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SUMMARY 

 
Suppression of African horse sickness virus NS1 protein expression in mammalian cells 

by short hairpin RNAs 

 
by 
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Co-supervisor:  Prof. H. Huismans 
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   University of Pretoria 
 
 

for the degree M.Sc 
 

 
African horse sickness virus (AHSV), a member of the Orbivirus genus within the Reoviridae 

family, causes an acute disease in horses with a high mortality rate. AHSV encodes four 

nonstructural proteins (NS1, NS2, NS3/NS3A), whose functions in the viral life cycle are not 

fully understood. The NS1 protein is the most abundantly expressed viral protein during 

AHSV infection and forms tubular structures within the cell cytoplasm. No function has been 

ascribed to these tubules to date, although it has been suggested that they may play a role in 

cellular pathogenesis. Studies aimed at understanding the function of NS1 have been 

hampered by the lack of a suitable reverse genetics system for AHSV. However, the 

phenomenon of RNA interference (RNAi) has emerged as a powerful tool whereby the 

function of individual genes can be studied. In mammalian cells, RNAi can be triggered by 

exposing cells to double-stranded RNA either via exogenous delivery of chemically 

synthesized small interfering RNAs (siRNAs) or endogenous expression of short hairpin 

RNAs (shRNAs). Consequently, the aim of this investigation was to develop a plasmid DNA 

vector-based RNAi assay whereby expression of the AHSV-6 NS1 gene could be suppressed 

in BHK-21 cell culture with shRNAs directed to the NS1 gene. 
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To investigate, complementary oligonucleotides corresponding to selected AHSV-6 NS1 gene 

sequences were chemically synthesized, annealed and cloned into the pSUPER shRNA 

delivery vector under control of the RNA polymerase III H1 promoter. The plasmid DNA 

vector-expressed shRNAs targeted sequences within the NS1 gene corresponding to 

nucleotides 710 to 728 (shNS1-710) and 1464 to 1482 (shNS1-1464), respectively. A NS1-

eGFP chimeric gene was constructed and used towards establishing a simple assay whereby 

the gene silencing efficiency of different RNAi effector molecules could be evaluated by 

analysis of the protein level visually and quantitatively by fluorometry. The effect of the NS1-

directed shRNAs on AHSV-6 NS1 protein expression was subsequently evaluated by co-

transfection of BHK-21 cells with the respective recombinant pSUPER shRNA delivery 

vectors and the NS1 reporter plasmid pCMV-NS1-eGFP. The results indicated that shNS1-

710 and shNS1-1464 suppressed NS1-eGFP expression by 19% and 9%, respectively. The 

potential of the NS1-directed shRNAs to suppress NS1 mRNA expression was investigated 

by transfection of BHK-21 cells with the respective recombinant pSUPER shRNA delivery 

vectors, followed by transfection with the recombinant mammalian expression vector pCMV-

NS1 or infection with AHSV-6. Results obtained by semi-quantitative real-time PCR assays 

indicated that both NS1-directed shRNAs interfered with NS1 mRNA expression, albeit to 

different extents in the respective assays. Taken together, these results demonstrated that 

AHSV-6 NS1 gene expression can be suppressed in BHK-21 cells by plasmid DNA vector-

derived shRNAs and suggests that this approach may, with further optimization, be useful in 

determining the function of the NS1 protein in virus-infected cells. 
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1.1 GENERAL INTRODUCTION 
 
African horse sickness virus (AHSV), a member of the Orbivirus genus within the Reoviridae 

family, causes an acute infectious but non-contagious disease of Equidae. Although the 

mortality rate in horses is high, sometimes in excess of 90%, mules and donkeys appear to 

have some natural resistance to the development of acute disease, while zebras are even less 

susceptible (Erasmus et al., 1978; Tomori et al., 1992). AHSV is transmitted to susceptible 

animals by biting midges of the Culicoides genus, which become infected by feeding on 

animals during the febrile and viraemic stages of infection (Wetzel et al., 1970; Mellor, 1994; 

Venter et al., 2000). African horse sickness (AHS) is endemic in sub-Saharan Africa, 

although occasional outbreaks of the disease have occurred in North Africa and the Arabian 

Peninsula (Rafyi, 1961; Mirchamsy and Hazrati, 1973; Mellor, 1994). More recently, 

outbreaks have also occurred in southern European countries, which may be due to severe 

climate changes that have allowed the Culicoides vector to expand its host range to these 

increasingly warmer countries (Mellor and Hamblin, 2004). Due to its severity and ability to 

spread quickly and without warning from its endemic areas, AHS has been classified as a 

notifiable disease by the Office International des Epizooties (OIE) (Mellor and Hamblin, 

2004). 

 

Like other members of the Orbivirus genus, the genome of AHSV consists of ten double-

stranded (ds) RNA segments (Bremer, 1976; Bremer et al., 1990), which encodes seven 

structural proteins (VP1-VP7) that are organized into two concentric protein shells, i.e. the 

outer and inner capsids (Verwoerd and Huismans, 1969; Oellerman et al., 1970). Whereas the 

outer capsid is composed of the two major structural proteins VP2 and VP5, the inner capsid 

(core particle) is composed of the two major proteins VP3 and VP7, and three minor proteins, 

VP1, VP4 and VP6, in addition to the dsRNA genome (Roy et al., 1994). In addition to the 

seven structural proteins, four nonstructural proteins, NS1, NS2 and NS3/NS3A, are 

synthesized in AHSV-infected cells (Bremer et al., 1990; Grubman and Lewis, 1992). The 

NS1 and NS2 proteins are synthesized abundantly in the infected cell cytoplasm (Lecastas, 

1968) and are believed to be involved in virus replication, assembly and morphogenesis 

(Hyatt and Eaton, 1988; Kar et al., 2007). In contrast, the NS3/NS3A proteins are barely 

detectable in infected cells and are believed to be involved in the egress of progeny virus 

(Hyatt et al., 1989; Stoltz et al., 1996).  
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Studies regarding the structure-function relationships of many different AHSV genes and 

encoded proteins have been facilitated by the baculovirus expression system (Van Staden et 

al., 1995; Uitenweerde et al., 1995; Maree and Huismans, 1997; Maree et al., 1998; Van 

