synthesized circular HDV RNA can initiate HDV replication. HDV requires HDAg for replication 

[53, 54]. Hence, HDAg needs to be supplied in trans for HDV genomic RNA to form RNPs and 

initiate replication. Capped and polyadenylated HDAg-encoding mRNAs were synthesized using 

HiScribe™ T7 ARCA mRNA Kit from New England Bio labs. The  DNA template for the 

transcription was synthesized from pCMVNeoAgS-DC1[187] using the primers mentioned in 
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Table 1. Circular HDV genomic RNA (30ng) was transfected with the HDAg mRNA (3ng) into 

Huh-7 cells at a ratio of 1:10 in a 48 well plate using the TransIT®-mRNA Transfection Kit from 

Mirus. Transfected cells were harvested 6 days post-transfection and a western blot was performed 

to look for evidence of HDV replication. The 6-day time point was chosen, as the HDAg 

synthesized from the transfected mRNA was undetectable by day 6 post transfection. Therefore, 

any detected HDAg should be from replication of HDV.  

 From the western blot image (Figure 2.5), HDAg was detected in lane 1 (HDV circle + 

mRNA), consistent with HDV replication. It is important to note that HDAg was not detected day-

6 post-transfection when Huh-7 cells were transfected only with mRNA coding for HDAg (lane 

5). Therefore, the HDAg detected in lane 1 is due to HDV replication initiated by transfecting 

circular HDV RNA with HDAg mRNA and not residual HDAg made from the transfected 

mRNAs. Lane 3 contains protein from cells transfected only with circular HDV RNA and lane 4 

has protein from cells transfected with unligated linear HDV RNA. The absence of replication 

without co transfection of HDAg mRNA demonstrates that HDAg is essential for HDV replication. 

The efficiency of HDV circular RNA to initiate HDV replication is higher than linear unit length 

HDV RNAs (Figure 2.5, lane 2). 

 T7 RNA polymerase is known to add extra bases to the 3’ end of RNA during transcription 

[134, 188-191]. This behavior could introduce mutations at the ligation site of HDV circular 

RNAs. To check if the ligated RNAs had extra bases introduced at their ligation sites, in vitro 

synthesized circular RNAs were sequenced (Figure 2.-B). In fact, sequence analysis showed that 

most of the RNA population had at least one C insertion at the ligation site. In the sequencing 

figure the direction of the primer is from left to right. The noise in the sequencing signal seen after 

the ligation site  on the right  indicates that the RNA sequence is heterogeneous at the ligation site.  
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Noise in a sequencing signal occurs when there is heterogeneity in the sequence. In case of the 

sequencing result from HDV RNA, the noise is due to heterogeneity in the ligated region of HDV 

RNA due to addition of extra bases by T7 RNA polymerase at the 3’ end of the linear RNA. The 

extra bases added at the 3’ end vary in length, which after ligation of the 5’ and 3’ end of the linear 

HDV RNA, introduce mutation in HDV circular RNA that could affect the replication efficiency, 

even though they are not in the coding region or in the ribozyme domains. 

To check if these mutations were retained by the virus during replication, HDV RNAs 

extracted from transfected Huh-7 cells were subjected to RT-PCR and the cDNA obtained were 

sequenced. Remarkably, the sequencing results showed that replicating HDV RNAs did not have 

any extra base insertions at the ligation site. This result indicated that the population of circles with 

extra nucleotides had a lower replication efficiency than the HDV RNAs with the original sequence 

(Figure 2.7-C). 

 Therefore, to prevent the addition of an extra nucleotide at the 3’ end of RNA by T7 

polymerase runoff, the reverse primer for making the DNA template was designed with two 2’-o-

methoxy moieties at the 5’ end[192]. Subsequent analysis of circular HDV RNAs made by ligation 

of linear HDV RNAs that were transcribed from these templates showed no extra nucleotides at 

the ligation site (Figure 2.7-D). 

The replication efficiency of HDV circular RNA synthesized using DNA template with 2-

o-methoxy was tested by transfecting  Huh-7 cells with the in vitro synthesized circular RNAs and 

HDAg mRNAs. The cells were harvested 6 days post transfection and a western blot was 

performed. It is also important to note that for this transfection experiment I used 3ng of circular 

HDV RNA and 0.3ng of HDAg mRNA compared to 30ng of HDV circular RNA and 3ng of HDAg 

mRNAs in Figure 2.10. 
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Western blot (Figure 2.10) shows replication in lane 1 that contains HDV circular RNA 

transfected with mRNAs coding for HDAg. The blot also shows two bands, L-HDAg and S-HDAg 

on lane 1. L-HDAg, as mentioned in the introduction, is a late protein that is synthesized by HDV 

due to editing of HDV genome by ADAR-1, a cellular enzyme, during replication[31, 33, 35, 193]. 

Detection of L-HDAg further confirms that HDV replication was initiated by transfection of in 

vitro synthesized HDV circular RNA with HDAg mRNAs. As noted in the previous western blot, 

HDAg was not detected in lane 5, which contains Huh-7 cells transfected with only mRNAs coding 

for HDAg, also proving that the HDAg detected in lane 1 is due to replication and not the 

transfected mRNA. Transfection with HDV genomic circular RNAs made with modified primers 

also showed increased efficiency in initiating HDV replication in Huh-7 cells when transfected 

with HDAg mRNAs. Therefore, from the western blots it can be seen that HDV is highly sensitive 

to mutations and its replication can be affected by changes in its RNA sequence.  

One of the reasons for choosing the G1 ligation site was because of its location in the non-

coding region of HDV genomic RNA. However, as noted above, a mutation at the ligation site 

affected replication, as the population of replicating genomic RNAs did not contain the mutation. 

To understand this phenomenon, sequence analysis of the RNA region was performed on 50 HDV 

isolates, Figure 2.8.  Genotype 3 HDV sequences were obtained from public database (Genbank) 

and multiple sequence analysis was performed using Jalview2[194]. 

 From the analysis it can be observed that the sequence around the G1 ligation site. 3’ 

AAC|GGGG 5’ is in fact highly conserved (Figure 2.8), which suggests that at least some parts of 

the non-coding region in HDV genomic RNA also play important roles in HDV life cycle. This is 

the first demonstration that sequences in the non-coding region, far from the mRNA initiation site, 

are critical for replication[45, 46, 114]. 
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 Functions of such conserved regions in the non-coding region of RNA have not been 

studied. One possibility can be that the sequence may play an important role in forming the quasi 

double stranded structure of HDV RNA, which when changed affects HDAg binding or HDV 

replication (elongation during transcription or host RNA polymerase binding). The hurdle in 

studying the role of HDV RNA structure in HDV replication has been the lack of a circular HDV 

RNA template. Now by using the in vitro circular HDV RNA synthesis method, we can study the 

importance of HDV structure in HDV replication by introducing mutations in highly conserved 

non-coding region and observing the effects of the mutations on HDV replication.  

2.7 Further optimization of the protocol 

The ligation efficiency of T4 RNA ligase decreases with an increase in the molecular 

weight of the RNA. This reduction in efficiency is due to a reduced probability of juxtaposition of 

the two RNA ends during ligation[195]. HDV linear RNAs form multiple structures that can lead 

to ligation ends not being close together, leading to a reduced yield of HDV circular RNA. To 

stabilize the structure of HDV linear RNA and to bring RNA ligation ends close together, a strand-

specific oligo deoxynucleotide splint, complementary to the ligation site, was annealed to the linear 

RNA[196] (Figure 2.9). This DNA splint was mixed with HDV linear RNAs at equimolar 

concentrations. To anneal the DNA splint to the RNA, the mixture was heated and held at 65°C 

for 3 minutes and cooled to 4° C in a thermal cycler. The mixture of HDV linear RNA annealed 

to the DNA splint was then added to the ligation reaction mixture. With the addition of the strand-

specific DNA splint and the 2’-o-methoxy groups in the primer that reduced the addition of extra 

bases by T7 RNA polymerase at 3’ end of the linear HDV RNA, the quality of ligation and the 

yield of HDV circular RNAs increased (Figure 2.9).  

The urea concentration in the denaturing gel was raised to 10M to ensure complete 

denaturation of HDV RNAs. Ethidium bromide does not stain denatured RNAs efficiently due to 
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the lack of secondary structure in the RNA. Therefore, I replaced the ethidium bromide with 

SYBR™ Green II RNA Gel Stain to stain RNAs in the gels for better visualization of the bands.  

Different ligation conditions and ligase enzyme combinations were tried to increase the 

yield of HDV circular RNAs. Among the incubation conditions (16° C overnight, 37° C for 2 hours 

and 30° C for 7 hours), 30° C for 7 hours gave the highest yield of circular RNAs. Polyethylene 

glycol (PEG) is used in the ligation reaction to increase the enzyme and substrate (RNA) 

concentration by crowding the aqueous solution of the ligation mixture. Different concentrations 

of  PEG were tested (5%, 10%, 25%) and it was found that using 25% PEG in the ligation mixture 

effectively increased ligation efficiency. Therefore, the final standardized conditions for HDV 

linear RNA ligation was to use T4 RNA ligase 1 high concentrate as the ligation enzyme, with 

25% PEG in the reaction mixture, and to incubate the ligation mixture at 30° C for 7 hours.  

 The HDV RNA ligation protocol has been used successfully to generate circular genomic 

and antigenomic RNAs for three different HDV clones, demonstrating that the method of 

synthesizing circular HDV RNA can be applied to any clone of HDV.  

 The ability to synthesize circular HDV RNAs and use them to initiate HDV replication 

provides a means for quantitatively studying synthesis and processing of individual RNA in the 

virus replication cycle. Because the circular RNA is more efficient initiating HDV replication than 

linear and linear over-length HDV RNAs[167], it was possible to decrease the amount of 

transfected HDV RNA. To study individual strand synthesis of HDV RNA, it is necessary to have 

a transfection system in which HDV replication can be initiated with low levels of HDV RNA 

thereby, having reduced background signals from the detection of transfected RNA during 

quantification of RNA synthesized during replication. By using in vitro synthesized circular HDV 

RNA, HDV replication can be initiated with concentrations as low as 1ng of HDV circular RNA, 
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in a 48 well plate with HDAg provided in trans. Therefore, this system can be used to isolate and 

study individual strand synthesis. 

2.8 Microinjections 

Griffin, 2014 (Doctoral dissertation) showed that HDV RNA can bind 4 to 5 octamers. 

However, the number of octamers that must bind HDV RNA to make a functional RNP is not 

known. Investigation of a functional RNP stoichiometry requires a system to introduce in vitro 

assembled RNPs into cells. This task is difficult to accomplish using a transfection system, because 

transfection of molecules is dependent on size and charge and the amount of transfected material 

cannot be controlled. These limitations of transfection can be overcome by using micro 

injections[197]. Micro injection allows us to control the amount of HDV RNA entering the cells. 

HDV replication can be initiated by injecting as few as 100 molecules of HDV circular RNA. This 

approach can also be used to study the stoichiometry of HDV RNPs that can start an HDV 

replication in cells, which is explained in detail in Chapter 5. 

 To initiate HDV replication, Huh-7 cells were injected with HDV circular genomic RNA 

and HDAg encoding mRNA at the ratio of (10:1). 3ng of circular RNAs and 0.3ng of HDAg 

mRNA were mixed in sterile 1x PBS buffer and injected into Huh-7 cells using the protocol 

explained in Chapter 5. Immunofluorescence was performed on the injected cells with antibodies 

against HDAg on day 4 post injections to detect HDV replication.   HDV replication was detected 

in cells that were injected with HDV circular genomic RNA and HDAg encoding mRNAs. It can 

also be noted that cells injected only with mRNA did not have any signal (Figure 2.6-B), 

confirming that the fluorescence observed in Figure 2.-A is due to HDV replication. 
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2.9 Figures for Chapter 2 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.1 Overview of Hepatitis delta virus circular RNA synthesis protocol. The 

protocol starts with synthesis of unit length HDV DNA template by PCR, with the T7 

RNA polymerase recognition sequence at the 5’ end of the forward primer. The PCR 

product is then used to transcribe linear unit length HDV RNA with T7 RNA synthesis 

polymerase, followed by ligation of the linear HDV with T4 RNA ligase 1 to obtain 

circular HDV RNA. 

 

 

Figure 2.2 Selection of ligation sites in Hepatitis delta virus genomic RNA. HDV 

genomic RNA showing the selected ligation sites on non-based paired segments of the 

non-coding strand.  The 5’ ends of the ligation sites have GGG to increase the transcription 

efficiency of T7 RNA polymerase. The blue shaded arrow indicates the coding region of 

HDV. The horizontal rectangles on the right side of HDV RNA indicate the locations of 

the genomic (Rz(-)) and antigenomic (Rz(+)) ribozymes. 
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Figure 2.3 Separation of ligated circular Hepatitis delta virus RNA from linear RNAs 

by denaturing acrylamide gel electrophoresis. Denaturing acrylamide gel image 

showing separation of different HDV RNA species after ligation reaction. After analysis, 

Band 2 was identified as the HDV circular RNA band. 
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Figure 2.4 Sodium carbonate hydrolysis test for Hepatitis delta virus circular RNA. 

Denaturing acrylamide gel image showing non-hydrolyzed (lane 1&2) and hydrolyzed (lane 

3&4) HDV linear and circular RNA. The illustration on the left shows the smear pattern of 

HDV linear and circular RNAs after sodium carbonate digestion. HDV circular and linear 

RNAs can be noted to have different mobilities and smear patterns after sodium carbonate 

hydrolysis in a denaturing acrylamide gel. 
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Figure 2.5 Circular Hepatitis delta virus RNA synthesized in vitro can initiate replication. 

Huh-7 cells were transfected with indicated amounts of HDV RNAs (either circular or linear, 

as indicated) along with HDAg encoding mRNAs. Total cellular protein was harvested 6 days 

post transfection and analyzed by western blot. HDAg was detected only in cells co-transfected 

with 30 ng of circular HDV RNA and 3 ng of HDAg-encoding mRNA, indicating HDV 

replication. No signal on lane 2 indicates that HDV linear RNAs have lower efficiency than 

HDV circular RNA to initiate replication and the absence of signal in lane 3 indicated that 

HDAg is required by HDV for replication. 
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A 

B 

Figure 2.6 Immunofluorescence showing Hepatitis delta virus replication initiated 

by microinjection of Hepatitis delta virus circular RNA. Huh-7 cells were 

microinjected with (A) HDV circular RNA with HDAg-encoding mRNA; (B) HDAg-

encoding mRNA. Immunofluorescence was performed to detect HDAg on the cells 4 

days after microinjection. The detection of fluorescence in Figure A indicates HDV 

replication. There was no signal detected on day 4 in cells injected with only HDAg-

encoding mRNAs, showing that the signal seen in Figure A is due to HDV replication 

and not due to residual HDAg synthesized from HDAg encoding mRNAs. 
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Figure 2.7 Sequence analysis of circular Hepatitis delta virus RNAs synthesized in 

vitro and replicating in cells after transfection.  (A) Shows the G1 ligation region of 

the RNA with the arrow mark indicating the G1 ligation area.  The blue shaded regions 

in panels B, C, and D highlight the sequences flanking the ligation site.  

(B) The primer direction is indicated in the top of the Figure (5’-3’). HDV circular RNA 

extracted from band 2 of denaturing acrylamide gel was subjected to RT-PCR and was 

sequenced. The majority sequence contains a nucleotide insertion at the ligation site due 

to the addition extra nucleotides at the 3’ end by T7 RNA polymerase during 

transcription. (C) Sequencing analysis of replicating HDV RNA showed that replication 

favors HDV RNA without extra bases. (D) Using 2-o-methoxy primers in the PCR 

reaction to synthesize the unit length HDV DNA template eliminates the addition of extra 

bases and reduces heterogeneity of the HDV RNA sequence.  
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Figure 2.8 Multiple sequence analysis of Hepatitis delta virus genotype 3 isolates. 

Multiple sequence analysis performed with Jalview2 of 50 genotype 3 isolates obtained 

from public database (Genbank). The arrow mark indicated the G1 ligation sequence 

on the HDV RNA. The ligation site is in the midst of a highly conserved region in 

which 14 consecutive positions are completely conserved the sequence outlined in 

black rectangle indicates the G1 ligation site sequence, which can be seen to be high 

conservation across all isolates.  
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Figure 2.9 Overview of improved in vitro Hepatitis delta virus circular RNA synthesis 

protocol. Reverse PCR primer contains 2-o-methoxy group at the 5’ end to prevent addition 

of extra bases to the 3’ end of HDV linear RNA during transcription by T7 RNA polymerase. 

DNA splint with sequence complimentary to the ligation region was annealed to the HDV 

linear RNA to increase ligation efficiency. 

 

Figure 2.10 Western blot showing Hepatitis delta virus replication initiated using circular 

Hepatitis delta virus RNA synthesized in vitro with the improved protocol. Huh-7 cells were 

transfected with 3ng HDV RNA (both HDV circular RNA from modified protocol, Figure 2.9 

and HDV linear RNA) along with 0.3ng HDAg encoding mRNA. Detection of S-HDAg and L-

HDAg in lane 1 indicates HDV replication. The absence of signal in lane 2 indicates that HDV 

linear RNA has lower efficiency than HDV circular RNA to initiate replication and the absence 

of signal in lane 3 indicate that HDAg is required for HDV replication. It is also to be noted that 

the amount of HDV circular RNA required to initiate replication is 10 times lower than Figure 

2.5 showing that the modifications introduced in the HDV circular RNA synthesis protocol 

improved the initiation efficiency of HDV circular RNA. 
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3.  HEPATITIS DELTA ANTIGEN REGULATES MESSENGER RNA  

AND ANTIGENOMIC RNA LEVELS DURING HEPAITIS DELTA VIRUS 

REPLICATION 

HDAg is required for HDV replication[53, 54]. Results from transfection experiments 

using circular HDV genomic RNA (Figure 2.6, 2.11) demonstrate that HDAg is required for HDV 

replication.  This is the first direct evidence that shows that HDAg is required for HDV replication. 

replication, as transfection of HDV circles alone in Huh-7 cells did not initiate replication. HDAg 

binds HDV RNAs to form HDV RNPs. Both the HDV genome and antigenome are associated 

with HDAg in cells[149]. The formation of HDV RNPs is critical for viral replication and 

packaging[36-38]. Even though HDAg is known to be essential for the viral life cycle, the specific 

roles played by HDAg are not clear. 