Niekerk et al., 2001; De Waal and Huismans, 2005). Despite these advances, a major 

drawback of research with AHSV has been the lack of a suitable reverse genetics system that 

would allow genetic manipulation of the virus. However, the recently described phenomenon 

of RNA interference (RNAi) may provide a means whereby studies regarding the replication 

process of AHSV, interactions between the virus and host cells and the role of individual viral 

proteins within the context of the whole virus can be investigated. RNAi is a post-

transcriptional gene silencing process in which dsRNA initiates specific cleavage of 

cytoplasmic mRNA (Fire et al., 1998). In this process, dsRNA is cleaved into small 

interfering RNAs (siRNAs) of 21-23 nucleotides (nt) in length by an RNase III enzyme, 

commonly referred to as Dicer. The siRNAs associate with a multiprotein complex, known as 

the RNA-induced silencing complex (RISC), and is used as a template to guide splicing of 

mRNA that is homogolous in sequence to the RISC-bound siRNA strand (Meister and Tuschl, 

2004; Tomari and Zamore, 2005). The efficient and sequence-specific nature of RNAi has 

made it a powerful tool for investigating virus gene function (Bitko and Barik, 2001; Déctor 

et al., 2002; López et al., 2005; Campagna et al., 2005; Wirblich et al., 2006), and it has great 

potential as an antiviral therapy (Haasnoot et al., 2003; Tan and Yin, 2004; Colbére-Garapin 

et al., 2005; Stram and Kuzntzova, 2006). 

 

1.2 AFRICAN HORSE SICKNESS VIRUS 
 
1.2.1 Taxonomic classification of AHSV 
 
African horse sickness virus is a member of the genus Oribivirus within the Reoviridae family 

(Calisher and Mertens, 1998). Viruses within this family possess segmented dsRNA genomes 

(10-12 segments) encapsidated within single non-enveloped virus particles with a diameter of 

60-80 nm and exhibit icosahedral symmetry (Matthews, 1982; Francki et al., 1991; Gorman, 

1992). In addition to the Orbivirus genus, the other eight genera of this family are 

Orthoreovirus, Cypovirus, Aquareovirus, Rotavirus, Coltivirus, Fijivirus, Phytoreovirus and 

Oryzavirus, which encompass vertebrate, arthropod and plant pathogens (Calisher and 

Mertens, 1998). The name “orbivirus” is derived from the Latin word “orbis”, which means 

ring or circle and refers to the ring-like capsomers on the surface of the inner core of the 

orbiviruses (Borden et al., 1971). Orbiviruses differ from other members of the Reoviridae by 
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the presence of a double-layered protein capsid (Verwoerd and Huismans, 1969; Borden et 

al., 1971), their greater sensitivity to lipid solvents and detergents (Gorman and Taylor, 1985) 

and they are able to replicate in both insects and vertebrates (Gorman, 1992). To date, there 

are 19 recognized serogroups of orbiviruses and they can be differentiated from each other 

based on biochemical and immunological tests (Calisher and Mertens, 1998). Viruses within 

each serogroup can be classified into serotypes on the basis of antibody-mediated 

neutralization of viral infectivity (Knudson and Monath, 1990; Brown et al., 1991). There are 

presently nine recognized serotypes of AHSV (McIntosh, 1958; Howell, 1962). 

 

1.2.2 Epidemiology, transmission and pathogenesis of AHS 
 
African horse sickness (AHS) is an infectious but non-contagious viral disease of equids, with 

horses being the most susceptible (Tomori et al., 1992). However, antibodies to AHSV have 

been detected in dogs, camels, donkeys, mules and zebra (Van Rensburg et al., 1981; Fassi-

Fihri et al., 1998; El Hasnaoui et al., 1998). Indeed, zebra have long been considered the 

natural vertebrate host and reservoir of AHSV, since they rarely exhibit clinical signs of 

AHSV infection (Erasmus, 1976; Barnard, 1998). Consequently, they are believed to play an 

important role in the persistence of the virus in Africa. Although AHS was believed to be 

endemic to sub-Saharan Africa, except for occasional outbreaks in North Africa and the 

Arabian Peninsula (Rafyi, 1961; Mirchamsy and Hazrati, 1973; Mellor, 1994), there have 

been, however, several outbreaks of the disease in the Persian Gulf, middle Eastern and 

southern European countries (Howell, 1960; Lubroth, 1988; Mellor and Hamblin, 2004). Of 

the nine AHSV serotypes, serotypes 1 to 8 are found in sub-Saharan Africa, while serotype 9 

is more widespread and, with the exception of Spain-Portuguese outbreaks during 1989-1990, 

has been responsible for almost all outbreaks outside Africa (Coetzer and Erasmus, 1994). 

 

AHSV is primarily transmitted to susceptible equide hosts via biting heamotophagous midges 

of the Culicoides genus (Wetzel et al., 1970; Mellor, 1994). Different Culicoides species may 

be responsible for transmitting AHSV across various areas, but Culicoides imicola is believed 

to be the primary vector of the virus in Europe, Africa and Asia (Mellor, 1994). C. botilinos, 

which has a wide distribution in southern Africa, has also been identified as a potential vector 

of AHSV (Venter et al., 2000) and is common in cooler highland areas where C. imicola is 

rare. Moreover, in Spain, AHSV has also been found in C. obsoletus and C. pulicaris, both of 

which are also the most common Culicoides species in central and northern Europe (Mellor et 
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al., 1983). Virus replication and therefore transmission does not occur at temperatures below 

15ºC. However, it has been observed that the virus persists in vectors during extended periods 

of cool temperatures and when transferred to more preferable temperatures, high levels of 

virus replication occur (Welby et al., 1996). This may have major implications for the 

transmission of AHSV in countries with more moderate climates, because it allows for the 

over-wintering of the disease in the absence of major vertebrate hosts. 

 

After transfer of AHSV by the bite of infected Culicoides spp. midges, the virus is transported 

to the lymph nodes where initial virus replication occurs. The virus then spreads through the 

host via the blood (primary vireamia) and infects the target organs, the lungs, spleen, other 

lymphoid tissues and endothelial cells. Secondary vireamia occurs in these tissues and is of a 

variable duration and titer, depending on the host species, the pathogenicity of the serotype 

involved and the immunity of the infected animal (Coetzer and Erasmus, 1994; Mellor and 

Hamblin, 2004). Four forms of the disease have been described in horses, depending on the 

predominant system affected, i.e. the acute or pulmonary form, the sub-acute or cardiac form, 

the mixed form (both cardiac and pulmonary) and the febrile or fever form (Coetzer and 

Erasmus, 1994). The fever form of the disease, which is caused by less virulent strains of 

AHSV, develops after an incubation period of 5 to 14 days and is characterized by a mild to 

moderate fever and edema of the supraorbital fossae. No mortality is associated with this form 

of the disease and horses recover completely. The pulmonary form develops rapidly (within 4 

to 5 days) and is characterized by respiratory distress, dyspnea, coughing spasms, and a 

frothy, fluid discharge from the animal’s nostrils. The mortality rate exceeds 95%, with death 

and terminal hypothermia occurring 24-48 h after the occurrence of the first clinical signs. 

The cardiac form has an incubation period of 7 to 14 days and is characterized by a mild fever 

and signs of increasing subcutaneous edema of the head, neck and chest, as well as edema of 

the supraorbital fossae. The mortality rate may exceed 50% and death can occur within 5-7 

days after the onset of the symptoms. The mixed pulmonary and cardiac form of AHS is often 

the most common form of the disease and the animals display symptoms of both forms of the 

disease. The mortality rate is 70% and death can occur within 3-6 days after the onset of the 

symptoms (Coetzer and Erasmus, 1994).  

 

Although there is no efficient treatment for AHS, horses in southern Africa are vaccinated 

annually with polyvalent attenuated vaccines in an attempt to prevent disease and control 

outbreaks (Erasmus, 1976). Due to concerns regarding incomplete protection as a 
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consequence of interference between the virus serotypes (Erasmus, 1994) and the fact that 

some strains of the virus in the vaccine might only be weakly immunogenic (Laegreid, 1996), 

research has been undertaken to develop alternate vaccines. Subunit vaccines, based on the 

use of baculovirus-expressed AHSV-4 VP7 (Wade-Evans et al., 1997) and the outer capsid 

proteins VP2 and VP5 (Martinez-Torrecuadrada et al., 1996; Scanlen et al., 2002), as well as 

BTV core- and virus-like particles (Roy et al., 1992; Roy et al., 1993; Roy and Sutton, 1998) 

have been investigated. However, the subunit vaccines have not been commercialized yet, 

which may be indicative of the high costs and difficulties associated with their production. 

 

1.3 STRUCTURE AND MOLECULAR BIOLOGY OF AHSV 
 
Bluetongue virus (BTV), the prototype virus of the Orbivirus genus, has been the subject of 

extensive molecular, genetic and structural studies. As a consequence, it represents one of the 

best characterized viruses. Therefore, in the following sections, information on AHSV will be 

supplemented with that obtained from studies undertaken on BTV. 

 

1.3.1 The virion 
 
The AHSV virion is non-enveloped with two concentric protein layers (Fig. 1.1) (Verwoerd 

and Huismans, 1969; Oellerman et al., 1970). The core or inner capsid is comprised mainly of 

the two major proteins VP3 and VP7 and encloses the three minor proteins VP1, VP4 and 

VP6, and the segmented dsRNA genome. The outer shell or outer capsid is composed mainly 

of the two other major structural proteins VP2 and VP5 (Roy et al., 1994). The overall 

ultrastructure of orbiviruses is typified by that of BTV of which the single- and double-shelled 

virus particles have been studied extensively by immunoelectron microscopy, cryo-electron 

microscopy and X-ray crystallography (Hewat et al., 1992a; Prasad et al., 1992; Grimes et al., 

1998; Stuart and Grimes, 2006).  

 

Based on these analyses, it is possible to segregate the core into two distinct layers. A thin 

inner layer is formed from 120 molecules of VP3, arranged as 60 dimers, to form a smooth-

surfaced shell. The VP3 shell is stabilized by the outer layer of the core that comprises 260 

VP7 trimers, organized into pentametric and hexameric rings that protrude 5 nm from the 

surface with channels between them. The channels may be involved in the passage of 

metabolites into and from the virus particle during infection (Prasad et al., 1992; Stuart et al., 

1998). The core contains the dsRNA genome and the three minor proteins VP1 (10 or 12 
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copies), VP4 (20 or 24 copies that form dimers) and VP6 (60 or 72 copies that may form 

hexamers), each of which play a significant role in genome RNA replication (Stuart and 

Grimes, 2006). The icosahedral and fibrillar outer capsid consists of 360 globular-shaped VP5 

molecules arranged in 120 trimers that are located in the channels formed by the six-

membered rings of the VP7 trimers. The 180 copies of VP2 form 60 triskelion-type motifs 

that cover all of the VP7 trimers and protrude 4 nm above the globular VP5 proteins (Hewat 

et al., 1992a; Stuart et al., 1998). A schematic diagram at the BTV particle is presented in Fig. 

1.1. 

 

1.3.2 The viral genome 
 
The AHSV genome consists of ten dsRNA segments, which are grouped according to size 

into large (L1-L3), medium (M4-M6) and small (S7-S10) genome segments (Table 1.1). The 

molecular weight of the ten AHSV genome segments range from 2.53-0.2 × 106 Da, with a 

total molecular weight of 13 × 106 Da (Verwoerd et al., 1972; Bremer, 1976; Gorman et al., 

1977). Each genome segment, except for the smallest (segment 10), encodes for a single 

protein (Bremer et al., 1990; Grubman and Lewis, 1992). The viral genome segments contain 

conserved 5’ (5’-GUUAAA) and 3’ (ACUUAC-3’) terminal hexanucleotides, a feature that is 

typical of viruses in the Reoviridae family. Furthermore, each genome segment has unique 

complementary inverted repeat sequences (Rao et al., 1983; Cowley et al., 1992), which may 

be of importance for initiation of transcription and/or in the sorting and assembly of genome 

segments during virus replication (Anzola et al., 1987; Mizukoshi et al., 1993).  