In a study that compared HDAg and HDV RNA ratio in cells under several different 

experimental situations such as, woodchuck and mouse liver and skeletal muscle, in stably and 

transiently transfected cultured human hepatoblastoma cells, found that the HDAg:HDV RNA 

ratio was constant[56]. Another study done using stably transfected cells encoding S-HDAg, with 

expression under tetracycline control, showed that levels of HDV RNA synthesis increased with 

an increase in S-HDAg[151]. However, neither the mechanism by which the virus maintains 

HDAg:HDV RNA constant nor the importance of the ratio for HDV replication is known. HDV, 

as a negative stranded RNA virus, uses the genomic RNA template for both mRNA transcription 

and antigenomic RNA synthesis. In other negative stranded RNA viruses, the synthesis of mRNA 

and antigenomic RNA from genomic RNP template is independent  of one another[47]. A switch 

from mRNA transcription to antigenomic RNA synthesis occurs in negative stranded RNA viruses 

after accumulation of N protein in the cells, as binding of N protein to the nascent RNA is required 
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for the synthesis of full-length RNA strands[138-142, 145, 166]. However, unlike other negative 

stranded RNA viruses, HDV RNA has a circular genomic RNA[20]. Therefore, the synthesis of 

antigenomic RNA and mRNA transcription can either be mutually exclusive (either or model, 

Figure 1.5), like other negative strand RNA viruses, or every transcription initiation by host RNA 

polymerase on genomic RNP template can lead to transcription of mRNA followed by antigenomic 

RNA synthesis (mRNA first model, Figure 1.5).  No studies have been done to understand the 

regulation mechanism of HDV in synthesis of mRNA and antigenomic RNA from genomic RNP. 

It is also not known if the presence of excess HDAg in cells, like N protein in negative stranded 

RNA viruses, is required for HDV mRNA and antigenomic RNA synthesis. One report, which 

was based on DNA plasmid transfection experiments that did not involve virus replication, 

suggested that HDAg could reduce mRNA synthesis by inhibiting polyadenylation[152]. 

However, subsequent analyses of HDAg levels during HDV replication suggested that mRNA 

synthesis was not inhibited by HDAg[153, 154]. Neither of these previous studies quantitatively 

analyzed how the virus might regulate the ratio of HDAg to HDV RNA, nor whether variations in 

this ratio might be critical for virus replication.  

In this chapter, using in vitro synthesized circular HDV RNAs transfection system, both 

the responses of HDV to change in HDAg:HDV RNA ratio and the role of HDAg in HDV 

transcription and replication were investigated.  

3.1 To determine if changes in Hepatitis delta antigen: Hepatitis delta virus RNA ratio affect 

Hepatitis delta virus replication and to understand if Hepatitis delta virus can regulate 

Hepatitis delta antigen levels 

To investigate if the ratio between HDAg and HDV RNA is important for viral replication 

[56], I designed an experiment using in vitro synthesized HDV circular RNA, in which I changed 

the ratio between protein and RNA and observed the changes in HDV replication by measuring 

HDAg and HDV RNA synthesis. As the majority of HDV experimentation is performed with 
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genotype-1 clones, I chose to use the type-1 clone, DC1, for my experiments. HDV plasmid clone 

pCMV3-DC1x1.2[31] was used to make HDV genomic DNA templates with primers DC1-T7 -

G-F and DC1-G-R. Linear HDV RNA was synthesized with T7 RNA polymerase and ligated using 

the improved ligation protocol (DC1 G splint) (Figure 2.1). 

The aim of my first experiment was to determine if changes in the HDAg:HDV RNA ratio 

affect HDV replication. To study the effect of changes in relative amounts of HDAg and HDV 

RNA levels on HDV replication, I performed experiments that were designed to alter the ratio of 

HDAg: HDV RNA by addition of a mutated circular HDV genomic RNA that cannot produce 

HDAg, which I refer to as HDAg(-). To make HDAg(-) RNA, a frame shift/stop codon mutation 

was introduced at codon 7 that abolished the production of HDAg[31].  

One day prior to transfection, Huh-7 cells were plated in a 48 well plate at a concentration 

of 100,000 cells per well. To understand the effects of changes in the HDAg:HDV RNA on HDV 

replication, I transfected the cells with 3ng of wild type HDV genomic RNA and with increasing 

amounts of HDAg(-) RNA. In order to initiate replication, the cells were also transfected with 

0.3ng (or 1/10 by weight) of HDAg mRNA, to initiate HDV replication. Huh-7 cellular RNA was 

added to the mix in order to meet the concentration required by the transfection protocol. 

Transfection was done using the TransIT®-mRNA Transfection Kit. The transfection 

medium was replaced with cell growth medium 24 hrs post-transfection. Cells were harvested 6 

days post-transfection and a western blot was performed to measure the levels of HDAg, to 

determine levels of HDV replication (Figure 3.1). 

From the western blot (Figure 3.1) it can be observed that the addition of HDAg(-) RNA 

decreased HDAg production, even though all the samples were transfected with the same amount, 

3ng, of wild-type HDV RNA. If the ratio of HDAg:HDV RNA did not affect HDAg production, 
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we hypothesize that the levels of HDAg would remain constant. Co-transfection of 33-fold excess 

HDAg(-) RNA led to almost undetectable levels of HDAg. From the above result I conclude that 

manipulating the ratio of HDAg:HDV RNA can affect HDAg production.  

To understand the effect of HDAg(-) RNA addition on HDV RNA synthesis, I harvested 

cellular RNAs (NucleoSpin® RNA Plus, Macherey-Nagel) and quantified the amount of total 

HDV RNA (HDV genome and antigenome) by RT-qPCR. Cells were also transfected with only 

circular HDV RNA (wild type and HDAg(-)) without HDAg mRNA as a control to calculate 

background signal detected from transfected HDV RNA. Reverse transcription was performed 

with M-MLV Reverse Transcriptase using random primers, followed by qPCR (SensiFAST™ 

SYBR® No-ROX Kit) using primers HDV-1 and HDV-2 (Table 1). However, the quantification 

of replicating HDV RNAs was impeded by the detection of residual RNA from the transfected 

HDV RNA from the control sample. Therefore, the amount of wild type RNA was reduced from 

3ng to 1ng and the transfection incubation time reduced from 24 hrs to 4 hrs. This new 

experimental setup, with reduced wild type RNA (1ng), also showed similar decrease in HDAg 

levels (data not shown). From the RT-qPCR result obtained from the new experimental setup with 

1ng of transfected wild type RNA and increasing amount of HDAg(-) RNA, it was observed that 

the HDV RNA synthesis decreased with addition of HDAg(-) RNA. 

To investigate the protein production of HDV with the addition of HDAg(-), the amount 

of wild type HDV RNA was calculated from the quantified total HDV RNA. As HDAg can be 

synthesized only by transfected wild type RNA, the amount of HDAg and wild type RNA should 

be similar. I will from now on refer to this HDAg calculated based on the wild type RNA 

transfected as expected HDAg. However, the relative amount of HDAg obtained from the western 

blot was higher than the calculated expected HDAg amounts. Moreover, RT-qPCR of total HDV 
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RNA showed a decrease in total HDV RNA accumulation in parallel with the decrease in HDAg 

production. It should be noted that the observed decrease in HDV RNA in Figure 3.2 happened 

with an increase in the total amount of transfected RNA, suggesting that the decrease observed in 

HDV RNA is due the addition of HDAg(-). 

Comparison of synthesized HDV protein, calculated from western blot, versus the amount 

of protein expected to be synthesized by the virus, the latter being calculated from the amount of 

wild-type HDV RNA transfected, showed that the virus was making more protein than expected. 

For example, when Huh-7 cells were co-transfected with 1ng of wild type HDV RNA and 10ng of 

HDAg(-) RNA, the HDAg level was reduced to 34% of that observed in cells transfected with 1 

ng of wild type HDV alone; yet, this amount is 7-fold higher than expected when one considers 

the amount of total HDV RNA (55%) and the amount of that RNA that is wild type (9%; 55% x 

9% = 5%). This discrepancy was observed in all of the samples that were co-transfected with 

excess HDAg (-) RNA. These results could indicate that HDV was producing more HDAg in order 

to compensate for the change in the HDAg:HDV RNA ratio caused by the addition of HDAg(-). 

To understand the mechanism by which HDV makes more HDAg than expected, I wanted 

to quantify the amount of mRNA synthesized by the virus with the addition of HDAg (-) RNAs. 

But as the amount of transfected HDV RNAs varied in each sample, it was not possible to quantify 

mRNAs synthesized due to high background. Therefore, the experimental setup was changed such 

that the amounts of total HDV RNAs (both wild-type and HDAg (-)) were held constant and the 

ratio between the wild-type HDV RNA and HDAg (-) RNA was varied internally (Figure 3.3). 

The experiment had 3ng of total HDV RNA, with the following relative amounts of wild type and 

HDAg (-) RNAs, respectively: 1:0, 1:3, 1:10, and 1: 30. To observe the effect of change in ratio 

between HDAg:HDV on HDV replication with addition of excess RNA, HDAg (-) RNA, a parallel 
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experiment was performed in which the cells were transfected with only the indicated amounts of 

wild-type HDV RNA without affecting the HDAg:HDV RNA ratio. All samples were transfected 

with 0.3ng (1/10 of wild type RNA) of HDAg mRNA to initiate HDV replication and Huh-7 

cellular RNA was used as a carrier RNA to increase the concentration of RNA to the amount 

required by the transfection protocol. To decrease the carryover of residual transfected RNA, the 

transfection incubation time was reduced from 24h to 4h once again. Transfected cells were 

harvested on day 6 post-transfection and were analyzed for HDAg and HDV RNAs by western 

blot and RT-qPCR, respectively. 

 From the obtained results, decreasing the amount of wild-type HDV RNA transfected by 

up to 30-fold had a limited effect on HDAg and HDV RNA synthesis (Figure 3.4-B). For example, 

a decrease of up to 12.5-fold (0.24 ng) did not yield statistically significant differences, and a 30-

fold decrease produced less than a 2-fold reduction in both HDAg and HDV RNA. However, when 

the defective replicating HDAg (-) RNA was co-transfected, I observed substantial decreases in 

the levels of both HDV RNA and HDAg (Figure 3.4-B solid bars), similar to what was observed 

in Figure 3.2. Moreover, just as in Figure 3.2, the amount of HDAg produced exceeded the amount 

expected based on the fraction of replicating RNA that was wild-type. These differences were 

again statistically significant and increased as the HDAg (-) to wild-type RNA ratio was increased. 

To rule out any possible confounding effects due to differential replication activities of the 

wild-type and HDAg(-) RNAs, a quantitative analysis of MboII digestion of RT-PCR products 

from RNAs harvested on day 6 post-transfection was performed. This method was chosen as the 

HDAg(-) mutation removes a MboII restriction site near the 5’ end of the HDAg coding sequence, 

allowing us to differentiate between wild-type and HDAg(-) RNA products. This analysis showed 

that the relative amounts of the wild-type and HDAg (-) RNAs were the same on day 6 as in the 
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original transfection mixture (data not shown). Thus, the replication efficiencies of the wild-type 

and HDAg(-) RNAs were the same, and the increase in HDAg production observed on the expected 

amounts is not due to the overgrowth of wild type HDV RNA.   

 To understand the mechanism by which HDV synthesizes more HDAg than expected, I 

wanted to investigate the amount of mRNA synthesized. Therefore, mRNA from the 6-day post-

transfection RNA samples was quantified by RT-qPCR. Reverse transcription was performed with 

Invitrogen™ SuperScript™ IV Reverse Transcriptase using Invitrogen™ Oligo(dT)20 Primer 

followed by cDNA purification by Zymo Research DNA Clean & Concentrator™-25, as 

components from the RT reaction interfered with qPCR, the DNA Clean and concentrate was 

necessary for the strand specific qPCR.  qPCR (SensiFAST™ SYBR® No-ROX Kit) was 

performed with DC1 Tag-mRNA-F and DC1 mRNA-R1 (Figure 3.4-A) and mRNA amounts were 

quantified. From the RT-qPCR results, it was observed that the addition of HDAg(-) did not affect 

mRNA production (Figure 3.4-B). Thus, the pattern of mRNA production with the addition of the 

HDAg(-) RNA was different than for total HDV RNA (genome + antigenome). While HDV RNA 

levels decreased as the amount of HDAg(-) RNA transfected was increased, the mRNA levels 

were indistinguishable from cells not transfected with HDAg(-) RNA. It is important to note that 

the mRNAs measured in Figure 3.4-B include both the wild-type (HDAg-producing) mRNA and 

the mRNA from the defective [HDAg(-)] replicating RNA and that the relative amounts of these 

mRNAs were as expected based on quantitative analysis by Mbo II digestion of RT-qPCR products 

(data not shown). 

3.1.1 Inference 

From the results obtained in the above experiments (Figure 3.4), it can be concluded that 

modulating the HDAg:HDV RNA ratio caused by addition of HDAg(-) RNA affects HDV 
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replication. This decrease in replication was observed as decrease in both HDAg and HDV RNA 

synthesis. In the parallel experiment performed only with HDV wild type RNA, the HDV RNA 

replication was observed to decrease with low amounts, although no significant in spite of the low 

levels of transfected HDV wild type RNA. This observation of constant HDV RNA levels proves 

that the decrease in HDV replication observed with addition of HDAg(-) RNA is because of the 

change in the HDAg:HDV RNA ratio. 

 The relative HDAg:HDV RNA ratio was calculated from quantified relative values  of 

HDAg and total HDV RNA (genome +antigenome) from both wild type alone transfection and 

wild type and HDAg (-) RNA combined transfection experiment. From Figure 3.5 it can be 

observed that there is a trend of decrease in the HDAg: HDV RNA ratio with increase in 

transfected HDAg (-) RNA increase, but this decrease is not statistically significant until 1:30 wild 

type to HDAg (-) ratio. This observation of constant ratio between HDAg:HDV RNA with the 

addition of HDAg(-) RNA shows that HDV has a regulation mechanism to maintain the ratio 

constant at the cost of reduced HDV replication. 

With the addition of HDAg(-), the amount of mRNA synthesized remained constant; 

however, the total RNA synthesis reduced with the addition of HDAg(-). This led to my next 

inference, which is that the synthesis of HDV RNA (genomic and antigenomic RNA) and mRNA 

are differentially affected by HDAg amounts. 

In conclusion, the constant HDAg:HDV RNA is critical for HDV replication. When the 

HDAg:HDV RNA ratio is disturbed, the virus has regulation mechanisms to restore the ratio. 

Negative stranded RNA viruses use genomic RNP as a template to transcribe mRNAs and 

synthesize antigenomic RNA[47, 138-142]. N protein, the most abundant element in negative 

stranded RNA virus RNPs, is required for full length RNA transcript synthesis and replication[48-
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50]. Initiation of transcription by RdRp in negative stranded RNA viruses can lead to the 

transcription of mRNA or synthesis of an antigenomic RNA (either or model). The switch from 

mRNA transcription to full length RNA synthesis and replication is dependent on the amount of 

excess N protein present in the cells, as binding of N protein to nascent RNA is required for 

synthesis of full-length RNA strands[166]. After infection, the genomic RNP enters the cells. For 

replication after infection from the genomic RNP template, the viruses require excess N protein. 

Therefore, the viruses synthesize mRNAs coding for structural and non-structural protein using 

RdRp. The N proteins synthesized from translation of mRNAs bind to nascent RNAs leading to 

the switch from transcription to replication[145, 166].  

HDV, also a negative stranded RNA virus synthesizes both mRNA and antigenomic RNA 

from genomic RNP template[1]. From previous studies and results shown in Figures 2.6, 2.11, it 

can be understood that HDAg is required for HDV replication[53, 54]. However, it is not known 

if HDAg has roles like N protein in mRNA and antigenomic RNA synthesis. To understand if 

HDAg played a role in regulating transcription and replication, the HDAg dependency of mRNA 

synthesis and antigenomic RNA synthesis from genomic RNP template was analyzed. 

3.2 The effects of Hepatitis delta antigen amount on Hepatitis delta virus antigenomic RNA 

and mRNA synthesis 

 Following the finding that HDV can regulate the HDAg:HDV RNA ratio, I wanted to 

further investigate the effects of HDAg amounts on mRNA and antigenomic RNA synthesis to 

understand if HDAg played a role in regulating mRNA and antigenomic RNA synthesis. Different 

effects were observed on synthesis of HDV full length RNAs (genome and antigenome) and 

mRNAs with addition of HDAg(-) RNA. (Figure 3.4-B). In negative stranded RNA viruses, the 

genomic RNP is the template for the synthesis of both mRNA and antigenomic RNA by RdRp[47]. 

As a negative stranded RNA virus, HDV antigenomic RNAs and mRNAs are transcribed by 
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cellular polymerase(s) using genomic RNP as template. However, it is not known if HDAg plays 

a role in modulating the accumulation of these RNAs. I wanted to analyze the synthesis of mRNA 

and antigenomic RNA from genomic RNA at different levels of HDAg to understand the role of 

HDAg in mRNA transcription and HDV replication. Huh-7-Tet-HDAg cells were used to vary the 

amounts of HDAg. Huh-7-Tet-HDAg cells, developed by Suzie Stephenson in the Casey lab, are 

stably transfected with a plasmid (PB-TA-ERN-HDAg) encoding S-HDAg, with the expression 

under tetracycline control. The concentrations of HDAg were varied by addition of increasing 

concentrations of doxycycline. These cells are similar to the Tet regulated HEK293 cells that stably 

produce S-HDAg and can similarly support HDV replication when transfected with HDV 

RNA[151]. Huh-7-Tet- HDAg cells showed low levels of HDAg, but still detectable in 

immunoblot without addition of doxycycline. With 5ng/ml addition of doxycycline HDAg 

expression could be increased by 15-fold.   