 

1.3.3 The viral proteins 
 
In tissue culture, the first BTV-specific proteins are detectable 2 h post-infection, and the rate 

of protein synthesis increases rapidly until 12 to 13 h post-infection after which it slows down 

but continues until cell death (Huismans, 1979). In addition to seven structural proteins (VP1-

VP7), four nonstructural proteins are also characterized in infected cells. Nonstructural 

proteins NS1 and NS2 are synthesized abundantly early in infection and co-incides with two 

virus-specific intracellular structures, i.e. tubules and viral inclusion bodies (VIBs), 

respectively (Lecastas, 1968; Huismans and Els, 1979). However, synthesis of NS3 and the 

related NS3A protein is barely detectable and its expression may correlate with virus release 

(Van Staden et al., 1995; Stoltz et al., 1996). 
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Fig. 1.1 Structure of the bluetongue virus particle. Electron micrograph of bluetongue 
virus (adapted from www.fao.org) (A). Schematic diagram of the structure of the bluetongue 
virus particle, including the two concentric protein layers and the dsRNA genome (B). The 
outer capsid consists of VP2 and VP5, while the core consists of the two major proteins VP3 
and VP7 that encloses the three minor proteins VP1, VP4 and VP6, and the ten dsRNA 
genome segments (Mertens, 2000). 

 

(A) 

(B) 
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Table 1.1 BTV genome segments and their encoded proteins (adapted from Mertens, 2004) 
 
Genome 
segment 

(bp) 

Protein  
 

Location Number 
of amino 

acids 

Molecular 
mass of 
proteins 

(Mr) 

Properties Functions 

L1 VP1 Within the 
subcore 

1305 150292 The largest protein, highly basic with a positively charged 
carboxyl terminus. 

RNA-directed RNA polymerase responsible for RNA 
transcription/replication. 

L2 VP2 Outer capsid 1051 122043 It forms a triskelion spike-like structure, which is found in 
excess in the outer layer of the core. Together with VP5 it 
exhibits the greatest variation in sequence between the 
serotypes, it determines the virus serotype and it is a 
neutralizing antigen, as well as a hydrophilic protein. 

It possesses the viral haemagglutination and neutralization 
activity, is the cellular receptor protein which allows for the 
attachment and adsorption of the virus to the cell and is 
involved in the determination of virulence. 

L3 VP3 Within the 
subcore 
layer 

905 103269 It contains group-specific antigen determinants and it is 
highly conserved and hydrophobic in nature. 

Controls the size and organization of the core structure. 

M4 VP4 Component 
of the inner 
core 

642 75826 Hydrophilic protein, which is highly conserved. It is a methyl transferase protein that caps and methylates 
the mRNAs. 

M6 VP5 The inner 
layer of the 
outer capsid 

504 56900 It forms globular structures on the outer layer and is very 
variable in sequence between the serotypes. 

VP5 and VP2 form the outer capsid. VP5 is involved in the 
permeabilization of the endosomal membrane in a pH-
dependent manner during initiation of infection and it also 
helps determine the virus serotype. 

S9 VP6 Within the 
subcore 
layer 

369 38464 Hydrophilic protein with ssRNA- and dsRNA-binding 
ability. 

May serve as a NTPase and a helicase, which unwinds the 
dsRNA before replication, and it binds ssRNA and dsRNA.  

S7 VP7 Outer core 
surface 

349 37916 It contains group-specific antigen determinants and is rich 
in hydrophobic regions. 

It forms the outer core surface, which is involved in cell 
entry and in the high infectivity of vector insects and cells. 

M5 NS1 Cytoplasm 
of infected 
cells 

548 63377 Highly conserved and form tubules during replication, 
which consist of helically coiled ribbons of dimers. 

Although the function of NS1 tubules in virus replication is 
unclear, it may be involved in pathogenesis. 

S8 NS2 Cytoplasm 
of infected 
cells 

365 41193 Only phosphorylated protein, which is largely hydrophilic 
and has a NTPase function. 

It binds to ssRNA and may be involved in enveloping the 
mRNA during viral assembly and replication, and its 
NTPase activity might play a role in providing energy for 
the assortment, movement or packaging of the ssRNA that 
it binds. 

S10 NS3 and 
NS3A 

Cell 
membranes 

217 
206 

23659 
22481 

NS3A is a truncated form of NS3, both proteins are 
glycosylated, highly variable and cytotoxic to cell. 

It disrupts cell membranes allowing virus release and may 
be involved in determination of virulence. 
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1.3.3.1 Outer capsid proteins 
 
The VP2 protein, one of the two outer capsid proteins, is the most variable of the viral 

proteins and is the major serotype-specific antigen (Huismans and Erasmus, 1981) and viral 

heamagglutinin (Cowley and Gorman, 1987). Neutralizing epitopes have been mapped on 

AHSV VP2 (Bentley et al., 2000; Martinez-Torrecuadrada et al., 2001) and antibodies raised 

in rabbits to VP2 of AHSV-4 have been reported to neutralize a virulent strain of AHSV-4 

(Martinez-Torrecuadrada et al., 1994). It has also been shown that baculovirus- and vaccinia-

expressed AHSV VP2 can protect horses against a lethal challenge with the homologous virus 

serotype (Huismans et al., 1987a; Stone-Marchat et al., 1996; Scanlen et al., 2002). In 

addition, VP2 is directly involved in the attachment of virus to cells, since removal of VP2 

eliminates binding of the virus to host cells (Huismans and Van Dijk, 1990). Although the 

cellular receptor(s) are unknown, it has more recently been reported that VP2 binds to sialic 

acid moieties of cellular receptors prior to internalization of the virus particles via an early 

endosome (Hassan and Roy, 1999). These functional features of VP2 appear to correlate well 

with it being the most accessible protein on the virion surface. 

 

In contrast to the VP2 protein, the role of VP5 in neutralization has not yet been clearly 

established. In contrast to BTV (Marshall and Roy, 1990), AHSV VP5 is able to induce 

neutralizing antibodies, albeit at lower levels than VP2 (Martinez-Torrecuadrada et al., 1999). 