One day prior to doxycycline treatment, Huh7-Tet- HDAg cells were plated in a 48 well 

plate at 100,000 cells per well concentration. HDAg(-) RNAs were used to eliminate any possible 

effects of HDAg produced from the transfected genomic RNA itself. Cells were treated with 0, 1, 

or 5 ng/ml doxycycline for 24 h and then transfected with 100 ng of circular HDAg(-) RNA 

Cells were harvested 24hrs post-transfection and cellular RNAs were extracted using 

NucleoSpin® RNA Plus from Macherey-Nagel.  Quantitative RT-qPCR was performed to 

quantify mRNAs (using the protocol mentioned above). Huh-7-Tet-HDAg cells synthesize 

mRNAs that code for S-HDAg. The primers previously used in Figure 3.4, detected the mRNAs 

synthesized from the stable transfections  by the Huh-7-Tet-HDAg cells impeding the detection of 

mRNAs synthesized from the transfected HDAg(-) RNA. Quantification of mRNAs from the 

transfected HDAg(-) RNA was hindered due to the background signal produced by the HDAg-
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encoding mRNAs synthesized by the Huh-7-Tet- HDAg cells (PB-TA-ERN-HDAg mRNA, 

Figure 3.6-A). Therefore, to reduce background signals, I designed the mRNA-R2 primer that was 

specific for mRNAs synthesized by HDV during replication (Figure 3.6-A). Huh-7-Tet-HDAg cell 

mRNAs have sequence that does not go beyond S-HDAg coding region. Therefore, to differentiate 

Huh7-Tet-HDAg mRNAs from the replicating HDV mRNAs, I designed primers spanning the 

region after the stop codon of S-HDAg (Figure 3.6-A). This change in the primer in qPCR reduced 

the background signal during the detection of mRNAs synthesized from transfected genomic 

RNAs.  

Our lab developed strand specific RT-qPCR to detect and quantify HDV genomic and 

antigenomic RNAs individually. Reverse transcription was performed (Invitrogen™ 

SuperScript™ IV Reverse Transcriptase) using antigenomic strand specific primer Tag2-AG RT, 

followed by cDNA purification by Zymo Research DNA Clean & Concentrator™-25 and qPCR 

(Tag2-AG-F, AG-R-1). Assay backgrounds, which were in all cases <1%, were determined by 

transfecting Huh-7 cells (not expressing HDAg) with circular HDV genome RNA and by 

harvesting RNA from Huh-7-Tet-HDAg cells treated with doxycycline but transfected with non-

HDV RNA. HDAg levels were quantified at 24 h post-treatment by immunoblotting. From the 

RT-qPCR results, I found that there was a remarkable difference between antigenomic RNA and 

mRNA synthesis with varying levels of HDAg (Figure 3.6-B). In cells not treated with 

doxycycline, which had low but detectable levels of HDAg expression, transfection of 100ng of 

HDAg(-) RNA led to synthesis of 7600 molecules of HDV RNA and 3340 molecules of mRNA 

per cell. The molecules were calculated assuming that the transfection efficiency is 50% measured 

independently by immunofluorescence.  With an increase in HDAg expression level with addition 

of increasing amounts of doxycycline, antigenomic RNA synthesis increased progressively. At the 
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highest concentration of HDAg expression, the antigenomic RNA was 5-fold higher than the non-

treated Huh-7-Tet-HDAg cells. However, mRNA synthesis was constant over the 15-fold range of 

HDAg concentration. 

3.2.1 Inference 

The linear relationship observed in the graph between antigenome RNA accumulation and 

HDAg levels shown in Figure 3.6-B, I suggest there is a direct interaction between newly 

synthesized antigenome RNA and HDAg. HDAg is required for accumulation of fully processed, 

stable antigenome RNA[37]. Protection assays performed in our lab showed that HDAg protected 

the RNA from degradation by micrococcal nuclease in vitro[45]. As most RNase activity in the 

nucleus involves exoribonucleases[198, 199], I hypothesize that binding of HDAg to the newly 

synthesized RNA protects it from RNases in the nucleus. At higher levels of HDAg, the nascent 

RNA is more readily bound by HDAg octamers, preventing it from exonuclease degradation when 

compared to lower levels of HDAg, resulting in synthesis of antigenomic RNA synthesis and 

replication. 

3.3 To determine whether the differential effects are observed in the synthesis of mRNA and 

antigenomic RNA is due to RNA synthesis or posttranscriptional processing 

The mechanism of antigenomic RNA synthesis and the roles of HDAg in antigenomic 

RNA transcription, processing and accumulation are not understood. HDAg is known to bind HDV 

RNAs to form RNPs[12, 149], which may be required for HDV RNA synthesis. HDAg has also 

been shown to have activities that could be important for processing and stabilization of the 

circular RNA genome and antigenome during RNA synthesis[37]. For example, HDAg has been 

shown to contribute to ribozyme activity[26, 28, 44, 117]and can stabilize HDV RNAs in cells, 

possibly by protecting the RNA from nucleases. The differential effects observed between 

antigenomic RNA synthesis and mRNA synthesis can be due to effects at the level of RNA 
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synthesis or post-transcriptional RNA processing. Therefore, to understand the mechanism behind 

the observed increase in antigenomic RNA synthesis with increase in HDAg, and to differentiate 

between RNA synthesis and posttranscriptional RNA processing, a circular HDV genomic RNA 

with a mutation at the antigenomic ribozyme (C76 to T) was used; this mutation inhibits the 

ribozyme activity  thereby blocking the antigenomic ribozyme activity. This antigenomic 

ribozyme mutated (HDAg(Rz-)) RNA also had the HDAg(-) mutation so that mRNA transcribed 

from the circular RNA could not translate HDAg. 

 The transfection was set up with 100ng of HDAg(Rz-) following the same protocol 

mentioned in the above experiment (Figure 3.6). Cells were harvested 24 h post-transfection and 

RNA was extracted using NucleoSpin® RNA Plus, Macherey-Nagel. RT-qPCR was performed 

and antigenomic RNA and mRNA levels were compared with the increase in HDAg levels.   

  Results showed that elimination of ribozyme activity had little or no effect on mRNA 

synthesis (Figure 3.6-B). The number mRNA molecules detected with the transfection of HDAg(-

) was 2040 per cell, which is a less than 2-fold decrease when compared to mRNA synthesized 

with transfection of HDAg(-) per cell, and not statistically significant. 

 On the other hand, mutation of the antigenomic ribozyme on the genomic RNA led to a 

13-fold reduction in antigenomic RNA accumulation. 600 molecules per cell of antigenomic RNA 

were detected compared to 7600 molecules of HDAg(-) RNA per cell which were transfected with 

HDV genomic RNA with a functional antigenomic RNA (HDAg(-)) (Figure 3.6-B). Also, without 

an antigenomic ribozyme, there was no increase in antigenomic RNA with an increase in HDAg 

levels induced by doxycycline. 
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3.3.1 Inference 

 From the above results it can be observed that ribozyme does not play a role in mRNA 

synthesis. This result, obtained with an authentic circular RNA template, verifies a previous 

finding, obtained with a transfected DNA plasmid[154], that the antigenome ribozyme is not 

required for mRNA production. However, mutation of the ribozyme significantly reduced the 

accumulation of antigenomic RNA. 

In the experiment, when HDAg(-) RNAs were transfected into Huh-7-Tet-HDAg regulated 

cells, antigenomic RNA synthesis increased with increase in HDAg levels. HDAg plays important 

roles in supporting ribozyme cleavage[26, 28, 44, 117] and ligation of HDV RNA[37]. During 

RNA transcription, the synthesized linear RNA can be susceptible to RNAse cleavage. Removal 

of the ribozyme activity caused a 13-fold reduction in antigenomic RNA synthesis. Ribozyme 

cleavage and ligation of RNA to form circular RNA can prevent the degradation of HDV RNA by 

exonucleases present in the nucleus.  Elimination of ribozyme activity abolished the linear effect 

of HDAg on antigenome accumulation (Figure 3.6-B)) suggesting that, in that linear increase, the 

role of HDAg is primarily posttranscriptional, either stabilizing the RNA or promoting ribozyme 

cleavage and/or ligation. Further direct analysis of the synthesis and processing of antigenome 

RNAs in cells and, possibly, in vitro, will be required to definitively determine how HDAg 

promotes antigenome RNA accumulation. 

3.4 To investigate the effect of Hepatitis delta antigen on antigenome and mRNA 

accumulation at lower levels of Hepatitis delta antigen 

The results from Figure 3.6 indicates that antigenomic RNA accumulation varies according 

to the varying levels of HDAg. However, mRNA levels were unaffected with increasing amounts 

of HDAg expression with tetracycline addition. Results from the transfection experiment shown 

in Figure 2.5, 2.7 indicate that HDAg is required to initiate replication and is therefore likely 
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required for mRNA synthesis[53, 54] because no replication occurs unless the mRNA is co-

transfected. During an infection, HDV genomic RNA in the form of an RNP initiates HDV 

replication in liver cells. Therefore, HDAg must be present at some level for mRNA synthesis to 

occur from the genomic RNA template. The level of HDAg in the Huh-7-Tet-HDAg cells was 

high enough, even without doxycycline treatment, to promote HDV mRNA synthesis (Figure 3.6). 

To demonstrate that mRNA synthesis requires the presence of some HDAg and to observe mRNA 

and antigenomic RNA synthesis over a wider range of HDAg levels, Huh-7 cells were pre-

transfected with varying amounts of HDAg-encoding mRNA. 

 The pre-transfected in vitro synthesized HDV coding mRNAs can give rise to background 

signals during quantification of synthesized HDV mRNAs from transfected genomic RNA. This 

problem was avoided by synthesizing 668 nt HDV mRNA, mRNA-b, with mRNA sequence 

coding till the first amber stop codon.  (Figure 3.7-A).  mRNA-b ends at the first stop codon, 

coding only for S-HDAg and does not have the remaining sequence that codes for L-HDAg. 

Therefore, by using primers that span the region after the first stop codon of the HDV mRNA, it 

was possible to differentiate pre-transfected mRNA-b from synthesized mRNA on the transfected 

circular RNA template.  

Huh-7 cells plated at 100,000 cells per well in a 48 well plate was transfected with 

increasing amounts of mRNA-b, starting at 0.1ng per well, 24 h prior to the transfection of 25ng 

of circular HDAg(-) genomic RNAs. Huh-7 cellular RNAs were used as carrier RNAs to increase 

the concentration of RNA to that which was required by the transfection protocol. Cells were 

harvested 24h after the circular HDAg(-) genomic RNAs transfection and cellular RNAs were 

harvested using NucleoSpin® RNA Plus, Macherey-Nagel. mRNA and antigenomic RNAs were 

quantified by strand specific RT-qPCR developed in our lab.  
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I observed that mRNA and antigenomic RNA production have different sensitivities to low 

and high HDAg levels (Figure 3.7-B). Without the pre-transfected RNA, there was no synthesis 

of mRNA and antigenomic RNA. In cells transfected with less than 1ng of mRNA-b, in which 

levels of HDAg were low, HDV mRNA synthesis from the transected HDV circular RNA was 

slightly higher than antigenomic RNA. As the transfected mRNA-b was increased above 1ng, 

synthesis of mRNA was saturated and did not increase further. 

On the other hand, antigenomic RNA synthesis increased linearly as the amount of pre-

transfected mRNA-b was increased. HDAg produced by transfection of mRNA-b at lower amounts 

(<1ng) was still not detectable by immunoblotting. The increase in antigenomic RNA observed 

mirrored the antigenomic RNA accumulation in Figure 3.6-B.The correlation coefficient of a 

linear least-squares fit of the dependence of antigenome RNA accumulation on the amount of 

mRNA-b transfected was 0.998, indicating that the relationship was linear over the 300-fold range 

studied. 

3.4.1 Inference 

 From the above results it is clear that HDAg has differential effects on mRNA and 

antigenomic RNA production. This observation demonstrates that HDV has a mechanism to 

modulate the HDAg:HDV RNA ratio. Under low concentration of HDAg, mRNA synthesis is 

favored, which can be associated to the conditions in the cell immediately after infection. After 

infection,  there is no RNA free HDAg present in the cells that can support HDV replication. 

Therefore, under these conditions HDV synthesizes mRNAs from genomic RNP template. 

Translation of HDV mRNAs yield HDAg, which move to the nucleus and support synthesis of full 

length HDV antigenome RNA[40].   
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At higher levels of HDAg, antigenomic RNA synthesis is favored. However, the mRNA 

synthesis remains constant. Binding of HDAg to HDV RNA is required for various functions such 

as stabilization of newly synthesized RNAs[37], such as ribozyme cleavage and ligation, of HDV 

RNAs[26, 28, 44, 117], cellular transportation of RNPs[40], virus packaging[36, 38]and so on. 

Binding of HDAg to the newly synthesized full length RNAs consume the excess HDAg present 

in the cell. From the above experiment it can be understood that binding of HDAg to the newly 

synthesized RNA is required for continuous HDV replication.  Therefore, for continuous 

replication HDV must continue synthesizing HDAg to support replication. In Figure 3.7-B, the 

continuous synthesis of mRNA by the virus can be attributed to the fact that HDAg is required by 

HDV for sustained replication.  In negative stranded RNA viruses, the genome RNP is transcribed 

to synthesize mRNA coding for N protein by RdRp after infection[47], as N protein is required for 

replication. Binding of N protein to newly synthesized RNA is required for synthesis of full-length 

transcripts[145, 166]. Similarly, it can be understood that HDV transcribes mRNAs to produce 

HDAgs, which may have similar function as N proteins, after infection to support replication. 

3.5 Effects of Hepatitis delta antigen on Hepatitis delta virus genomic RNA synthesis 

To understand the genomic RNA synthesis from antigenomic RNP template, a similar 

experiment to Figure 3.7-B was set up by transfecting antigenomic HDAg(-) RNAs. For this 

experiment, I made circular antigenome RNAs following the protocol outlined in Figure 2.1 using 

primers DC-1 AG F T7, DC-1 AG R and DC AG splint (Table 1). Huh-7 cells were plated at 

100,000 per well in a 48 well plate on day 0. Varying levels of mRNA-b was transfected into Huh-

7 cells on day 1, followed by 25ng of circular HDV antigenomic HDAg(-) RNA on day 2. Huh-7 

Cellular RNA was harvested 24 hrs after circular antigenomic RNA transfection and strand 

specific RT-qPCR was performed to quantify the amount of HDV genomic RNA synthesized. 
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3.5.1 Inference  

Genomic RNA synthesis increased with an increase in HDAg levels initially but started to 

decline at higher levels of mRNA-b (10ng) (Figure 3.7-B). From the result it can be hypothesized 

that higher levels of HDAg may have an inhibitory effect on genomic RNA accumulation.  Overall, 

the pattern of genomic RNA synthesis was more like that of mRNA than antigenomic RNA. 

However, an unexpected finding was that the amount of genomic RNA detected was less than the 

amount of antigenomic RNA detected following transfection of circular genome RNA (Figure 

3.7). Previous studies have shown that the amount of genomic RNA in cells replicating HDV are 

higher than antigenomic RNA. One study showed that the HDV genomic RNA was 5-22 times 

more abundant than antigenomic strand in infected livers of chimpanzees and woodchucks[120]. 

However, the ratio of genome:antigenomic RNA obtained from the transfection experiments using 

circular HDV RNA made from clone pCMV3-DC1x1.2 was less than 1 (Figure 3.7-B). As 

previously described, the replication efficiency of HDAg(-) RNA and wild-type RNA was found 

to be similar and the introduced mutation into HDAg(-) did not cause any variation in HDV 

replication. To avoid any uncertainties as to whether the mutation introduced in HDAg(-) caused 

the reduction in genomic RNA replication, the experiment was repeated with wild type HDV 

RNAs. But the results from the wild-type experiment showed a similar pattern of genomic RNA 

synthesis, suggesting that the ratio of genomic:antigenomic RNA for DC1 clone is <1 (data not 

shown). 

3.6 To determine if mRNA synthesis is affected by changing the relative ratio of genomic 

RNA and Hepatitis delta antigen 

 HDV RNAs bind HDAg in the form of octamers[126-129, 132, 150, 200] to form RNPs in 

cells and the genomic RNP, thus formed, is likely the template for mRNA synthesis. Defenbaugh 

et al., 2009, showed that the minimum length of HDV RNA required for one HDAg octamer to 
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bind is 311nt. HDV RNA is approximately 1.7kb long. Therefore, it can be hypothesized that a 

full length HDV RNA can bind 4 or 5 HDAg octamers. Later, Griffin et al., 2014, from binding 

experiments showed that a full length HDV RNA can bind 4 or 5 HDAg octamers. However, the 

minimal number of HDAg octamers required for a functional genomic RNA is not knows. To 

understand the sensitivity of mRNA synthesis to the amount of HDAg bound to the genomic RNA, 

the HDAg:HDV RNA ratio was altered by transfecting increasing levels of circular HDAg(-) 

genomic RNA to cells that had been pre-transfected 24 h earlier with a fixed amount of HDAg-

encoding mRNA and then observed the effects on mRNA synthesis.  

More specifically, Huh-7 cells were plated at 100,000 cells per well confluency on day 0. 

On day 1, cells were pre-transfected with a fixed amount of mRNA-b (1ng). Twenty-four hours 

later, the cells were transfected with varying amounts of circular genome RNA to alter the 

HDAg:HDV RNA ratio.  Cellular RNAs were harvested 24 h after the second transfection and 

HDV mRNA levels were determined by RT-qPCR.   

HDV mRNA production rose linearly with the amount of circular RNA transfected and 

saturated at about 1.3X103 per cell, until 150ng of transfected HDV genomic RNA (Figure 3.8). 

However, at 200 ng of HDV genomic RNA transfected, the mRNA synthesis decreased by more 

than 70%, (p<0.01). The observed decrease in mRNA synthesis at 200 ng of transfected HDAg(-) 

genomic RNA can be due to saturation or depletion of a cellular factor that is required for HDV 

mRNA synthesis or it could be that transfection of 200 ng of circular genome RNA led to an excess 

of genome that decreased the average amount of HDAg in HDV RNPs, thereby decreasing their 

functional activity. 

To distinguish between the possibilities and understand if the reduction in mRNA 

synthesis, with transfection of 200ng of circular HDAg(-) genomic RNA,  was due to reduction in 
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cellular factors or saturation of HDAg by genomic HDV RNA, the transfection was repeated with 

higher amount of mRNA-b (7.75ng; Figure 3.8-B). Upon analysis of harvested cellular RNA from 

the experiment, I made two important observations. The total amount of synthesized mRNAs at 

saturation had increased by 4.5-fold (5.7X103 molecules per cell) and the titration curve shifted to 

the right, indicating that the transfected HDV genomic RNA was titrating the HDAg protein. 

If HDV did not require a particular number of HDAg octamer bound to genomic RNA for 

mRNA synthesis, the reduction in mRNA synthesis that we observed at 1ng of mRNA-b with 200 

ng of HDV genomic RNA would not have occurred (Figure 3.8). Further, the mRNA synthesis 

was recovered at 200ng of transfected circular HDAg(-) genomic RNA with a higher amount of 

pre-transfected mRNA-b or higher amount of HDAg. Therefore, by comparing both the 

experimental results it can be understood that mRNAs synthesis requires a minimal number of 

HDAg octamers bound to the genomic RNA.  

3.6.1 Inference 

 After infection, HDV mRNAs are transcribed from the HDV genomic RNP template by 

host RNA polymerase II[4, 6, 8-10]. Binding of HDAg to genomic RNA is important for 

transcription of mRNAs, as genomic RNA alone was not able initiate HDV replication (Figure 

2.6, 2.11[53, 54]) nor mRNA synthesis (Figure 3.7). Previous experiments performed in our lab 

have suggested that four or five octamers can bind HDV RNA[45, 55]. However, the minimum 

number of bound HDAg octamers necessary to make a functional genomic RNP that can act as a 

template for mRNA synthesis by hots RNA polymerase II is not known. 

 Results from the above experiment do not directly provide the number of HDAg octamers 

required to make a functional genomic RNP. However, from the decrease in mRNA synthesis 

observed when the amount of transfected circular genome RNA was increased to 200 ng (Figure 
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3.8-B) suggests that there is a minimum number of  HDAg octamer required to be bound to the 

genome RNA for mRNA. At low levels of circular genome template in the titration in Figure 3.8-

B, the amount of mRNA synthesis exhibited a linear dependence on the amount of circular RNA. 

However, at larger amounts of circular RNA transfected, there was a broad plateau of mRNA 

expression. These results could indicate that HDV genomic RNPs are transcriptionally active over 

a wide range of HDAg octamer occupancy. Further, as the mRNA synthesis decreased at the 

highest level of transfected HDV circular RNA, it can be understood that the binding of HDV 

RNA is non-cooperative. If the binding of HDAg octamer to HDV RNA was cooperative, the 

increase in transfected circular HDV RNA would not have affected the mRNAs synthesis, as the 

number functional RNPS will always remain in a cooperative binding. have affected the mRNAs 

synthesis, as the number functional RNPS will always remain in a cooperative binding. have 

affected the mRNAs synthesis, as the number functional RNPs will always remain the same in a 

cooperative binding. have affected the mRNAs synthesis, as the number functional RNPs will 

always remain in a cooperative binding. 

 At 200 ng of transfected HDV circular RNA, there is 4-fold decrease in mRNA synthesis 

compared to the 150ng of transfected HDV circular RNA. However, the mRNA synthesis at the 

highest level of transfected circular RNA has not completely ceased. From this observation, it can 

be hypothesized that due to random distribution of HDAg, there might still be a few functional 

genomic RNP that can act as template genomic RNA synthesis or at low levels of bound HDAg 

octamer the functionality of genomic RNP can be influenced by the binding site of HDAg octamer.  

Nevertheless, other variables such as the timing of the experiment, the tendency of HDAg 

to locate in the nucleolus in the absence of HDV RNA[121], and the roles of posttranslational 
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modifications of the protein could influence the results. Further analysis of HDV RNA synthesis, 

perhaps using in vitro approaches, will be necessary to resolve this question. 

3.7 Proposed model 

 I propose the following model that describes the synthesis of mRNA and antigenomic RNA 

from a genomic RNP and the condition for a functional genomic RNP. The model can also be 

extended to understand the importance of ribozymes in post transcriptional modification of HDV 

full length RNAs. 

 Above results, Figure 3.4, demonstrate that HDV maintains and regulates a constant ratio 

between HDAg and HDV RNA during replication[56]. After infection, the HDV genomic RNP 

acts as a template for synthesis of mRNA, as HDAg is required for HDV RNA replication. Like 

N protein in other negative stranded RNA viruses[48-50, 126], HDAg is required for synthesis of 

full length HDV RNAs. Immediately after cell entry, as there is no HDAg present in the cell that 

can support HDV replication, the virus synthesizes mRNAs from the genomic RNA template. 

Therefore, mRNA synthesis precedes antigenomic RNA synthesis, which is later followed by 

genomic RNA synthesis. 

HDV replicates by rolling circle mechanism[16] (Figure 1.6). HDAg plays a role in post 

transcriptional processing of HDV RNAs[26, 28, 44, 117], by facilitating ribozyme cleavage and 

ligation of cleaved HDV linear monomeric RNAs into circular RNAs[37]. The principle role of 

ribozymes in HDV RNA accumulation is in stabilization of the transcripts (circular RNAs would 

be more stable because they lack ends at which exoribonucleases could initiate degradation) rather 

than synthesis. By acting in the formation of a circular RNA template, the antigenome ribozyme 

certainly plays a major role in the synthesis of genome transcripts. 

After infection, genomic RNPs act as a template for mRNA synthesis to produce HDAg 

that supports HDV replication[1]. Analysis of results from transfection experiments have indicated 
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that HDV genomic RNP requires more than one HDAg octamer bound for it to be functional 

(Figures 3.8). Antigenomic RNA synthesis and accumulation requires higher amounts of HDAg . 

Increase in excess HDAg, increases antigenomic RNA accumulation. Binding of HDAg to newly 

synthesized full-length RNA may help in post transcriptional processing, protect from nucleases 

and stabilize the RNA. HDV RNA replicates by rolling circle mechanism[16] (Figure 1.6). From 

these observations, I have designed a model for HDV replication from genomic RNA template.  

    In this model, the genomic RNP requires a minimum number of HDAg octamer bound for 

mRNA synthesis (Figure 3.9). A functional genomic RNP with lower than the threshold number 

of HDAg octamer required to make a functional genomic RNP cannot act as a template for mRNA 

synthesis.  Following the synthesis of mRNAs, HDAg is produced that can support the synthesis 

of full length antigenome HDV RNA. The synthesized excess HDAgs bind the newly synthesized 

HDV RNA strand. Studies have shown that HDAg may also function as an elongation factor during 

transcription[8, 18]. HDV replicates in rolling circle replication[16] (Figure 1.6). Therefore, the 

replication of genomic RNA leads to the synthesis of multimeric HDV RNA. HDAg bound to the 

nascent RNA can facilitate the ribosomal cleavage and ligation of the RNA leading to the synthesis 

of monomeric antigenomic RNA circles.  As per the results observed from my experiment, 

increase in HDAg leads to increase in antigenomic RNA synthesis. Following synthesis, the 

replication intermediate acts as template for synthesis of genomic RNA in the presence of excess 

HDAg. 

In conclusion from the above chapter, using the novel circular HDV RNA transfection 

system, I was able to show that HDV replication is sensitive to amounts of HDAg and HDV RNA.  

My observations from the experiments show that HDV has a mechanism to maintain the relative 

amounts of HDAg and HDV RNA. In this regard, HDV is similar to other negative-strand RNA 
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viruses, even though it is not genetically related. Further, I was able to show that the mRNA and 

antigenome RNA accumulation differ with different amounts of HDAg. Under conditions of high 

HDAg levels, antigenome RNA accumulation is favored over mRNA. On the other hand, at low 

levels of HDAg, mRNA synthesis is favored over antigenome. This observation can be compared 

to the conditions in the cells immediately after infection, where the virus synthesizes mRNAs first 

to produce HDAg that can then support HDV genome replication. The linear relationship between 

antigenome RNA accumulation and HDAg levels (Figure 3.6) suggests that a direct interaction 

between newly synthesized antigenome RNA and HDAg is required for accumulation of fully 

processed, stable antigenome RNA. Because most RNase activity in the nucleus involves 

exoribonucleases, it seems likely that a principle role of the antigenome ribozyme in the 

accumulation of antigenomes is in stabilization of transcripts (circular RNAs would be more stable 

because they lack ends at which exoribonucleases could initiate degradation) rather than synthesis. 

Finally, using the circular RNA transfection system, I was able to prove that mRNA synthesis from 

genomic RNA template requires a minimum number if HDAg octamers bound to the genomic 

RNA. From the observations I proposed a model explaining the HDV mRNA and antigenomic 

RNA synthesis after infection and the requirements of HDAg for both the processes.  
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3.8 Figures for Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.1 Addition of Hepatitis delta virus genomes defective for Hepatitis delta antigen 

production interferes with Hepatitis delta virus replication.Cells were transfected with various 

combinations of circular wild-type HDV RNA and mutated HDV RNA defective for HDAg 

synthesis [HDAg (-), denoted by a red “X”], along with HDV mRNA.  Cells were harvested at 6 

days post-transfection and analyzed by immunoblotting for HDAg. Lanes show the decrease in 

HDAg synthesis with addition of HDAg(-). At the highest amount of transfected HDAg(-), 300ng 

(lane 9), there is no detectable HDAg synthesis indicating complete inhibition of HDV replication. 

Amounts of HDAg detected in duplicate samples varied by less than 25%. 
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Figure 3.2 Hepatitis delta virus replication decreases with the addition of Hepatitis 

delta antigen(-) RNA. Huh-7 cells were transfected with 1ng of wild type circular HDV 

RNA, along with indicated amounts of mutated HDAg(–) circular RNA. Transfections 

for 4 hours also included 0.1 ng of in vitro-synthesized HDAg mRNA (not shown). As 

negative controls, cells were transfected with either 1ng of HDV circular RNA or 0.1 

ng of mRNA alone. Cells were harvested at 6 days post-transfection and analyzed for 

HDAg by immunoblotting and for total HDV RNA by RT-qPCR using primers HDV-

1 and HDV-2. All values shown are relative to amounts detected in cells transfected 

with 1ng of circular wild type RNA plus 0.1 ng of HDAg-encoding mRNA and are the 

averages of three biological replicates. Orange bars, total HDV RNA; blue bars, HDAg. 

Gray bars indicate the amounts of wild type HDV RNA calculated from the amount of 

total HDV RNA and the fraction of wild type RNA that was transfected. Standard 

deviations were determined from transfections performed in triplicate. P values 

determined by Student t test comparisons of means are indicated (*, P<0.01; **, 

P<0.001). 
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Figure 3.3 Illustration of transfection experiment setup with constant Hepatitis delta virus 

RNA. Graphical illustration of transfection experiment set up with constant amount of total HDV 

RNA (3ng).  The blue portion of the bar indicates the quantity if wildtype RNA and the red 

portion of the bar indicates HDAg(-) RNA. 
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Figure 3.4 Effect of change in Hepatitis delta antigen: Hepatitis delta virus RNA ratio on 

DC1 replication. Effects of HDV circular HDAg(-) genomic RNA on HDV protein, RNA, and 

mRNA accumulation. (A) Schematic showing locations of RT and PCR primers used for 

detection of HDV RNA and mRNA. (B) Huh-7 cells were transfected with various 

combinations of circular wild-type HDV RNA and HDAg(-) RNA, as indicated, along with 0.3 

ng of HDAg-encoding mRNA. Cells were harvested at 6 days post transfection and analyzed 

for HDAg by immunoblotting or for HDV RNAs by RT-qPCR. Stippled bars, no HDAg(–) 

RNA co-transfected; solid bars, HDAg(-) RNA co-transfected, as indicated. Values were 

obtained from five independent biological replicates. Orange, total HDV RNA, excluding 

mRNA, detected by RT-qPCR; blue, HDAg; gray, calculated amounts of wild-type RNA based 

on the fraction of wild-type RNA transfected and the amount of total HDV RNA detected; 

purple, HDV mRNA quantified by RT-qPCR. Background values for RT-qPCR were <1% of 

experimental values for HDV RNA and <10% for mRNA. 
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Figure 3.5 Hepatitis delta virus maintains the ratio with addition of Hepatitis delta 

antigen(-) RNA. Effect of HDV circular HDAg(-) genomic RNA on HDAg:HDV RNA 

ratio. Values obtained from 5 individual biological replicates. Stripped bars have no HDAg(-

); solid bars, , HDAg(-) RNA co-transfected, as indicated. Figure shows that HDAg:HDV 

RNA decreases with addition of HDAg(-) RNA. However, the reduction is significant 

(*p<0.01) only at the highest amount of transfected HDAg(-) RNA (1:30). 
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Figure 3.6 Hepatitis delta antigen increase has differential effects on mRNA and 

antigenomic RNA synthesis.Analysis of HDV antigenome and mRNA levels in Huh-7 cells 

expressing HDAg under the control of a tetracycline-responsive promoter. (A) Schematic 

showing locations of primers used for detection of HDV antigenome RNA and mRNA. Note 

that the primers do not match the sequences in the mRNA produced by the stably transfected 

cells. (B) Huh-7-Tet-HDAg cells, expressing HDAg under the control of a tetracycline-

responsive promoter, were treated with 0, 1, or 5ng/ml doxycycline for 24 h and then 

transfected with the indicated 100ng of circular HDV genome RNAs. RNAs used in these 

transfections included the HDAg(-) site-directed mutation that prevents HDAg synthesis. 

Cellular RNAs were harvested at 24 h post-transfection and analyzed by strand-specific RT-

qPCR for HDV antigenome RNA and HDV mRNA. All values are normalized to levels 

observed in cells not treated with doxycycline. HDAg levels were quantified at 24 h post 

treatment by immunoblotting. Solid lines, RNAs from cells transfected with RNAs that were 

wild type except for the HDAg(-) mutation; dotted lines, RNAs from cells transfected with 

RNAs containing the C to U mutation of the catalytic cytosine inactivating the ribozyme (41, 

42). Orange, HDV antigenome RNA; purple, HDV mRNA. Background levels for RT-qPCR 

were <1% of experimental values for all samples. 
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Figure 3.7 Hepatitis delta virus genome, antigenome and mRNA are differentially 

affected by Hepatitis delta antigen over a wide range of Hepatitis delta antigen 

expression.The number of genomic RNA molecules are represented in the secondary axis.(A) 

Schematic showing locations of RT and PCR primers used for detection of HDV antigenome 

RNA and mRNA. (B) Huh-7 cells were transfected with in vitro-synthesized HDAg encoding 

mRNA-b for 4 h and then, after 20 h, with either circular HDAg(–) genome HDV RNA or 

circular HDAg(–) antigenome for 4 h. Cellular RNAs were harvested 24 h after the start of the 

circular RNA transfection and analyzed by strand-specific RT-qPCR. (B) Cells were pre 

transfected with various amounts (0.1 to 30 ng) of mRNA-b (horizontal axis), followed by 25 

ng of circular HDAg(–) HDV genome or antigenome RNA. Orange, HDV antigenome RNA; 

purple, HDV mRNA; gray, HDV genome RNA. The values obtained for 30 ng of transfected 

mRNA are not shown to better illustrate the differences between the antigenome RNA and 

mRNA at low HDAg levels. 
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Figure 3.8 Regulation of mRNA synthesis by Hepatitis delta antigen.(A) 

Schematic showing locations of RT and QPCR primers used for detection of HDV 

mRNA. (B) Cells were pre-transfected with either 1 ng (solid lines) or 7.75 ng (dotted 

lines) of mRNA-b, followed by various amounts of circular HDAg(-) HDV genome 

RNA (horizontal axis). The calculated amounts of RNA per cell assume 25 ng of total 

RNA per cell and 50% transfection efficiency. 
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Figure 3.9  Proposed model for Hepatitis delta virus replication. Model developed 

from the observed results, illustrating the replication mechanism of HDV. Model shows 

the synthesis of mRNAs from genomic RNA require a functional genomic RNP. 

Following mRNAs synthesis there is accumulation of excess HDAg which supports full 

length HDAg synthesis and processing. With increase in excess HDAg there is increase 

in antigenomic RNA synthesis. However, the mRNA synthesis remains stable with 

increase in HDAg synthesis. 

 



 

 

85 

 

4. OTHER HEPATITIS DELTA VIRUS CLONES 

Findings from experiments described in chapter 3 demonstrate that modulation of the 

HDAg:HDV RNA ratio affects HDV replication. All the above-mentioned experiments were 

performed using genotype 1 clone pCMV3-DC1x1.2 (DC1). To understand if the regulation 

mechanism observed in type 1 clone, DC1, is genotype specific or if the regulation mechanism is 

exhibited by other HDV genotypes, similar experiments were performed using Peru, a type 3 clone,  

and DL-1, a clone from a different genotype 1 isolate.  

4.1 To determine if changes in Hepatitis delta antigen: Hepatitis delta virus RNA ratio affects 

genotype 3, Peru, Hepatitis delta virus replication and to understand if Hepatitis delta virus 

can regulate Hepatitis delta antigen levels 

HDV has eight genotypes with high sequence heterogeneity[74-85, 176]. To investigate if 

the observed responses for change in HDAg:HDV RNA ratio due to the addition of HDAg(-) RNA 

in DC1 not genotype specific, the experiments described in chapter 3 were repeated using pCMV3-

Peru×1.2 (Peru), a genotype 3 clone[178]. Genotype 3 was chosen because reports have shown 

that among HDV genotypes, genotype 3, found only in the South American population, is 

associated with sever diseases compared to other genotypes and is the most divergent among all 

HDV genotypes[77, 104, 137, 201]. Studies done on the editing mechanism of HDV, demonstrated 

that genotype 3 RNA editing requires a branched double-hairpin RNA structure, which is 

distinctive for genotype 3[202].  

Peru HDAg(-) was made by a frame shift/stop codon mutation similar to that used in 

chapter 3 for DC1 clone[31]. Huh-7 cells were transfected with 3ng of Peru wild type circular 

genome RNA with increasing amounts of Peru HDAg(-) (10, 30, 100, 300ng) with 0.3ng of Peru 

mRNA, to initiate replication. Standardized transfection protocol mentioned in chapter 3 was 

followed and cells were harvested 6 days post transfection. 
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Western blot performed to investigate Peru HDAg synthesis showed a decrease in protein 

synthesis with addition of Peru HDAg(-) (Figure 4.1). At the highest level of transfected Peru 

HDAg(-) RNA, HDAg levels were undetectable. Quantification of HDV RNA was impeded by 

background signals from transfected Peru HDAg(-). Therefore, to reduce the background signal 

the experiment was repeated with 1ng of circular wild type Peru genomic RNA with increasing 

amounts of Peru circular HDAg(-) genomic RNA (3, 10, 30, 100) and 0.1ng of Peru mRNA. 

Quantification of HDV RNA, calculated from transfection experiment with 1ng of wild type HDV 

RNA, showed decrease in synthesis with addition of Peru HDAg(-) RNA (Figure 4.2). The above 

results indicate that HDV replication was affected with addition of excess Peru HDAg(-) RNA, 

similar to the result observed in DC1. Moreover, quantification of expected protein versus 

observed protein showed that the virus was producing more HDAg than expected, which was also 

similar to the observation made in both the type 1 HDV clones. 