However, when used in conjunction with VP2, higher titers of neutralizing antibody, 

compared to immunization with VP2 only, have been reported (Martinez-Torrecuadrada et 

al., 1996). It has been suggested that VP5 may modulate the conformation of VP2 and thus 

influence its protective efficacy. Recent studies on the biological activity of BTV VP5 have 

suggested its involvement in membrane permealizing activity (Hassan et al., 2001; Forzan et 

al., 2004). Using an experimental system for cell-surface expression of VP2 and VP5, it was 

shown that VP5 has the ability to interact with host cell membranes and to induce cell-cell 

fusion in a manner similar to that of fusion proteins of enveloped viruses. The membrane-

interacting properties occur only after VP5 has undergone a low pH-triggered activation step 

that may result in a fusion-competent conformation of the protein (Forzan et al., 2004). 

However, the mechanism by which VP5 mediates membrane penetration and cell fusion is 

unknown.  
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1.3.3.2 Major core proteins 
 
The structural proteins VP3 and VP7 form the inner and outer layer, respectively, of the viral 

core particle. Of the two proteins, VP7 is the most abundant protein in the core particle and 

self-assembles into trimers (Basak et al., 1992). The crystal structure of BTV VP7 has been 

solved and revealed that each VP7 monomer has two distinct domains, i.e. an outer or top 

domain (residues 121-249) and an inner or bottom domain that is formed by both the amino 

(N) (residues 1-120) and the carboxy (C) (residues 250-349) termini of the molecule (Basak et 

al., 1992). Whereas the small top domain of VP7 forms the head region of the trimer that 

appears as a knobby projection on the outer surface of the core, the bottom domain attaches to 

the VP3 scaffold. The X-ray structure of the top domain of AHSV-4 has also been solved and 

revealed a structural arrangement similar to that of BTV (Basak et al., 1996). Notably, the top 

domain of both BTV and AHSV VP7 contains a surface-exposed RGD tripeptide motif, 

which in the case of BTV, has been shown to be responsible for virus core attachment to 

Culicoides cells (Tan et al., 2001). In contrast to BTV VP7, the VP7 protein of AHSV has 

been reported to form flat hexagonal crystals in the cytoplasm of virus-infected cells 

(Burroughs et al., 1994) and when expressed by a baculovirus recombinant in S. frugiperda 

cells (Chuma et al., 1992). The functional significance, if any, of the AHSV VP7 crystals is 

not yet known. 

 

The VP3 protein forms a shell that surrounds the inner genomic RNA and the three minor 

structural proteins, and serves as a scaffold for the deposition of VP7. Co-expression of VP3 

and VP7 of AHSV (Maree et al., 1998) and of BTV (Tanaka and Roy, 1994) by means of 

recombinant baculoviruses resulted in their assembly into core-like particles that are 

structurally similar to virus-derived cores. The structure and assembly of the BTV VP3 

subcore has been reported (Grimes et al., 1998; Kar et al., 2004). VP3 was reported to have 

three distinct domains. Whereas the “carapace” domain (residues 7-297, 588-698, 855-901) 

forms a rigid plate that represents the majority of the surface of the subcore shell, the “apical” 

domain (residues 298-587) is situated closest to the five-fold axis in the intact particle, and the 

“dimerization” domain (residues 699-854) is situated further away from the five-fold axis. 

The “dimerization” domain mediates formation of VP3 dimers, which pack together in 

decamers to form the icosahedral structure of the VP3 layer. Although it has been reported 

that BTV VP3 can bind to RNA (Loudon and Roy, 1991), it was recently reported that BTV 

RNAs failed to associate with the VP3 decamers (Kar et al., 2004). Consequently, it was 
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suggested that assembly of the BTV core may begin with a complex formed by minor core 

proteins and the VP3 decamers, and that these assembly intermediates recruit the viral RNA 

prior to completion of the assembly of the VP3 subcore (Kar et al., 2004). 

 

1.3.3.3 Minor core proteins 
 
The three minor structural proteins, VP1, VP4 and VP6, are candidates for the virus-directed 

RNA polymerase and associated enzymes that are responsible for transcription of the ten viral 

mRNAs. The largest viral protein, VP1, with a molecular mass of 150 kDa, is a highly basic 

protein and is present in a low molar ratio (10 to 12 copies) in the core (Stuart and Grimes, 

2006). Based on its size, location, molar ratio in the core and predicted amino acid sequence, 

VP1 is considered to be the prime candidate for the viral RNA-dependant RNA polymerase 

(Roy et al., 1988; Koonin et al., 1989). The primary sequence of both BTV (Urakawa et al., 

1989) and AHSV (Vreede and Huismans, 1998) VP1 contains a GDD motif that is 

characteristic of other RNA polymerases. By making use of lysates prepared from S. 

frugiperda cells infected with a baculovirus recombinant expressing BTV VP1, it was shown 

that poly(A) synthesis can occur when the extract is provided with a poly(A) primer and 

poly(U) template (Urakawa et al., 1989). More recently, it was reported that soluble 

recombinant BTV VP1 exhibited a processive replicase activity, synthesizing complete 

complementary RNA strands of in vitro-synthesized BTV ssRNA templates (Boyce et al., 

2004). However, the replicase activity associated with the recombinant BTV VP1 was low 

and exhibited little sequence specificity for BTV positive strand templates. Consequently, it 

was proposed that the activity of VP1 may be modulated by other viral proteins present in the 

assembling core particle (Boyce et al., 2004).  

 

The 5’-ends of BTV mRNA transcripts are capped and methylated during transcription, thus 

stabilizing the viral mRNA synthesized during virus infection (Roy, 1992). The BTV VP4 

protein has been reported to possess guanylyltransferase (Le Blois et al., 1992) and 

methyltransferase type 1 and type 2 (Ramadevi et al., 1998) activities. Furthermore, BTV 

VP4 also binds to GTP and displays nucleoside triphosphate phosphohydrolase (NTPase) 

activity, which may be important for transcription and RNA processing (Ramadevi and Roy, 

1998). The atomic structure at the BTV VP4 protein has recently been solved (Sutton et al., 

2007). The protein was shown to have an elongated structure with an array of various active 

sites organized in a manner that may allow the sequential catalytical activities required to 
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produce the cap structure on nascent RNA molecules. The protein folds into four distinct 

domains, delineating each enzymatic reaction. The N-terminus (residues 1-108) forms a 

kinase-like domain, and a 30-residue �-helix then leads into the N-terminal part of the 

methyltransferase type 1 domain. The protein then forms the entire methyltransferase type 2 

domain before completing the methyltransferase type 1 domain, and finally forms the putative 

guanylyltransferase domain (Sutton et al., 2007). 