Following the observation that Peru synthesized higher amounts of HDAg with addition of 

Peru HDAg(-) RNA, it was important to quantify mRNA synthesis to understand if Peru, like DC1, 

favored mRNA transcription over HDV RNA synthesis at low levels of HDAg. Therefore, the 

total amount of HDV RNA (both Peru wild-type and Peru HDAg(-)) was held constant (3ng) and 

the ratio between Peru wild-type HDV RNA and Peru HDAg(-) RNA was varied internally similar 

to Figure 3.3. Cells were harvested 6 days post transfection and HDAg, HDV RNA and mRNAs 

were quantified. 

Results from the transfection experiment conducted for genotype 3 clone showed decrease 

in HDV RNA and HDAg with addition on Peru HDAg(-) RNA (Figure 4.4). The quantified protein 

levels calculated from the immunoblot exceeded the expected amount of HDAg, which was 

calculated based on the amount of transfected wild type RNA in each sample. However, the pattern 
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of mRNA synthesis for genotype 3 in response to the change of HDAg:HDV RNA ratio was 

different compared to DC1, Figure 4.3-B. The genotype 3 clone showed an increase in mRNA 

synthesis with addition of Peru HDAg(-) RNA. This pattern differed from that observed for the 

genotype 1 DC1 clone, for which mRNA production was mostly unaffected by HDAg(-) RNA 

(Figure 3.4). At the highest amount of transfected Peru HDAg(-) RNA, the amount of mRNA 

synthesized was 7.5 times higher than the wild type sample. The higher amount of mRNA 

synthesis may show that the genotype 3 clone might have a different regulation mechanism to 

maintain HDAg:HDV RNA ratio in cells. 

A restriction digestion assay that was performed to compare the replication efficiencies of 

Peru wild type genome and Peru HDAg(-) showed that the replication efficiency of Peru HDAg(-

) was lower than the wild type (data not shown). This decrease in replication efficiency of Peru 

HDAg(-) can be attributed to the mutation introduced in the coding region. However, even though 

the replication efficiency of Peru HDAg(-) was half of the wild type, the addition of the Peru 

HDAg(-) RNA still affected the HDAg:HDV RNA ratio, reducing the HDV RNA and HDAg 

synthesis and caused the virus to increase mRNA synthesis to compensate for the loss of protein. 

4.1.1 Inference 

Replication of the genotype 3 HDV clone Peru decreased when the HDAg:HDV RNA ratio 

was disturbed, similar to what was observed for the genotype 1 clone, DC1. The decrease in 

replication was observed as a reduction in HDV RNA and HDAg synthesis (Figure 4.4). As a 

result of change in the ratio caused due to addition of excess RNA, the genotype 3 clone 

synthesized more protein than expected, demonstrating that Peru, similar to DC1, has a mechanism 

to regulate the HDAg:HDV RNA ratio when altered. 
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The expected amount of HDAg, calculated from the amount of wild type RNA, was lower 

than the amount of HDAg observed in the immunoblot. HDV produced more protein than expected 

by increasing mRNA synthesis, which was observed in both the genotype clones.  However, the 

synthesis of mRNA increased in Peru with addition of Peru HDAg(-), compared to DC1,where the 

mRNA synthesis was observed to be constant. I hypothesize that the difference in the synthesis of 

higher amount of mRNA with addition of Peru HDAg(-) could mean that Peru has a different 

regulation mechanism to maintain the HDAg:HDV RNA ratio or the model of mRNA and 

antigenomic RNA synthesis from the genomic RNP template could be different in genotype 3 

compared to genotype 1. From the above observation it may be concluded that, when the 

HDAg:HDV RNA ratio is reduced, genotype 3 clone shifts the RNA synthesis from HDV RNA 

to mRNA to regulate the ratio. This regulation can be observed as a relative increase in mRNA 

synthesis and decrease in HDV RNA synthesis. Further, I observed that with addition of excess 

RNA, Peru was more efficient in maintaining the HDAg:HDV RNA constant, compared to DC1 

(Figure 4.4). This observation can be attributed to the increase in mRNA synthesis that is observed 

in Peru. 

In conclusion, both the genotypes have regulation mechanisms to maintain HDAg:HDV 

constant. When the ratio is altered with addition of excess HDV RNA, both the HDV genotypes 

respond by increasing their protein synthesis. However, the change in HDAg:HDV RNA led to 

increase in mRNA synthesis in genotype 3, the mRNA synthesis in DC1 remained constant. The 

ability of genotype 3 clone, Peru, to increase its mRNA synthesis can be a justification for its 

ability to effectively maintain HDAg:HDV RNA ratio constant compared to genotype 1 clone, 

DC1. 
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 To understand if the differential effects observed in antigenomic RNA and mRNA with 

HDAg amounts, 24h transfection experiments were conducted with the genotype 3 clone, Peru, 

similar to DC1. From the analyzed RT-qPCR results of Peru from Figure 4.5, I observed that the 

trend of HDV RNA synthesis was different for Peru from DC1. For Peru all three RNA strands, 

mRNA, genome and antigenome peaked at 3ng of pre-transfected mRNA-b-Peru. A further 

increase of HDAg (up to 10ng of mRNA-b-Peru) led to a slight decrease in the mRNA synthesis, 

demonstrating an inhibitory effect of high HDAg levels on mRNA transcription.  However, 

synthesis of mRNA increased at a lower HDAg levels compared to genomic and antigenomic 

RNA. The synthesis of mRNA before the full-length RNA in Peru is further evidence that HDAg 

may have similar roles as N protein in negative stranded RNA viruses. 

The pattern of genomic and antigenomic RNA of Peru was also observed to be similar to 

the DC1 clone. Genomic and antigenomic RNA synthesis peaked at 3ng of mRNA-b-Peru 

transfection, and a further increase of HDAg levels caused an inhibitory effect in the HDV RNA 

synthesis. Furthermore, it can be noticed that the levels of antigenomic RNA synthesis, at the given 

levels of HDAg, was higher than the genomic RNA synthesis. At 3ng of transfected mRNA-b-

Peru, antigenomic RNA was observed to be 4-fold higher than the synthesized genomic RNA. 

However, the total amount of genomic RNA synthesis was noted to be higher for the Peru clone 

when compared to the DC1 type I clone. 

4.2 To investigate if the Hepatitis delta virus response to change in Hepatitis delta antigen: 

Hepatitis delta virus RNA ratio exhibited by DC1 type clone was clone specific 

To investigate if the HDV response to change in ratio caused due to the addition of HDAg(-

) RNA exhibited by DC1 type clone, was not clone specific, the experiments were repeated with 

DL1, another genotype 1 clone ,Casey et al., 2006. The HDAg:HDV RNA ratio was disturbed by 

addition of DL1 HDAg(-). To understand if DL1, similar to DC1 clone had a regulation mechanism 
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to maintain the HDAg:HDV ratio, the experiment performed in Chapter 3 with DC1, explained in 

Figure 3.3, was repeated with wild type DL1 RNA and DL1 HDAg(-) RNA. The DL1 clone has 

91% sequence similarity with DC1[187]. Therefore, DL1 HDAg(-), similar to DC1, was made by 

introducing a frame shift/stop codon mutation at codon 7 that abolished the production of 

HDAg[31].  Circular DL1 RNAs (genome and antigenome) were made from pGEMT DL1-G and 

pGEMT DL1-AG, using the standardized circular RNA synthesis protocol with primers mentioned 

in Table 1 (chapter 2, Figure 2.1). To observe the effect of change in HDAg:HDV  RNA ratio on 

HDV replication,  with addition of DL1 HDAg(-) RNA, a parallel experiment was performed 

where the cells were transfected only with the indicated amounts of wild-type HDV RNA, without 

disturbing the HDAg:HDV RNA ratio. Transfection was setup with the same protocol as described 

in chapter 3 Figure 3.3.  Cells were harvested 6 days post transfection and HDAg, HDV RNA and 

mRNAs were quantified. 

Results from the transfection experiment conducted for genotype 1 clone, DL1, showed a 

pattern of decrease in HDV RNA(Figure 4.6) and HDAg synthesis with addition of DL1 HDAg(-

) RNA, similar to DC1. From the obtained results, decreasing the amount of wild-type HDV RNA 

over 30-fold had a limited effect on HDAg and HDV RNA synthesis (less than 2-fold). However, 

with addition of HDAg(-), HDV RNA synthesis was reduced by 5-fold (Figure 4.6 HDV RNA 

solid bar), showing that addition of DL1 HDAg(-) affected HDV RNA synthesis. However, similar 

to DC1, mRNA synthesis was not affected by the addition of DL1 HDAg(-). HDAg synthesis 

reduced with addition of DL1 HDAg(-)and the expected protein calculated from the amount of 

transfected wild type RNA was lower than the protein synthesized by the virus, as measured from 

the immunoblot. However, the effect of DL1 HDAg(-) RNA on DL1 HDAg production was much 

less compared to the effects observed in DC1 Or Peru. At sample 1:30, the DL1 clone the observed 
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protein was 80-fold higher than the expected protein. But in DC1 at sample 1:30, the observed 

protein was only 2-fold more than the expected protein (Figure 3.4). 

 The amounts of total HDV RNA (genome + antigenome) detected was higher for DL1 

compared to DC1. For DL1 wild type, 1200pg of HDV RNA (genome and antigenome) was 

detected per 200ng of cellular RNA, compared to 400pg of total HDV RNA detected per 200ng of 

cellular RNA for DC1, p<0.01. Similarly, the decrease in HDAg production, with the addition of 

HDV RNA that cannot produce HDAg, was higher for DC1 compared to DL1. At the experimental 

sample containing 30-fold excess HDAg(-), DL1 synthesized HDAg 20-fold higher than DC1, 

P<0.001. 

4.2.1 Inference 

 DL1, like DC1 and Peru, displayed similar response to addition of DL1 HDAg(-) that 

altered the HDAg:HDV RNA ratio. Addition of DL1 HDAg(-) RNA led to a decline in HDV RNA 

and HDAg production (Figure 4.6-C).  However, DL1 was more effective in responding to the 

addition of DL1 HDAg(-) compared to DC1 (HDAg(-)). The effective response of DL1 can be 

observed in the higher levels of HDAg synthesis with the addition of DL1 HDAg RNA that cannot 

produce HDAg compared to DC1 (Figure 3.4-B). 

Like DC1, DL1 showed differential effects on HDV RNA and mRNA when HDAg:HDV 

ratio was altered. The addition of DL1 HDAg(-) led to decrease in HDV RNA synthesis. However, 

the mRNA synthesis was not affected with the addition of DL1 HDAg(-) RNA. 

 In conclusion, from the response observed from the above transfection experiment with 

DL1 type 1 clone, we can understand that the response exhibited by DC1 (chapter 3) to changing 

the HDAg:HDV RNA ratio by addition of HDAg(-) RNA is not clone specific. However, from the 

higher levels of HDAg detected in DL1 with addition of DL1 HDAg(-) compared to DC1, we can 
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understand that DL1 is more efficient in maintaining the HDAg:HDV RNA ratio(data not shown). 

The differential effect observed between mRNA and HDV RNA synthesis with change in 

HDAg:HDV RNA was exhibited in both DC1 and DL1 clones. 

HDV, as a negative stranded RNA virus, synthesizes mRNA and antigenomic RNA from 

genomic RNP template. Results obtained from 24 h transfection experiments (chapter 3), showed 

that a higher amount of HDAg is required for antigenomic RNA synthesis and not mRNA 

transcription (Figure 3.6, 3.7). Further, the synthesis of mRNA required a genomic RNP with more 

than one HDAg octamer bound to it. functional genomic RNP (Figure 3.8). 

 Studies have shown that the amount of genomic RNA is 5-22 times higher than 

antigenomic RNA in HDV replicating cells. However, when the genomic RNA synthesis was 

investigated from antigenomic RNP template for DC1, the result  showed that the synthesis of 

genomic RNA was lower than antigenomic RNA and mRNA. To understand if the lower genomic 

RNA synthesis was specific to the DC1 clone and to investigate the effect of HDAg level on 

mRNA and antigenomic RNA synthesis in DL1 clone, I set up experiments in which I observed 

the mRNA and antigenomic RNA synthesis from genomic RNA and genomic RNA synthesis from 

antigenomic RNA at varying levels of HDAg. To avoid any confounding effects due to the 

mutation in DL1 HDAg(-) RNA, I used wild type DL1 RNAs for the experiments. 

HDAg levels were varied by transfection of mRNA-b-DL1 RNAs. Huh-7 cells were 

transfected with mRNA-b-DL1 RNAs 24h prior to circular genomic RNA transfection. A similar 

experiment was set up with circular DL1 antigenomic RNA to investigate the genomic RNA 

synthesis with varying HDAg levels. Cells were harvested 24h post transfection and synthesized 

HDV DL1 RNAs were quantified using mRNA, antigenomic RNA and genomic RNA strand-

specific RT-qPCR assay. 
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  From the results shown in Figure 4.7, I observed that mRNA synthesis from DL1 genomic 

RNAs was highest at 1ng of pre-transfected mRNA-b-DL1, (Figure 4.7-B). The amount of 

synthesized mRNA was similar for both DL1 and DC1 clones (~2pg per 100 ng of cellular RNA).  

The synthesis of DL1 genomic and antigenomic RNA increased with an increase in HDAg 

levels. The synthesis of genomic RNA peaked at 2ng of mRNA-b-DL1 RNA pre-transfected. 

Further increase of HDAg levels had an inhibitory effect on genomic RNA synthesis. The observed 

pattern genomic of RNA with increase in DL1 HDAg, was similar to the pattern of genomic RNA 

synthesis observed in DC1. However, the amount of genomic RNA synthesized by DL1 was 200-

fold higher than DC1. 

The antigenomic RNA synthesis in DL1 was observed to have a different pattern than DC1. 

In DL1 the antigenomic RNA synthesis increased with increase in HDAg. However, at higher 

levels of transfected mRNA-b-DL1, >2ng, the antigenomic RNA synthesis decreased. However, 

in DC1, the antigenomic RNA was observed to have a linear increase with increase in HDAg 

levels.  The other major difference that I observed between DC1 and DL1 clones was that, unlike 

DC1 genomic RNA synthesis that was lower than antigenomic RNA and mRNA amounts, DL1 

genomic RNA synthesis was 7.5-fold times higher than the antigenomic RNA. This ratio between 

DL1 genomic and antigenomic RNA is similar to the ratio observed in previous studies[120]. 

Antigenomic RNA synthesis followed a different pattern in DL1 compared to DC1. While DC1 

antigenomic RNA increased more gradually (Figure 3.7-B), DL1 antigenomic RNA synthesis 

peaked at 2ng of transfected mRNA-b-DL1. Further, at higher concentration of mRNA-b-DL1 

(>2ng) an inhibitory effect was observed on DL1 antigenomic RNA synthesis. 

 From the transfection experiment performed with the DL1 HDV clone, it can be observed 

that the mRNA synthesis for both the genotype I clones, DC1 and DL1, peaked at lower levels of 
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HDAg than genome and the antigenomic RNA. However, the DL1 clone synthesized higher 

amounts of HDV RNA than DC1. This pattern of DL1 producing higher amount of HDV RNA 

than DC1 was also observed in the 6-day transfection experiment (Figure 4.6). While DL1 

genomic RNA:antigenomic RNA ratio is 7.5, which falls in the range of ratio previously calculated 

from the infected livers of chimpanzees and woodchucks, the DC1 clone synthesizes less genomic 

RNA than antigenomic RNA.  The antigenomic RNA synthesis pattern also differs between DC1 

and DL1. In DL1, higher HDAg levels, above 2ng of mRNA-b-DL1 transfection, has an inhibitory 

effect on antigenomic RNA synthesis, whereas the antigenomic RNA synthesis in DC1 increases 

with an increase in HDAg levels, till 30ng of mRNA-b transfection, but at a slower rate compared 

to DL1, showing that the replication kinetics if DC1 and DL1 are different. Further analysis of 

replication kinetics is required to understand if there is a relation between replication kinetics and 

pathogenesis.  

4.3 Comparison of 6 day and 1-day transfection experiment result 

 Results from the 1-day transfection experiment showed increase in mRNA genomic and 

antigenomic RNA with increase in HDAg amounts. However, mRNA synthesis peaked at 1ng of 

pre-transfected mRNA-b-DL, which was at lower levels of HDAg when compared to the genome 

and antigenomic RNA. Genomic and antigenomic RNA were observed to peak at 2ng pre-

transfected mRNA-b-DL1. With an increase in the amount of pre-transfected mRNA-b-DL1 

higher than 1ng for mRNA and 2ng for HDV RNA, I observed an inhibitory effect in synthesis of 

the RNAs (Figure 4.7-B). The reason for the mRNA synthesis before genomic and antigenomic 

RNA synthesis, or at lower levels of HDAg, can be due to the HDAg requirement for full length 

RNA synthesis, like N protein requirement for full length RNA synthesis in other negative stranded 

RNA viruses. 
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In the 6-day transfection experiment, 3ng of HDV genomic circular RNA is co-transfected 

with 0.3ng HDAg mRNA. Therefore, 24 hours after transfection, the translated HDAgs from the 

mRNA might be in excess compared to the transfected circular HDV genomic RNAs in the cell. 

This scenario can be compared to zone A on the right side of 1-day experiment curve, Figure 4.7-

C, where the HDAg concentration is higher. By adding DL1 HDAg(-) RNA, I am reducing the 

HDAg:HDV RNA ratio as mRNAs synthesized from the DL1 HDAg(-) RNA template cannot 

translate HDAg. This reduction in protein synthesis can be compared to moving from zone A to 

zone B to the left of the curve. From Figure 4.7 it can be observed that genomic and antigenomic 

RNA synthesis reduces moving (right to left), while the mRNA synthesis increases. However, the 

mRNA synthesis is observed to increase from zone A to B. (right to left). This pattern of decrease 

in HDV RNAs and increase in mRNA synthesis can be also be observed in a 6-day transfection 

experiment, where the HDAg:HDV RNA ratio at 1:3 led to increase in synthesis of HDAg 

synthesis, Figure 4.6. With increase in transfected DL1 HDAg(-) RNA (1:10 and 1:30), HDV RNA 

synthesis moves from zone B to C. At zone C HDV RNA synthesis can be observed to decrease 

in antigenomic RNA, however, the level of mRNA synthesized is still higher than zone A. Zone 

C can be compared to 1:10 and 1:30 samples in 6-day experiment, where addition of DL1 HDAg(-

) RNA decrease the HDV total RNA synthesis and mRNA synthesis, but the mRNA amount of 

synthesized mRNA is similar to wild type. 

HDV requires a constant HDAg:HDV RNA ratio for its replication[56]. When the ratio is 

altered by reduction in HDAg synthesis, the virus responds by making more mRNAs. This 

response can be observed in 6-day experiment with addition of DL1 HDAg(-) RNA and also in 

the 1-day experiment at lower levels of pre-transfected mRNA-b-DL1.   
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Like DL1 clone, DC1 clone also exhibited similar response to change in HDAg:HDV RNA 

ratio with addition of HDAg(-) RNA in 6-day experiment and at lower concentration of pre-

transfected mRNA-b in 1-day experiment. Comparing the 6-day results for DC-1 and DL-1, we 

can observe that HDAg changes much more for DC-1 than for DL-1, yet the changes in total 

RNA(genome+antigenome) levels are similar. One interpretation can be that the DL-1 is more 

effective at responding to the addition of DL1 HDAg(-) and synthesizes more HDAg in response 

to the reduction in the protein levels. Another reason can be that the DL-1 is more sensitive to 

changes in HDAg than is DC-1. This interpretation that the DL1 is more sensitive to changes in 

HDAg might be supported by the day 1 result , where the slope of the DL-1 curve is much steeper 

than the DC-1 curve when the HDAg level moves from point B to point A. 

In the transfection experiments, the DL1 genotype 1 clone was observed to synthesize 

higher amounts of HDV RNA than DC1 clone. However, both clones exhibited similar responses 

to change in HDAg:HDV RNA ratio. Therefore, from the observed result, it can be seen that HDV 

clones have varying level of replication. However, the clones maintained the HDAg:HDV RNA 

ratio constant during replication. 

Previous studies have shown that genomic RNA synthesis is 5-22 times higher than 

antigenomic RNA[120]. From the observed results from the 1-day transfection experiments of 

DC1, and Peru, only type 1 clone DL1 has a genome to antigenome ratio as 7.5 that falls between 

5-22 ratio. The genome to antigenomic RNA ratio was <1 for both DC1 and Peru HDV clones. 

Therefore, from the observed results, I conclude that the ratio of genome to antigenome can be 

different for different clones of HDV. 

 Overall, by comparing the HDV RNA synthesis between DC1, DL1 and Peru, it can be 

observed that HDAg:HDV RNA ratio is important for replication for all three genotypes. 
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Disturbance of the ratio by addition of HDV RNA that does not produce HDAg led to decrease in 

HDV replication and protein production. All three clones produced higher amounts of HDAg than 

the expected protein, which was calculated from the amount of wild type HDV RNA transfected.  

However, level of mRNA transcription and genomic and antigenomic RNA synthesis was different 

for all three clones.  For all three clones mRNA synthesis increased at lower levels of HDAg 

compared to genomic and antigenomic RNA synthesis. The genomic and antigenomic RNA 

synthesis increased at higher levels of HDAg for all the three clones. The genomic RNA synthesis 

pattern was similar for all the three clones. However, the amount of genomic RNA synthesized 

was lower than antigenomic RNA for DC1 and Peru and in DL1 the genomic RNA synthesis was 

7.5 times higher than the corresponding antigenomic RNA synthesis. The pattern of antigenomic 

RNA synthesis showed different pattern in all three clones. 

  The process of synthesizing mRNA prior to genomic and antigenomic RNA can be 

compared to the events that occur after the virus infects a cell. After infection, the genomic RNA, 

in the form of an RNP, enters the cell. At that point, HDAg bound to the genomic RNA is the only 

available protein that can support HDV replication. As previously observed from transfection 

experiments (Figure 2.10, 2.5), HDV replication requires HDAg. Also, studies have shown that 

HDAg is required from many other functions such as RNA post transcriptional modifications, 

cellular transportation of HDV RNA, packaging on viral particles and so on. Therefore, it can be 

understood that genomic and antigenomic RNA synthesis requires higher amounts of HDAg, 

which is attained by the initial synthesis of mRNAs by the virus. As can be seen in the graphs 

(Figure 3.7, 4.5, 4.7), all three clones required less than 1ng of transfected mRNA-b for mRNA 

synthesis. However, for full-length RNA synthesis the virus requires HDAg. Therefore, at low 

levels of HDAg, the virus synthesizes mRNAs from a functional genomic RNP. After infection, 
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that HDAg that enters the cells with genomic RNP might be enough to support initial mRNA 

synthesis, which leads to translation of more HDAg. After HDAg has increased to sufficient levels, 

antigenomic RNA synthesis, and later genomic RNA synthesis begins. From the above 

observations from DC1, DL1 and peru, I propose that HDAg, like N protein for negative stranded 

RNA viruses, is required for HDV full length RNA synthesis. After infection HDV transcribes 

mRNAs from the genomic RNP template that are translated to synthesize HDAg, which then 

support HDV full length RNA synthesis. 
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4.4 Figure for Chapter 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.1 Addition of Hepatitis delta anitgen(-) RNA interferes with replication of 

genotype 3 Hepatitis delta virus clone Peru . Cells were transfected with various 

combinations of circular wild-type Peru HDV RNA and Peru HDAg(-) [ Peru HDAg(-), 

denoted by a red “X”], along with HDV Peru mRNA.  Cells were harvested at 6 days 

post-transfection and analyzed by immunoblotting for HDAg. Lanes show the decrease 

in HDAg synthesis with addition of Peru HDAg(-). At the highest amount of transfected 

Peru HDAg(-), 300ng (lane 9), there is less than 1% of the wild type HDAg synthesis 

indicating inhibition of HDV replication by addition of Peru HDAg(-). Amounts of 

HDAg detected in duplicate samples varied by less than 15%. 
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Figure 4.2 Peru Hepatitis delta virus replication decreases with the addition of 

Hepatitis delta antigen(-) RNA Huh-7 cells were transfected with 1ng of wild type 

circular Peru HDV RNA, along with indicated amounts of mutated Peru HDAg(-) circular 

RNA. Transfections also included 0.1 ng of in vitro-synthesized Peru HDAg mRNA. As 

negative controls, cells were transfected with either 1ng of HDV circular Peru RNA or 0.1 

ng of Peru mRNA alone (not shown). Cells were harvested at 6 days post-transfection and 

analyzed for HDAg by immunoblotting and for total HDV RNA by RT-qPCR using 

primers HDV Peru-1 and HDV Peru-2. All values shown are relative to amounts detected 

in cells transfected with 1ng of circular Peru wild type RNA plus 0.1 ng of Peru HDAg-

encoding mRNA and are the averages of three biological replicates. Orange bars, total 

HDV RNA; blue bars, HDAg. Gray bars indicate the amounts of wild type HDV RNA 

calculated from the amount of total HDV RNA and the fraction of Peru wild type RNA that 

was transfected. Standard deviations were determined from transfections performed in 

triplicate. P values determined by Student t test comparisons of means are indicated (*, 

P<0.01; **, P<0.001). 
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Figure 4.3 Peru is more efficient at maintaining Hepatitis delta antigen: Hepatitis delta 

virus RNA with addition of Peru. Effects of HDV circular Peru HDAg(-) genomic RNA 

on HDAg:HDV RNA ratio. The y axis represents the HDAg:HDV RNA calculated from the 

obtained values from Figure 4.1). Values obtained from 3 individual biological replicates. 

Stripped bars have no Peru HDAg(-); solid bars, , HDAg(-) RNA co-transfected, as 

indicated. Figure shows that HDAg:HDV RNA decreases with addition of Peru HDAg(-) 

RNA. 
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Figure 4.4 Effect of change in Hepatitis delta antigen: Hepatitis delta virus RNA ratio on 

Peru replication.Effects of circular Peru HDAg(-) genomic RNA on HDV protein, RNA, and 

mRNA accumulation. (A) Schematic showing locations of RT and PCR primers used for 

detection of Peru HDV RNA and mRNA. (B) Huh-7 cells were transfected with various 

combinations of Peru circular wild-type HDV RNA and Peru HDAg(-) RNA, as indicated, along 

with 0.3 ng of HDAg-encoding Peru mRNA. Cells were harvested at 6 days post transfection 

and analyzed for HDAg by immunoblotting or for HDV RNAs by RT-qPCR. Stippled bars, no 

Peru HDAg(–) RNA co-transfected; solid bars, Peru HDAg(-) RNA co-transfected, as indicated. 

Values were obtained from five independent biological replicates. Orange, total HDV RNA, 

excluding mRNA, detected by RT-qPCR; blue, HDAg; gray, calculated amounts of wild-type 

RNA based on the fraction of wild-type RNA transfected and the amount of total HDV RNA 

detected; purple, HDV mRNA quantified by RT-qPCR. Background values for RT-qPCR were 

<1% of experimental values for HDV RNA and <10% for mRNA. 
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Figure 4.5 Effect of Hepatitis delta antigen levels on Peru genome, antigenome and mRNA 

synthesis.HDV genome, antigenome and mRNA are differentially affected by HDAg over a 

wide range of HDAg expression. The transfected concentration of mRNA-b-Dl1 are represented 

on the x axis and the number of RNA molecules synthesized per cell are represented on the Y 

axis. The number of mRNA molecules per cell is represented in the secondary axis (A) 

Schematic showing locations of RT and PCR primers used for detection of Peru HDV 

antigenome RNA and mRNA. (B) Huh-7 cells were transfected with in vitro-synthesized HDAg 

encoding mRNA-b-Peru for 4 h and then, after 20 h, with either circular Peru genome HDV 

RNA or circular Peru antigenome for 4 h. Cellular RNAs were harvested 24 h after the start of 

the Peru circular RNA transfection and analyzed by strand-specific RT-qPCR. (B) Cells were 

pre-transfected with various amounts (0.1 to 30 ng) of mRNA-b-Peru (horizontal axis), followed 

by 25 ng of circular Peru HDV genome or antigenome RNA. Orange, HDV antigenome RNA; 

purple, HDV mRNA; gray, HDV genome RNA. 
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Figure 4.6: Effect of change in Hepatitis delta antigen: Hepatitis delta virus RNA ratio on 

DL1 replication. Effects of HDV circular DL1 HDAg(-) genomic RNA on HDV DL1 protein, 

RNA, and mRNA accumulation. (A) Addition of HDV genomes defective for HDAg production 

interferes with HDV replication. Cells were transfected with constant amount of HDV RNA 

with varying ratios, 1:0, 1:3, 1:10, 1:30 of wild type and DL1 HDAg(-) RNA. Cells were 

harvested at 6 days post-transfection and analyzed by immunoblotting for HDAg. Lanes show 

the decrease in HDAg synthesis with addition of HDAg(-). Amounts of HDAg detected in 

duplicate samples varied by less than 25%. The lack of detectable HDAg in lane 9 from 

transfection of the mRNA alone, shows that the HDAg production observed in lane 1-8 is due 

to HDV replication.  (B) Schematic showing locations of RT and PCR primers used for detection 

of DL1 HDV RNA and mRNA. (C) Huh-7 cells were transfected with various combinations of 

DL1 circular wild-type HDV RNA and DL1 HDAg(-) RNA, as indicated, along with 0.3 ng of 

HDAg-encoding DL1 mRNA. Cells were harvested at 6 days post transfection and analyzed for 

HDAg by immunoblotting or for HDV RNAs by RT-qPCR. Stippled bars, no DL1 HDAg(–) 

RNA co-transfected; solid bars, DL1 HDAg(-) RNA co-transfected, as indicated. Values were 

obtained from five independent biological replicates. Orange, total HDV RNA, excluding 

mRNA, detected by RT-qPCR; blue, HDAg; gray, calculated amounts of wild-type RNA based 

on the fraction of wild-type RNA transfected and the amount of total HDV RNA detected; 

purple, HDV mRNA quantified by RT-qPCR. Background values for RT-qPCR were <1% of 

experimental values for HDV RNA and <10% for mRNA. 
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Figure 4.7 Effect of Hepatitis delta antigen levels on DL1 genome, antigenome and 

mRNA.HDV genome, antigenome and mRNA are differentially affected by HDAg over a wide 

range of HDAg expression. The transfected concentration of mRNA-b-DL1 are represented on 

the x axis and the number of RNA molecules synthesized per cell are represented on the Y axis. 

The number of mRNA molecules synthesized per cell is represented in the secondary axis in 

both Band C (A) Schematic showing locations of RT and PCR primers used for detection of 

DL1 HDV antigenome RNA and mRNA. (B and C) Huh-7 cells were transfected with in vitro-

synthesized HDAg encoding mRNA-b-DL1 for 4 h and then, after 20 h, with either circular 

DL1 genome HDV RNA or circular DL1 antigenome for 4 h. Cellular RNAs were harvested 

24 h after the start of the circular RNA transfection and analyzed by strand-specific RT-qPCR. 

(B) Cells were pre-transfected with various amounts (0.1 to 30 ng) of mRNA-b-DL1 

(horizontal axis), followed by 25 ng of circular DL1 HDV genome or antigenome RNA. 

Orange, HDV antigenome RNA; purple, HDV mRNA; gray, HDV genome RNA. (C) Figure 

showing replication of HDV RNAs at three different concentration of HDAg (point A, B, C). 
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5. HEPATITIS DELTA VIRUS RIBONUCLEOPROTEIN COMPLEX  

STOICHIOMETRY 

HDAg binds HDV RNAs to form HDV RNPs, which are required by the virus to carry out 

multiple functions, such as, post transcriptional modifications[39], packaging of viral particle[36-

38] and more. In the chapters 3 and 4, I studied HDV replication response to change in 

HDAg:HDV RNA and role of HDAg in the viral RNA synthesis using in vitro circular HDV 

RNAs. From the experimental results, I was able to conclude that HDV requires a particular 

HDAg:HDV RNA ratio for its replication (Figures 3.4, 4.2, 4.6) Further, I observed that higher 

amounts of HDAg are required for full-length HDV RNA accumulation compared to mRNA 

synthesis from genomic template. The requirement of higher levels of HDAg for HDV replication 

is similar to N protein requirement in negative stranded RNA viruses. Using circular RNA 

transfections with constant amount of HDAg, I found that HDV requires a minimum number of 

HDAg bound to genomic RNA(Figure 3.8). A full length HDV RNA can bind 4 or 5 HDAg 

octamers. [45, 46, 55]. However, the minimum number of HDAg octamers required to form a 

functional HDV genomic RNP is not known.  

 Previous studies performed in the Casey lab used a bacterially expressed, N-terminally His-

tagged HDAg, truncated genotype 1 protein, HDAg-160,[45, 46, 55] as the full length type 1 

HDAg did not bind HDV specifically and formed aggregates. Using HDAg-160 protein, 

Defenbaugh et al., 2009, showed that HDAg octamer requires a specific RNA length of 311nt for 

its binding[55]. Following the identification of minimum length required for RNA binding, the 

binding of HDAg to longer HDV RNA was also characterized[45]. To overcome the limitation of 

type 1 full length HDAg and to study the stoichiometry of HDV RNP, genotype 3 full length 

protein was investigated to observe if it has similar properties to HDAg-160 protein. Genotype 3 
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HDAg was chosen as, HDV genotype 3 is the most divergent from all other genotypes of HDV 

[104, 122, 137] and electrophoretic mobility shift assays (EMSA) performed with varying lengths 

of linear HDV RNAs with full-length, N terminal His tagged genotype 3 protein, HDAg-194-3, 

demonstrated successive binding of HDAg to HDV RNAs. A full length HDV linear RNA was 

found to bind 4 to 5 HDAg octamers[45]. One limitation in using linear HDV RNAs is that 

unbound linear RNAs form heterogeneous secondary structures, including dimers and trimers. 

These alternative structures can be observed as a smear in native gels, hindering the detection of 

successive HDAg octamers binding to HDV RNA. To form a more authentic HDV RNP to study 

the stoichiometry of an HDV RNP and potentially compare it to a viral RNP, complexes were 

assembled in vitro with circular HDV RNA and full length HDAg. Specifically, circular HDV 

Peru RNAs were complexed with full length genotype 3 protein, HDAg-194-3, which was 

characterized previously to have properties similar to the C-terminally truncated genotype 1 

protein HDAg-160][45]. 

5.1 To observe binding characteristics of circular Hepatitis delta virus RNA with full length 

Hepatitis delta antigen -194-3 

 EMSA was set up with radioactively labelled circular Peru genomic RNA and increasing 

concentrations of HDAg-194-3. HDAg-194-3 was shown to behave similar to HDAg-160, 

requiring the same minimum length and RNA structure specificity[45]. Binding experiments were 

performed with radioactively labelled circular HDV RNA at a concentration of 0.4nM.  and 

complexes were electrophoresed in 3.6% polyacrylamide gels.  The EMSA showed that circular 

HDV RNA bound successively increasing amounts of HDAg-194-3 with increasing protein 

concentration. Five individual shifts (Figure 5.1) were observed, demonstrating that a full length 

circular HDV, like linear HDV RNAs can bind as many as 5 HDAg octamers. As circular RNAs 



 

 

109 

 

have a more constrained structure than linear RNAs, the RNA band in lane 1 does not have a 

smear, unlike linear HDV RNAs. 

5.1.1 Inference 

 If 5 octamers bind to HDV RNA at saturation (Figure 5.1), it can be calculated that each 

HDV full length circular RNA would be bound by 40 monomers at saturation. For an HDV RNA 

concentration of 0.4nM, the saturation point should be approximately 16nM. However, at 16nM 

of HDAg-194-3 saturation was not observed. At 16nm of HDAg the genomic RNP was observed 

to have a third shift, implying that the genomic RNA is bound by three HDAg octamers  Saturation 

was observed at 32nM of HDAg-194-3. However, the saturation point and the number of shifts at 

the saturation point come to a close agreement. The small discrepancy might be resolved by better 

quantification of the protein and the RNA.  

 Protein can bind nucleic acids in a cooperative or a non-cooperative manner[203]. From 

the binding experiment image, it can be observed that each octamer binding event appeared to be 

independent from the other. Therefore, binding of HDAg octamer to HDV RNA in vitro is non 

cooperative. 

5.2 To determine the minimum number of Hepatitis delta antigen octamers bound to 

Hepatitis delta virus genomic ribonucleoprotein complex to form a functional genomic 

ribonucleoprotein complex 

Transfection experiments performed with constant HDAg and increasing amount of HDV 

circular RNA showed that HDV genomic RNA requires more than one HDAg octamer bound to 

function as a template for mRNA transcription (Figure 3.8). However, the minimum number of 

HDAg bound in HDV genomic RNP for it to be functional is not known. Binding experiments 

have shown that a full length HDV RNA can bind as many as 5 HDAg octamers (Figure 5.1, [45]).  