 

The third minor core protein, VP6, is a highly basic protein and capable of binding both viral 

and non-viral ssRNA, as well as dsRNA (Roy et al., 1990; De Waal and Huismans, 2005). 

The nucleic acid-binding domains in BTV VP6 have been mapped to a region in the centre of 

the protein and to the C-terminus (Hayama and Li, 1994), while that of AHSV has been 

mapped a region spanning residues 190-289 (De Waal and Huismans, 2005). Sequence 

analysis of BTV and AHSV VP6 sequences has revealed a motif common to helicases (Roy, 

1992; Turnbull et al., 1996). In this regard, it has been reported that purified BTV VP6, upon 

incubation with dsRNA in the presence of ATP, led to the unwinding of the dsRNA template 

(Stauber et al., 1997). Thus, VP6 may be involved in the unwinding the dsRNA genome prior 

to the initiation of transcription or it may be involved in the encapsidation of viral RNA.  

 

1.3.3.4 Nonstructural proteins 
 
The NS1 protein of orbiviruses is synthesized abundantly in virus-infected cells and is readily 

assembled as tubular structures within the cytoplasm. These tubules are biochemically and 

morphologically distinct from the microtubules and neurofilaments present in normal cells 

(Huismans and Els, 1979). The tubular structures are formed by helically coiled ribbons of 

NS1 dimers, but the biophysical character of the tubules differ between BTV and AHSV. In 

contrast to BTV tubules that have a diameter of 52 nm and lengths of up to 1000 nm (Hewat 

et al., 1992b), the AHSV tubules have a diameter of 23 nm and vary in length up to 4 �m 

(Maree and Huismans, 1997). Moreover, whereas BTV tubules exhibit a defined ladder-like 

appearance, AHSV tubules appear to have a fine reticular “cross-weave” appearance. The 

NS1 protein of both BTV (Monastyrskaya et al., 1994) and AHSV (Maree and Huismans, 

1997) is rich in cysteine residues and contains several hydrophobic and hydrophilic regions 

spaced throughout the protein, which suggests that it has a highly ordered disulphide-bonded 

structure. It has been reported that cysteine residues at positions 240 and 337, as well as the 

N- and C-termini of BTV NS1 are important for tubule formation (Monastyrskaya et al., 
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1994). Their early and abundant synthesis, together with the association of tubules with the 

intermediate filament components of the cytoskelet of the cell (Eaton et al., 1987), and the 

association of virions and inner core particles with tubules in the cytoplasm of infected cells 

(Eaton et al., 1988), suggest that NS1 may be involved in virus replication and/or virus 

translocation (Eaton et al., 1990). Although the function of NS1 tubules in virus replication is 

unclear, a recent study, however, indicated that inhibition of NS1 synthesis, by making use of 

an intracellularly expressed single chain antibody to the NS1 protein, not only resulted in a 

reduction in virus-induced cytopathic effect, but there was a 10-fold increase in the amount of 

virus released and a shift from the lytic release of virus to budding from the plasma 

membrane. Based on the results, Owens et al. (2004) hypothesized that NS1 may be a 

determinant of pathogenesis in vertebrate hosts and that its mechanism of action is through 

augmentation of virus-cell association, which ultimately leads to lysis of the infected cell. 

 

The NS2 protein is also synthesized at high levels early in orbivirus-infected cells and is the 

predominant component of viral inclusion bodies (VIBs) (Brookes et al., 1993; Hyatt and 

Eaton, 1988). Early in infection, the VIBs appear as granular material scattered throughout the 

cell, which then coalesce to form a prominent inclusion with a perinuclear location. As the 

infection progresses, the VIBs increase both in size and number (Eaton et al., 1990). In 

addition to NS2, newly synthesized viral transcripts, all four subcore proteins, as well as 

assembled cores and subcores have been identified within the VIBs. These results have led to 

the suggestion that VIBs are the sites of orbivirus replication (Hyatt and Eaton, 1988; Kar et 

al., 2007). Expression of BTV (Thomas et al., 1990) and AHSV (Uitenweerde et al., 1995) 

NS2 by baculovirus recombinants in S. frugiperda cells resulted in the formation of inclusion 

bodies that were indistinguishable from the VIBs found in virus-infected cells, indicating that 

VIBs are formed by NS2. The full-length NS2 protein appears to be required for the 

formation of virus inclusion bodies (Thomas et al., 1990; Kar et al., 2007). NS2 is also the 

only virus-specific protein that is phosphorylated (Huismans et al., 1987b; Devaney et al., 

1988). Although the functional significance of the modification is not known, it has 

nevertheless been reported that phosphorylation of NS2 down-regulates its ssRNA-binding 

ability (Theron et al., 1994) and that phosphorylation of BTV NS2 is important for VIB 

formation (Modrof et al., 2005). Moreover, the NS2 protein of AHSV has been reported to 

exist as a 7S multimer, which binds ssRNA (Uitenweerde et al., 1995). Based on its high 

affinity for ssRNA, but not for dsRNA, it has been suggested that NS2 may have a role in the 

recruitment and packaging of viral mRNA for replication (Huismans et al., 1987b). In support 
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of such a role, BTV RNA has been reported to be preferentially bound via N-terminal 

residues of the NS2 protein (Theron and Nel, 1997; Lymperopoulus et al., 2003; Markotter et 

al., 2004). Chemical and enzymatic structure probing of regions bound preferentially by NS2 

has shown that NS2 binds BTV transcripts at different hairpin loops that are distributed 

throughout the coding and non-coding regions of the different genome segments 

(Lymperopoulus et al., 2003; 2006). Although the ssRNA-binding activity may explain how 

BTV mRNAs are selected from the pool of cellular RNA, it remains unknown how only a 

single copy of each genome segment is packaged into the newly formed virus particles. BTV 

NS2 has been reported to demonstrate phosphohydrolase activity and could bind and 

hydrolyse ATP and GTP to their corresponding nucleotide monophosphates (Horscroft and 

Roy, 2000; Taraporewala et al., 2001). Although the significance of this finding is not clear, it 

has been proposed that this enzymatic activity of NS2 may play a role in providing energy for 

the assortment, movement, packaging or condensation of bound ssRNA (Horscroft and Roy, 

2000). 

 

In contrast to NS1 and NS2, the two closely related nonstructural proteins NS3 and NS3A are 

synthesized in low abundance in orbivirus-infected cells (French et al., 1989; Van Staden et 

al., 1995). Biochemical and immunological analyses have indicated that NS3A is synthesized 

from a second downstream in-frame AUG translation initiation codon (Wu et al., 1992). 

Analysis of the encoded amino acid sequence of the segment 10 gene has revealed the 

presence of two conserved hydrophobic regions that may serve as transmembrane domains 

(Van Staden and Huismans, 1991; Van Niekerk et al., 2001; Beaton et al., 2002). A single 

glycosylation site is present in BTV NS3 (Wu et al., 1992; Bansal et al., 1998), but absent in 

NS3 of AHSV (Van Staden and Huismans, 1991) and thus does not seem to be essential for 

the function of the protein. Notably, BTV NS3 and NS3A have been reported to facilitate the 

release of baculovirus-expressed virus-like particles in S. frugiperda cells (Hyatt et al., 1993) 

and in BTV-infected cells the NS3 protein has been observed to co-localize with BTV 

particles within disrupted regions of the plasma membrane (Hyatt et al., 1989). These results 

suggest that the NS3 proteins may be involved in the release of BTV from infected cells. 

Similarly, the AHSV NS3 protein has also been reported to be localized to sites of AHSV 

release (Stoltz et al., 1996). Moreover, the NS3 protein of AHSV exhibits cytotoxicity when 

expressed in S. frugiperda cells (Van Staden et al., 1995). The cytotoxicity of NS3 was shown 

to require both hydrophobic domains, suggesting that NS3 might function as a viroporin to 

facilitate virus release (Van Niekerk et al., 2001). It has recently been reported that BTV NS3, 
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but not NS3A, interacts with the calpactin light chain (p11) of the cellular annexin II complex, 

which has been implicated in membrane-related events along the endocytic and regulated 

secretory pathways (Wirblich et al., 2006). In addition, NS3 of both BTV and AHSV has also 

been reported to be capable of interacting with Tsg101, a cellular protein implicated in the 

intracellular trafficking and release of enveloped viruses (Wirblich et al., 2006). Subsequent 

knockdown of Tsg101 with siRNA was shown to inhibit release of virus from mammalian 

cells, suggesting that it may play a role in virus release. 

 

1.4 ORBIVIRUS REPLICATION AND MORPHOGENESIS 
 
Although there are considerable differences in several steps of the replicative process of 

members of the Reoviridae family, the overall strategy appears to be the same. The major 

events in orbivirus replication are: (i) adsorption and penetration, (ii) uncoating and formation 

of replicative complexes, (iii) formation of virus tubules and viral inclusion bodies, and (iv) 

movement of the virus to and release from the cell surface. The following model for orbivirus 

replication, indicated schematically in Fig. 1.2, is based on that of BTV, as described by 

Gould and Hyatt (1994) and Roy (2001).  

 

BTV rapidly adsorps to susceptible mammalian cells, with maximal adsorption occurring 

within 20 min (Huismans et al., 1983). Although the cellular receptors to which BTV binds 

have not yet been determined, it has been reported that the binding and internalization of BTV 

is mediated by the outer capsid protein VP2 (Huismans and Van Dijk, 1990; Hassan and Roy, 

1999). Following adsorption, the virus is transported to the cytoplasm of the cell via receptor-

mediated endocytosis, which involves formation of clathrin-coated vesicles within the cell 

that subsequently fuse to form endosomes. Within the endosome, the outer capsid proteins 

(VP2 and VP5) are removed, presumably due to the acidic conditions within the endosome. 

The transcriptionally active core particles are subsequently released into the cytoplasm 

(Huismans et al., 1987c). It has been proposed that VP5 may facilitate release of the core 

particles, since removal of VP2 from the virions results in exposure of the helical membrane-

destabilizing domains of VP5 (Hassan et al., 2001). Soon after the initiation of transcription, 

proteins produced by translation of viral mRNA condense with the viral ssRNA around the 

parental cores to form granular VIBs (Eaton et al., 1990; Hyatt et al., 1992). The newly 

synthesized viral mRNA transcripts that are released in the cytoplasm are capped and 
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Fig. 1.2 Schematic diagram representing the replication cycle of bluetongue virus, the 
prototype orbivirus (Mertens, 2004). The major events in orbivirus replication are: (i) 
adsorption and penetration, (ii) uncoating and formation of replicative complexes, (iii) formation 
of virus tubules and virus inclusion bodies, and (iv) movement of the virus to and release from 
the cell surface. The adsorption of the virus involves a receptor of unknown nature in the cell 
membrane of susceptible host cells. The virus enters the cell via endocytosis after which clathrin-
coated vesicles, containing the virions, form and are drawn to the cell nucleus. The outer capsid 
proteins are removed to yield core particles in the cell cytoplasm. Transcription of the virion 
RNA occurs and the proteins generated by translation of the viral mRNA condense with the viral 
ssRNA around the parental cores to form VIBs. Structural proteins are translated and condense at 
the VIB periphery to form cores and subcores. The outer capsid proteins are added after which 
the virions are released from the cells via lysis, budding or extrusion from the cells.  
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methylated, and program the synthesis of viral proteins in the cytoplasm. The mRNA also 

serves as templates for viral dsRNA genome synthesis (Mertens and Diprose, 2004), but the 

mechanism by which viral mRNAs are selected and encapsidated prior to replication is not 

yet known. 

 

The VIBs, which consist mainly of the ssRNA-binding phosphoprotein NS2 (Thomas et al., 

1990; Uitenweerde et al., 1995), grow in size and complexity during the infection cycle 

(Eaton et al., 1990). The VIBs contain viral transcripts, assembled subcores and cores, as well 

as different subcore proteins (VP1, VP4, VP6 and VP3). The surface core protein VP7 

requires VP3 to be recruited to the VIBs and may indicate that partially assembled core 

structures in which VP3 and VP7 are already interacting, are the building blocks of core 

formation (Kar et al., 2004; 2007). Once stable cores have been assembled, the two outer 

capsid proteins VP2 and VP5 are acquired at the periphery of the VIBs by interaction with the 

core surface, both proteins being attached to the VP7 layer of the core. However, little is 

known of the mechanism whereby VP2 and VP5 are added to the developing virus particle. 