Based on these results alone, we cannot tell whether RNPs with 2, 3, 4 or 5 HDAg octamers bound 

are functional. For the goal in hand, transfection system cannot be used, as the amount of material 
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entering the cells cannot be controlled in a transfection system. Therefore, to attempt to identify 

the stoichiometry of a functional genomic RNP, in vitro assembled HDV RNPs, with varying 

HDAg:HDV RNA ratios, were microinjected into Huh-7 cells and replication assessed by 

immunofluorescence[197]. Complexes were assembled using bacterially expressed genotype 3 full 

length His tagged protein, HDAg-194-3, and HDV type 3 circular genomic RNA (Peru genomic 

RNA). Previous study has shown that bacterially expressed HDAg when co-transfected with HDV 

genomic RNA initiated replication[204]. Because microinjections require high concentration of 

circular HDV RNA (10nM) compared to the concentration of RNA used in EMSA assays, . a 

binding experiment was performed with 10nM circular RNA with increasing amounts of HDAg-

194-3. HDV genomic RNPs for injections were assembled as explained in the materials and 

methods, using the 10nM RNA binding experiment HDAg concentration as a guide for HDV RNP 

stoichiometry. 

Huh-7 NTCP cells with G418 selection gene (Huh-7 NTCP-G418) were plated in 35mm  

dish No 1.5 cover gridded cover slip 14mm glass diameter from Mat Tek corporation. Dishes with 

gridded cover slip were used to prevent reinjection of cells during microinjection to monitor cells 

following microinjection and to facilitate counting of cells. During microinjection cells will be 

exposed to non-sterile environments. Therefore, to avoid contamination during micro injection, I 

decided to use Huh-7 NTCP cells that have a G418 (an aminoglycoside antibiotic) resistance. To 

avoid contamination of the micro injected cells,G418 was added to cells after micro injection. 

Cells were microinjected with in vitro assembled RNPs at standardized injection pressure (Pi) of 

100 Kpa, capillary pressure (Pc) 15 Kpa and with an injection time (ts) 0.8 second using Eppendorf 

FemtoJet Microinjector # 930000035 (89009-312 ) with Eppendorf™ Femtotips™ Microinjection 

Capillary Tips. The Huh-7 cells were also injected Peru circular HDV RNAs with Peru HDAg-
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encoding mRNAs as a positive control for HDV replication. The negative controls included 

HDAg-194-3 and HDAg-encoding mRNA alone. Immunofluorescence was performed 4 days after 

microinjection using antibodies against HDAg. 

 Immunofluorescence results showed HDV replication only in cells injected with circular 

HDV RNA and mRNA (Figure 5.3). There was no HDV replication detected in cells injected with 

HDV RNP assembled with circular HDV RNA and HDAg-194-3 (Figure 5.4-A). HDAg-194-3 

full length protein is a 6x-His tagged bacterially expressed protein. Dingle et al., 1998 used tag-

less bacterially expressed HDAg with HDV RNA in a transfection system to initiate HDV 

replication by transfection. Possibly, the presence of 6xHis tag in the HDAg could interfere with 

HDV replication. To avoid this possibility, the 6xHis tag was removed using a protease to make a 

tag-less bacterially expressed full length HDAg. 

 To synthesize a tag less bacterially expressed HDAg, I decided to remove His tag by TEV 

protease. TEV Protease is a highly specific cysteine protease that recognizes a specific amino-acid 

sequence, Glu-Asn-Leu-Tyr-Phe-Gln-(Gly/Ser), cleaves between the Gln and Gly/Ser 

residues[205]. TEV protease most efficiently cleaves protein with serine after the glutamine at the 

cleavage sight[205]. In HDAg the second amino acid following the methionine is a serine. Two 

plasmids were designed to obtain a high yield of tag less protein: one with TEV protease 

recognition amino acid sequence followed by HDAg beginning with the first amino acid 

methionine, serine, arginine HDAg (MSR-HDAg); the second plasmid with TEV recognition 

followed by serine, arginine HDAg (SR-HDAg), without methionine the first amino acid.   

TEV Protease TurboTEV, from Eton Bioscience, has a His tag for easy removal of the 

TEV protease after cleavage reaction[206].  MSR-HDAg and SR-HDAg was expressed and 

purified as previously described (ref). His tag of purified protein was cleaved by TEV protease 



 

 

112 

 

and the TEV protease was removed by using His GraviTrap™ from GE Healthcare Ni affinity 

purification column.  

Protein purity and concentration were determined by Coomassie blue staining of proteins 

electrophoresed on sodium dodecyl sulfate polyacrylamide gels and by UV absorbance, both in 

comparison to bovine serum albumin (BSA) standards. As discussed previously, TEV protease 

most efficiently cleaves protein with serine after the glutamine at the cleavage sight[205]. 

Therefore, SR-HDAg had a higher cleavage efficiency than MSR-HDAg. However, only SR-

HDAg was used in EMSA assays; MSR-HDAg used for microinjections to avoid any confounding 

effects caused my methionine removal from HDAg on HDV replication.  

 Binding experiments conducted with SR-HDAg protein showed similar binding behavior 

as HDAg-194-3 with HDV circular RNA at lower concentrations (Figure 5.2). However, the 

protein aggregated at higher levels of HDAg (Figure 5.2). To obtain HDV RNA and MSR-HDAg 

concentration for HDV RNP microinjection, the binding experiment was done with HDV RNA at 

10nM concentration (data not shown). Using the binding experiment as a guide, HDV RNPs were 

assembled in vitro with varying stoichiometry for microinjection.  Microinjection of HDV RNPs 

assembled with circular HDV RNA and MSR-HDAg with different concentration of protein was 

not able to initiate HDV replication (Figure 5.4-B). However, co-injection of HDAg encoding 

mRNA with in vitro assembled HDV RNPs showed replication (Figure 5.4-D). I conclude from 

this result that the bacterially expressed tag-less HDAg was not able to initiate replication. 

Inference and future work 

 Post translational modifications of HDAg are important for HDV replication[7, 41, 42, 

115, 116, 165]. The ability of neither HDAg-194-3 nor MSR-HDAg to initiate replication can be 



 

 

113 

 

due to the lack of post translational modifications, as bacterially expressed proteins have different 

post translation modifications compared to protein synthesized in mammalian cells.  

Micro injections of in vitro assembled RNP can be an efficient method to understand the 

stoichiometry of a functional HDV RNP. However, for the above experiment we require an 

authentic HDV RNP assembled in vitro with HDV circular RNA and HDAgs expressed in 

mammalian cells[207].  
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5.3 Figures for Chapter 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.1 EMSA of Hepatitis delta virus in vitro synthesized circular RNA and bacterially 

expressed 6x His tag less Hepatitis delta antigen, Hepatitis delta antigen-194-3. EMSA assay 

of HDV circular HDV RNA and 6x his tagged full length HDAg, HDAg-194-3, showing 

sequential binding of HDAg-194-3 multimers full length circular type 3, Peru, HDV genomic 

RNA, electrophoresed on a 3.6% acrylamide gel at 200v for 1.5 hours with 0.5X TBE buffer. 

Closed circles indicate the binding events and open circle indicate unbound HDV RNA. At 

saturation five closed circles represent HDAg octamers bound to circular full length HDV RNA. 

HDAg-194-3 concentration are indicated on the bottom for each lane at the bottom of the Figure. 

Concentration of RNA was 0.4nM. 
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Figure 5.2 EMSA of Hepatitis delta virus in vitro synthesized genomic RNA and 

bacterially expressed tag less Hepatitis delta antigen. Sequential binding of SR-HDAg 

multimers full length circular type 3, Peru, HDV genomic RNA electrophorized on a 3.5% 

acrylamide gel at 200v for 1.2 hours with 0.5X TBE buffer. Bound (closed circles) and 

unbound (open circles) RNAs are indicated. Aggregation of HDAg at higher concentration is 

indicated by solid rectangle. Additional closed circles denote additional binding events. SR-

HDAg are indicated for each lane at the bottom of the Figure. Concentration of RNA was 

0.4nM. 
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Figure 5.3 Immunofluorescence of microinjected Huh-7 NTCP with Hepatitis delta virus 

circular genomic RNA and mRNA coding for Hepatitis delta anitgen mRNA. 

Immunofluorescence of Huh-7 cells microinjected with circular 3ng HDV RNA with 0.3ng HDAg 

mRNA and 0.3ng HDAg mRNAs detecting HDAg synthesis indicating HDV replication. (A) 

Image showing HDV replication with circular RNA and HDAg mRNAs on day 4 post 

microinjection. (B) Overlay of DAPI and HDAg. Showing HDV signal (green) in the same 

location as DAPI (blue), a stain that binds DNA. (c) Image showing the localization of HDAg in 

the nucleus of the cell. (D) This panel shows lack of green (FITC) immunofluorescence 

fluorescence in cells transfected with mRNA alone. 
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Figure 5.4 Immunofluorescence of Huh-7 NTCP cells micro injected with in vitro assembled 

Hepatitis delta virus ribonucleoprotein complex. Immunofluorescence of Huh-7 cells on day 4 post 

microinjection, with circular HDV RNP assembled with 1nM HDV RNA and either 640nM HDAg-194-

3 or MSR-HDAg. (A) Immunofluorescence in Huh-7 cells microinjected  with HDV RNP assembled with 

circular HDV RNA and HDAg-194-3 (B) ) Image showing image of Huh-7 cells microinjected  with HDV 

RNP assembled with circular HDV RNA and MSR-HDAg (c) Huh-7 cells injected only with 640nM of 

SR-HDAg (D) Huh-7 cells injected HDV RNP assembled with SR-HDAg with 0.3ng of HDAg mRNA. 
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6. DISCUSSIONS 

HDV requires HDAg for replication[53, 54]. HDAg octamer binds HDV RNA and the 

formation of HDV RNP is critical for many important functions during the viral life cycle[36-43].  

Report have shown that the ratio of HDAg:HDV RNA is constant in cells with replicating 

HDV[56]. However, it was not understood if the virus had a mechanism to maintain the ratio 

between the protein and RNA[1-3]. Both mRNA and antigenomic RNA are synthesized by host 

RNA polymerase(s) from genomic RNP. In other non-segmented negative stranded RNA viruses 

a switch from transcription to replication occurs as N protein accumulates in infected cells[11, 

138-142]. The binding of N protein to the nascent RNA causes the RdRp to ignore termination 

signals in the genomic RNP template, leading to the synthesis of antigenomic RNA[51, 52]. 

However, it is not known if HDAg has a function similar to that of N protein in regulating mRNA 

to antigenomic RNA synthesis from genomic RNP template during HDV replication. A main 

hurdle in studying the regulation mechanism of HDV was the lack of an efficient transfection 

system in which the HDAg:HDV RNA ratio can be altered or individual strand synthesis can be 

isolated and studied. In this dissertation, I developed a transfection system to initiate HDV 

replication in Huh-7 cells with in vitro synthesized circular HDV RNA. A previous report has 

shown that circular HDV RNA can initiate HDV replication 10 times more efficiently than linear 

HDV RNAs[167].  With in vitro synthesized HDV circular RNA, I was able to initiate HDV 

replication by transfection with as low as 1ng of circular RNA when HDAg is provided in trans 

(Figure 2.10). Using circular HDV RNA and HDAg–encoding mRNA co-transfection, I was able 

to show that HDAg is essential for HDV replication (Figure 2.5, 2.10). Previous transfection 

experiments have shown a requirement of HDAg for HDV replication but relied on linear 

monomers or overlength RNAs to initiate replication and could not rule out that the role for HDAg 
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was in stabilizing the linear RNAs, facilitating template switching or perhaps in processing 

transfected RNAs to circles[13, 37, 153, 155, 156, 158, 208]. That replication was only observed 

when circular RNAs were co-transfected with HDAg-encoding mRNA (Figure 2.5, 2.10) 

unequivocally demonstrates that HDAg is required for mRNA synthesis from the circular HDV 

genome. In this way, HDV is similar to other negative-strand RNA virus, which requires N protein 

for their replication. 

With the developed transfection system with circular HDV RNA, I was able to alter the 

HDAg:HDV RNA by transfecting HDAg(-), an HDV RNA that is defective for HDAg production 

and observed that HDV replication was affected when the HDAg:HDV RNA ratio was affected. I 

found that HDV increased its protein production to compensate for the addition of HDAg(-) RNA 

that cannot synthesize HDAg (Figure 3.2 also 4.3 and 4.6). 

Reduction in HDAg:HDV RNA had differential effects on mRNA and full-length RNA 

synthesis by the virus (Figure 3.4).  While the alteration in the ratio led to decrease in the full-

length RNA synthesis, the mRNA synthesis in type 1 clones DC1 and DL1 remained constant 

(Figure 4.2) and type 3 clone Peru (Figure 4.4), increased its mRNA synthesis with addition of 

their Peru HDAg(-) RNA.  The differential effect on HDV mRNA synthesis demonstrates that the 

virus compensates for the addition of HDAg(-) RNA by synthesizing more mRNAs and the 

constant HDAg:HDV RNA ratio is critical for HDV replication. 

HDV, also a negative stranded RNA virus synthesizes both mRNA and antigenomic RNA 

from genomic RNP template[2, 3, 19]. Following the observation that HDAg:HDV RNA had 

differential effects on HDV RNA and mRNA synthesis with change in HDAg:HDV RNA, I 

investigated the effect of HDAg on genome, antigenome and mRNA synthesis. Under low 

concentrations of HDAg, mRNA synthesis was favored, which can be associated to the conditions 
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in the cell immediately after HDV infection. After the entry of infectious genomic RNP into cells, 

there is no RNA–free HDAg present in the cells. Therefore, HDV synthesizes HDAg coding 

mRNAs from genomic RNP template. Translation of HDV mRNAs yield HDAgs, which move to 

the nucleus and support synthesis of full length HDV RNA[39, 40]. Transcribing of mRNAs 

coding for HDAg to support full length HDV RNA synthesis is similar to other non-segmented 

negative stranded RNA viruses, where mRNAs coding for N protein is transcribed from genomic 

RNP in the absence of excess N protein[47]. The synthesized N protein binds the new synthesized 

RNA leading to the switch from transcription of mRNAs to replication by facilitating the synthesis 

of full -length RNAs[11, 138-142]. 

 Negative stranded RNAs viruses have linear genomic RNAs. Initiation of RNA synthesis 

by RdRp on genomic RNP template can lead to transcription of mRNA at low levels of N protein 

or synthesis of antigenomic RNA at high levels of N protein[140-142]. Therefore, following 

initiation, negative stranded RNA viruses synthesize either a mRNA or an antigenomic RNA.  

However, the genome of HDV is[20]. Therefore, the synthesis of mRNA and antigenomic RNA 

from the genomic RNA template can be from the same initiation event, mRNA first model, or the 

synthesis of mRNA and antigenemic RNA can be mutually exclusive, either or model. The method 

by which HDV replication occurs is not known. Experiments can be performed using the circular 

HDV RNA transfection system to identify the model by which HDV synthesizes mRNA and 

antigenomic RNA. 

 In mRNA first model (Figure 1.5), the positive strand RNA synthesis always begins with 

synthesis of an mRNA. After the synthesis of the mRNA from the coding region from 5’ to 3’ 

direction, the synthesized mRNA is cleaved after the polyadenylation recognition sequence 

(AAUAAA)[209, 210].  After the cleavage, in the presence of RNA–free HDAg, the binding of 
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HDAg to the 3’ end can act as an elongation factor, prevent transcription termination, leading to 

antigenomic RNA synthesis by host RNA polymerase II. Cellular mRNAs are cleaved 10-30 bases  

after the AAUAAA site. This cleavage leaves behind an RNA with a 5’ monophosphate, which is 

recognized and degraded by XRN2, a cellular exoribonuclease, leading to transcription termination 

[198, 211, 212]. This model of transcription termination and degradation of the 3’ end and release 

of RNA polymerase II is called torpedo model[213]. HDAg has been shown to protect HDV RNA 

from micrococcal nuclease[45]. Perhaps binding of HDAg can protect the nascent RNA from 

degradation by XRN2, inhibiting transcription termination. If synthesis of RNA by RNA 

polymerase II continues downstream, it would lead to the synthesis of ribozyme. After the 

ribozyme synthesis, self-cleavage of the ribozyme yields a 5′-hydroxyl (5′-OH) and 2′,3′-cyclic 

phosphate; because the 5’-hydroxyl is not recognized by XRN2[11, 214, 215], transcription might 

not be torpedoed  (Figure 6.1). Therefore, the RNA polymerase could continue to synthesize the 

full-length RNA by rolling circle replication resulting in a multimeric antigenomic RNA that is 

processed into monomeric circles. The limiting factor for HDV replication in this model is the 

presence of higher amounts of HDAg that can support HDV full-length RNA synthesis. In the 

either-or model (Figure 1.5), the mRNA and antigenomic RNA could have the same or different 

initiation sites and could be synthesized by the same or two different polymerases. If mRNA and 

antigenomic RNA are synthesized by RNA polymerase II or by two different forms of RNA 

polymerase II, the synthesized antigenomic RNA will be capped. After transcription, the ribozyme 

cleaves the RNA and cellular ligases ligate the RNA to make circular HDV antigenomic RNA. If 

the antigenomic RNA is synthesized by RNA polymerase I or III, the first base will have a 5’ 

triphosphate, which cannot be degraded by XRN2. 



 

 

122 

 

 In the absence of a ribozyme, the antigenomic RNA synthesized from mRNA first model 

will be a multimeric linear transcript with a 5’ monophosphate that will be degraded by XRN2 

after the cleavage of mRNA at the Poly A site, leading to reduction in antigenomic RNA synthesis 

(Figure 6.1). However, in the either-or model, in the absence of a ribozyme, an RNA synthesized 

by Polymerase I or Polymerase III will begin with a 5’ triphosphate and if synthesized by RNA 

polymerase II, the antigenomic RNA will begin with a 5’ cap. In both the cases, the antigenomic 

RNA synthesized by either or model, will not be degraded by XRN2.  Therefore, the two models 

might be differentiated by comparing the antigenomic RNA synthesis from a HDAg(Rz-) genomic 

RNA transfected into Huh-7-Tet-HDAg cells with high levels of HDAg production, in the 

presence and absence of XRN2 activity. 

 If the inactivation of XRN2[211] leads to increase in antigenomic RNA synthesis, it can 

be concluded that HDV RNA synthesizes mRNA and antigenomic RNA by the mRNA first model. 

If the antigenomic RNA synthesis does not vary in the presence and absence of XRN2, it can be 

concluded that the HDV synthesizes mRNA and antigenomic RNA synthesis by either or model. 

Further, analysis of 5’ end of the multimeric antigenomic RNA can help us identify the polymerase 

used by HDV to synthesize antigenomic RNA. 

 I hypothesize that the HDV genotype 1 clone DC1 synthesizes mRNA and antigenomic 

RNA by mRNA first model, as the synthesis of antigenomic RNA decreased by 13-fold in the 

absence of a functional antigenomic RNA ribozyme (Figure 3.6). Further, the change in the 

HDAg:HDV RNA ratio led to constant mRNA production in both DC1 and DL1 clone. If HDV 

genotype 1 clone DC1 replicated by either or model, the decrease in the antigenomic RNA 

synthesis in the absence of ribozyme may not have occurred. Further, if DC1 and DL1 replicated 

by either or model, change in HDAg:HDV RNA could have led to increase in mRNA synthesis, 
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as the antigenomic RNA and mRNA synthesis are exclusive and the virus can have a regulation 

mechanism to synthesize only mRNA. However, the above phenomenon of increase in mRNA 

synthesis was observed in genotype 3 clone, Peru, with the change in HDAg:HDV RNA ratio. 

Therefore, I hypothesize that genotype 3 clone replicate by either or model and both genotype 1 

clones, DC1 and DL1, by mRNA first model[202]. HDV genotype 3 has a different editing 

mechanism from genotype 1. If from investigation, genotype 3 was found to have a different 

replication mechanism than other HDV genotypes, HDV genotype 3 can be classified as a different 

species of HDV from other genotypes.  

 Previous studies have shown that the HDAg octamer requires a minimum length of 311nts 

of HDV RNA and that a full length linear HDV RNA can binds 4 or 5 HDAg octamers[45, 55]. 

However, the number of HDAg octamers required to bind HDV genomic RNA to make a 

functional genomic RNP that can act as a template for mRNA synthesis is not known. From 

transfection experiments performed using HDV circular genomic RNA to understand the synthesis 

of mRNAs with increasing amount of circular HDV RNA at a constant HDAg level, I was able to 

conclude that HDV replications a minimum number of HDAg octamer bound to a genomic RNP.  

(Figure 3.8). In an attempt to identify the minimum number of HDAg required to make a functional 

genomic RNP, I microinjected in vitro assembled HDV RNPs containing varying amounts of 

HDAg octamers into Huh-7 cells. Results from this experiment showed that bacterially expressed 

HDAg did not support HDV replication (Figure 5.4). Post translation modification of HDAg play 

an import role in HDV replication[7, 41, 42, 115, 134, 216] and these modifications would not be 

present on the bacterially expressed protein. Therefore, to identify the minimum number of HDAg 

octamers required to make a functional genomic RNA, I suggest assembling HDV RNPs using 
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HDAg expressed in mammalian cells and then repeat the micro injections to identify the minimum 

number of HDAg required to form a functional HDV RNP. 

 Beard et al., 1996, showed that mutations near the left-hand loop of the genomic HDV 

RNA that disrupted the secondary structure of the HDV RNA affected in vitro HDV replication 

from genomic RNA template using nuclear extracts. However, the study used linear HDV genomic 

RNA as template for antigenomic RNA synthesis. During the development of the circular HDV 

RNA synthesis protocol, I stumbled onto the observation that a mutation introduced in a non-

coding region of HDV genomic RNA strongly affected HDV RNA synthesis (Figure 2.8). This is 

the first observation of a small mutation (a single base addition) in a non-coding region apart from 

the left-hand loop of the genomic RNA affects HDV replication. Further analysis of individual 

strand synthesis using the above mutated RNA using the strand specific RT-qPCR can be 

performed to investigate the effect of the mutation on genomic RNA, antigenomic RNA and 

mRNA synthesis. Mutation studies of the HDV RNA that affect the HDV replication can help us 

to understand the role of non-coding strand in HDV replication and to investigate if the non- coding 

strand’s secondary structure has a role  in HDV replication and the binding of HDAg to the HDV 

RNA. We are planning to use an expanded approach to examine the contributions of positions 

across the entire genome. 

 I would like to conclude my thesis by stating that all the above experiments performed and 

proposed in this thesis was possible due to the development of a method to synthesize in vitro 

circular HDV RNA. Using the circular HDV RNA transfection system, the various regulation and 

replication mechanisms of HDV and the stoichiometry of HDV RNPs can be studied. Thus, I 

consider the circular RNA synthesis method as a key advancement in studying HDV, that can help 

us understand the unique life cycle of the virus.  
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6.1 Figures for Chapter 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.1 : Schematic showing proposed experimental setup to understand Hepatitis 

delta virus replication mechanism. Illustration of HDV mRNA and antigenomic RNA 

synthesis from a HDAg(Rz-) RNA by mRNA first model in the presence and absence of 

XRN2. The red cross mark on the HDAg(Rz-) RNA indicates the mutation at the 

antigenomic ribozyme. The scissors represent the cleavage of mRNAs after the poly A 

recognition site. The RNA polymerase II continues to synthesize antigenomic RNA after the 

cleavage of mRNA. However, in the presence of the XRN2, the multimeric linear 

antigenomic RNA is degraded, indicated by dotted lines. However, in the absence of XRN2, 

the multimeric antigenomic RNA can be detected (blue spiral RNA). The key on the right-

hand side of the picture represent the symbols used for XRN2, cleavage of mRNA and RNA 

polymerase II. 
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7. MATERIALS AND METHODS 

7.1 Immunoblot analysis of Hepatitis delta antigen  

Total cellular protein was analyzed for HDAg expression by immunoblotting[193]. Blots 

were visualized and quantified using a GE Image Quant LAS 4000. Equivalent amounts of cellular 

protein were loaded in all lanes; loading was verified by detection of beta actin. 

7.2 In vitro synthesis of Hepatitis delta antigen encoding mRNA  

Templates for RNA synthesis were generated by PCR amplification using the plasmid 

pCMV- Neo Gas[35] for DC1 as the template and primers T7 mRNA-F (DC1, or Peru) and either 

HDV-2 (for mRNA) or mRNA-b-R (for mRNA-b) DC1, or Peru respectively. RNAs were 

synthesized and polyadenylated using the HiScribe T7 ARCA mRNA kit (New England Biolabs). 

7.3 Quantification of Hepatitis delta virus  RNA byRT-qPCR.  

RNA (200 ng per sample) was reverse transcribed using MMLV reverse transcriptase (New 

England Biolabs) using random hexamers (Promega) according to the manufacturer’s protocol. 

Quantitative PCR was performed using SensiFAST SYBR No-ROX reagent mix (Bioline) with 

the respective primers for the three HDV clones (Table 1) in a BioMolecular Systems Mic qPCR 

cycler. These PCR conditions detect both genome and antigenome RNA, but not HDV mRNA. 

Standard curves generated from serial dilutions of in vitro-synthesized RNAs indicated that the 

PCR efficiency was between 95 and 105%. 

7.4 Hepatitis delta virus RNA strand-specific detection assays  

HDV genome, antigenome and mRNA were detected using a modification of the method 

used by Tseng et al., 2008[217]. As standards, these assays included in vitro-synthesized circular 

HDV genome and antigenome and mRNA; the mRNA sequence was synthesized such that the 

poly(A) tail was added at the precise 3’ end of the native HDV mRNA (24, 45) by using the reverse 

primer mRNA Std-R, in which the first two bases contained 2-O-methoxy groups, and a PCR 

product as the template was used for mRNA synthesis.  
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These assays exhibited >1,000-fold specificity. For specific detection of HDV mRNA, 100 ng of 

total cellular RNA was reverse transcribed with SuperScript IV reverse transcriptase (Thermo 

Fisher Scientific) using oligo(dT)20 as the primer; cDNA products were purified using DNA Clean 

& Concentrate-5 (Zymo Research). Quantitative PCR was performed using SensiFAST SYBR 

No-ROX reagent mix (Bioline) with the Tag primers for respective HDV clones. For quantitative 

analysis of the HDV genome or antigenome, 100 ng of total cellular RNA was annealed with the 

primer RT prime respective HDV clone for the genome and antigenome at 90°C for 30 s and then 

cooled and held at 60°; SuperScript IV reverse transcriptase and reaction buffer were then added, 

followed by incubation for 10 min. After 10 min of incubation at 80°C to inactivate the enzyme, 

the cDNA products were purified using DNA Clean & Concentrate-5. Quantitative PCR was 

performed using SensiFAST SYBR No-ROX reagent mix with the primers as indicated in Table 

1, in a BioMolecular Systems Mic qPCR cycler.  

7.5 Transfection 

Huh-7 cells were plated 24 h before transfection in 48-well plates at 100,000 cells per well. 

Cells were transfected using a TransIT-mRNA transfection kit (Mirus Bio LLC, Madison, WI). 

For all transfections, additional Huh-7 RNA was added, as needed, such that the total amount of 

RNA transfected was 250 ng per well of a 48-well plate, according to the manufacturer’s 

specifications. Cell culture medium was changed either 4 or 24 h post transfection, as indicated. 

All transfections included at least three biological replicates. Transfection efficiencies were 

typically 50%, based on immunofluorescence. 

Huh-7 cells expressing S-HDAg inducible by doxycycline treatment.  

The plasmid pPB-TA-ERN- S-HDAg was created by cloning the HDAg coding sequence 

from positions 1625 to 1011 (amplified by PCR from pCMV-AgS) into plasmid PB-TA-ERN (54), 

a gift from Knut Woltjen (Addgene, plasmid 80474), using Gateway Technology (Thermo Fisher, 
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Carlsbad, CA). Huh-7 cells were co-transfected with pPB-TA- ERN-S-HDAg and pCMV-sPBo, 

which expresses the Super piggyBac transposase (Transposagen, Lexing- ton, KY), using TransIT-

X2 (Mirus Bio LLC, Madison, WI). Stably transfected cells were selected with G418; clone Huh-

7-Tet-HDAg was obtained after two rounds of single cell cloning. 

7.6 Micro injections 

Huh-7 NTCP with G418 resistance were plated at 80,000 per 35mm plate confluency with 

Gibco HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) from ThermoFisher 

scientific on day 0. 50ul of 50mg/ml G418 (1/100 concentration) day 1 before injections. HDV 

RNPs were assembled using HDV and MSR-HDAg with concentration of with RNA and protein 

concentration from binding experiment 10mM HDV RNA and SR-HDAg as a guide (data not 

shown), in a phosphate buffer (20mM HEPES, 0.2mM EDTA,150mMKCl,3mM MgCl2, 10% 

glycerol), and incubated for 37 degree Celsius for 30 minutes. Samples were stored on ice after 

incubation and during transfer to the micro injection facility. 5ul of sample was loaded on to 

Eppendorf™ Femtotips™ Microinjection Capillary Tips and cells were injected at cells were 

injected with in vitro assembled RNPs at standardized  injection pressure (Pi) of 100 Kpa, capillary 

pressure (Pc) 15 Kpa and with an injection time (ts) 0.8 second using Eppendorf FemtoJet 

Microinjector # 930000035 ( 89009-312 ). 

7.7 Protein expression and purification 

His tagged HDAg-194-3  protein was synthesized as described previously[45, 136]. pET-

H6TEV-MSR-HDAg and pET-H6TEV-SR-HDAg expression plasmids were used to synthesize 

His tagged MSR-HDAg and SR-HDAg using the same method as described previously[45, 136].   

Coomassie blue staining of proteins electrophoresed on sodium dodecyl sulfatepolyacrylamide 

gels and by UV absorbance, both in comparison to bovine serum albumin (BSA) standards as 

previously described. Purified H6-TEV-MSR-HDAg and H6-TEV-SR-HDAg were cleaved with 
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TurboTEV, TEV protease from Eton Biosciences, as per the advised protocol. For higher 

efficiency of cleavage, I chose to use 1:50, Protease: Target ratio.  After protease cleavage, Turbo 

TEV protease was separate from tag less MSR-HDAg and SR-HDAg by using His GraviTrap 

column from GE Healthcare life sciences at 4°C. 

7.8 Electrophoretic mobility shift assay 

Electrophoretic mobility shift assays were performed as previously described[45, 46, 136]. 

As an exception, binding reactions for Figure 5.1 were electrophoresed on 3.6% acrylamide gels 

in 1× Tris-borate-EDTA (TBE) at 200 V for 1.5hrs at room temperature. 

7.9 Immunofluorescence  

 Cells were fixed with 4% paraformaldehyde foe 20 minutes and permeabilized with 0.1% 

Triton X100 for 20 minutes at room temperature. Following permeabilization, cells were block 

with 2% bovine serum albumin for 45 minutes. Primary and secondary antibodies to detect HDAg 

were used from Jayan GC et al., 2002. 
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7.10 Primer table 

 

Primer Sequence (5’ – 3’) 

DC1 T7-G-F GTGACGAAATTAATACGACTCACTATAGGGTCCGCGTTCCATCCTTTC 

DC1 G-R mUmGTAGAGTGGGGTCCCGCC 

DL-1 T7-G- F GTGACGAAATTAATACGACTCACTATAGGGCTAGCGAGTGGG 

DL-1 G-R  mCmGT TGCTTTCTTTGCTTTCC 

Peru T7 G1 F GTGACGAAATTAATACGACTCACTATAGGCGCTAGGCACCGGGG 

Peru G1 R mGmUTGCTCTCTTTGCTTTCTGAGTCGTTTC 

Peru G2-T7-F GTGACGAAATTAATACGCTGACGAAATTAATACGACTCACTATTGG 

Peru G2-R GTCGGGAAGGGATGGTGG 

Peru G3 T7-F GTGACGAAATTAATACGTTTTGCCATCCTATTGTGGGTG 

Peru G3-R  GTGACGAAATTAATACGACTCACTATAGG 

Peru G4-T7-F CTGAGGAAATTAATAAAATTACGACTCACTATAGG 

Peru G4-R GTTTTGCCATCCTATTGTGGGTG 

DC1 T7-AG-F CTGACGAAATTAATACGACTCACTATAGGGTTTCCACTCACAGGTTTGCG 

DC1-AG-R mGmCTTTATTCACTGGGGTCGACAAC 

DL-1 AG F T7 GTGACGAAATTAATACGASCTCACTATAGGGAGACCCACTTTCC 

DL-1 AG R mUmUAGCCATCCGAGTGGACG 

Peru-AG-T7-F CTGACGAAATTAATACGACTCACTATAGGGGAATAGAACTCACGG 

Peru AG- R mUmUTATTGTTGGGTGCACGCTGG 

DC1 G splint GAAAGGATGGAACGCGGACCCTGTAGAGTGGGGTCCCGCC 

DC1 AG splint CGCAAACCTGTGAGTGGAAACCCGCTTTATTCACTGGGGTCGACAAC 

DL-1 G splint CCCACTCGCTAGCCCCGTTGTTTCTTTGCTTTCC 

DL-1 AG splint GGAAAGTGGCTCTCCCTTAGCCATCCGAGTGGACG 

Peru G4 splint AACACCCGGTGGCTAGCCCCGTTGCTCTCTTTGCTTTCTC 

Peru AG splint AACGGTGAGTTCTATYTGGCCTTTATTGTTGGGTCGACCCT 
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DC1 HDV-1 AAGGAAGGCCCTCGAGAACAAGA 

DC1 HDV-2 GCCATGCCGACCCGAAGAG 

Peru HDV-1 GCGCCGGCTGGGCAAG 

Peru HDV-2 TTCCTCTTCGGGTCGGCATG 

DC1 T7 mRNA-F GTGACGAATAATACGACTCACTATAGGGTAGGCGTGTACGGTGG 

DC1 mRNA-b-R GGGGACCACTTTGTACAAGAAAGCTGGGTTTCaCTATGGAAATCCCCGGTTTCC 

DC1 mRNA Std R mUmGAGTGGAAACCCGCTTTAT 

Peru T7 mRNA F GTGACGAAATTAATACCGGTCTCAGGATGAGCCAAAC 

Peru R mRNA-b-

R 

CAAGAAAGCTGGGTTTCACTATGGGAACTGC 

Peru mRNA Std R mUmGAGTTCTATTGCCCTTTATTGTTG 

DC1 Tag-G RT GATGCCTACGACTGAAGCCTAGTGAATAAAGCGGGTTTCCACTCACAG 

DC1 Tag-G-F GATGCCTACGACTGAAGCCTAGT 

DC1 G-R GTGGCTCTCCCTTAGCCATC 

DC1 Tag-AG RT GTAGGCTACGACTGAAGCCTAGTGCAGTCGAGTTCCTCTAACTTCTTTCTTCC 

DC1 Tag-AG-F GTAGGCTACGACTGAAGCCTAGT 

DC1 AG-R-1 GTCCAGCAGTCTCCTCTTTACAG 

DC1 AG-R-2 TTCTCCGGCGTTGTGGGGAT 

DC1 mRNA-R-1 GCTATCGGCGGGAGGCAAGA 

DC1 mRNA-R-2 GGATATACTCTTCCCAGCCGATCC 

DL1 Tag-AG RT GAAGCCTGCGATTGAAGCCTAGTCCTCGGTAATGGCGAATGGG 

DL1 Tag-AG-F GAAGCCTGCGATTGAAGCCTAGT 

DL1 AG-R GATGGCATCTCCACCTCCTC 

Peru Tag-G RT GATGTGCACGCCTAGAGCCTAGTCGATGTGGCTTGTCCGTTCAA 

Peru Tag-G GATGTGCACGCCTAGAGCCTAGT 

Peru G-R GGAGAGGAGTGGCCAAGATAGA 

Peru Tag-AG RT GATGACTACTTATGAACCTTAGTTACCGGCGGAGGGTGAT 
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Peru Tag-AG GATGACTACTTATGAACCTTAGT 

Peru AG-R GTAGCCCCGTTGCTCTCTTT 

DC1 mRNA F TGACGAATAATACGACTCACTATAGGGTAGGCGTGTACGGTGG 

Tag DC1 mRNA 

F 

GTAGTACGATGCGATGCGA(TTT)^6 

DC1 mRNA R GCTATCGGCGGGAGGCAAGA 

DC1 mRNA R 2 GGATATACTCTTCCCAGCCGATCC 

Tag Peru mRNA F CGGCCCTGCAGT(TTT)^6 

Peru R GGGGAAAGCACCTCAGCCAAGA 

Peru mRNA R 2 GTATGCGGTTTACCCCGCCTC 

Circle F CTGCCGACTGAGGCTTATC 

Circle R CATCCGAGGAACCCAGCAGTTC 
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