Nevertheless, once VP2 and VP5 have been attached, the viral particles are no longer 

transcriptionally active and are available for release from the infected cell. Although the NS1-

rich virus tubules are not observed within the VIBs, they form part of the insoluble phase of 

the cell at an early stage of infection (Huismans and Els, 1979) and have recently been 

reported to be a determinant of pathogenesis in the vertebrate host by leading to lysis of 

infected cells (Owens et al., 2004). 

 

Investigations regarding virus release from mammalian cells have demonstrated a strong 

correlation between the presence of NS3 and NS3A, and virus release (Hyatt et al., 1989; 

Stoltz et al., 1996). In addition, virions have been reported to leave infected cells in two ways. 

Early after infection, when the host cell metabolism is not completely inhibited and the 

integrity of the host plasma membrane is maintained, progeny virions have been observed to 

bud through the plasma membrane and thus acquire a transient envelope (Gould and Hyatt, 

1994). Alternatively, during the latter stages of infection, when the integrity of the plasma 

membrane is not maintained, egress of virions can be accomplished as non-enveloped virions 

by extrusion through the locally disrupted plasma membrane surface (Hyatt et al., 1989). 
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1.5 RNA INTERFERENCE (RNAi) 
 
For more than a decade, targeted inhibition of mammalian gene expression has been achieved 

primarily by approaches such as homologous recombination, antisense oligonucleotides, 

ribozymes and intrabodies (Rosen and Gretch, 1999; Nahreini et al., 2004; Robishaw et al., 

2004; Visintin et al., 2004; Owens et al., 2004). However, in the past five years, RNA 

interference (RNAi) has emerged as the primary means by which specific genes in 

mammalian systems can be suppressed or silenced. RNAi is a form of post-transcriptional 

gene silencing that results in the sequence-specific degradation of mRNA by homologous 

dsRNA molecules. This RNA-silencing mechanism, which was first described in 

Caenorhabditis elegans (Fire et al., 1998), displays many similarities with post-

transcriptional gene silencing (PTGS) in plants (Napoli et al., 1990; Kooter et al., 1999) and 

the process of quelling in Neurospora crassa (Cogoni et al., 1996). RNAi appears to be an 

evolutionary conserved gene silencing system and has also been demonstrated in insects, 

protozoa and animals (Kennerdell and Carthew, 1998; Ngo et al., 1998; Wianny and 

Zernicka-Goetz, 2000). It is thought that RNAi and related RNA silencing mechanisms act as 

a natural defense system against virus infection (Keene et al., 2004; Wilkins et al., 2005) and 

mobilization of transposons (Blumenstiel and Hartl, 2005). In addition to these functions, 

RNAi may also play an important role in regulating cellular gene expression (Szweykowska-

Kulinska et al., 2003; Bernstein et al., 2003). Because of its apparent universal applicability 

and high specificity, RNAi technology has become a powerful tool for reverse genetic studies 

in organisms where generating loss-of-function phenotypes by the direct manipulation of 

target genes have proven difficult or impossible. Moreover, many publications have described 

the inhibition of viruses belonging to several different viral families by targeting and silencing 

diverse viral genes that are essential for virus replication (Gitlin and Andino, 2003; Tan and 

Yin, 2004; Colbère and Garapin, 2005; Stram and Kuzntzova, 2006).  

 

1.5.1 Mechanism of RNAi  
 
Biochemical and genetic analyses have provided a mechanistic understanding of RNAi-

induced gene silencing. The recognition and processing of dsRNA, followed by the 

subsequent cleavage of target homologous mRNA occurs through a highly conserved multi-

step mechanism that involves three main stages: (i) the recognition and processing of dsRNA 

into siRNA, (ii) the assembly of RISC, and (iii) the sequence-specific cleavage of target 
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single-stranded (ss) RNA (Meister and Tuschl, 2004; Tomari and Zamore, 2005). A model for 

gene silencing induced by dsRNA is indicated in Fig. 1.3. 

 

1.5.1.1 Processing of dsRNA 
 
Long dsRNAs are recognized and processed into siRNAs by a dsRNA-specific RNase III 

family endonuclease, called Dicer (Hammond et al., 2000; Zamore et al., 2000; Bernstein et 

al., 2001). Dicer is a 200-kDa multidomain protein, which has a N-terminal DexH/DEPH 

RNA helicase/ATPase domain, a PAZ (PIWI-Argonaute-Zwille) domain, two RNase III 

domains (RIIIa and RIIIb) and a C-terminal dsRNA-binding domain (dsRBD) (Zhang et al., 

2002; Provost et al., 2002). Whereas the dsRBD and RNase III domains are involved in 

dsRNA-binding and cleavage, respectively, the PAZ domain is a RNA-binding domain that 

specifically recognizes the terminus of the base-paired helix of siRNA duplexes, including the 

2-nt 3’ overhang. The presence of the helicase/ATPase domain may be related to the 

observation that siRNA formation by Drosophila melangoster Dicer is greatly stimulated by 

the addition of ATP (Zamore et al., 2000). However, no such effect is observed for 

mammalian Dicer and it was shown that human Dicer generates siRNAs from dsRNA 

efficiently in the presence of Mg2+ and the absence of ATP (Zhang et al., 2002). 

Consequently, the exact function of ATP during processing remains to be elucidated. 

 

Based on results obtained from mutagenesis of the human Dicer enzyme, Zhang et al. (2004) 

proposed a model for dsRNA cleavage by Dicer enzymes. It was proposed that Dicer 

functions through intramolecular dimerization of the RIIIa and RIIIb domains, assisted by the 

flanking RNA-binding domains dsRBD and PAZ, to form a single catalytic center that 

contains two RNA cleavage sites. Cleavage of dsRNA results in products with 2-nt 3’ 

overhangs by cleaving two nearby phosphodiester bonds on opposite RNA strands. It is 

thought that whereas RIIIa cleaves the 3’ hydroxyl-bearing RNA strand, RIIIb cleaves the 5’ 

phosphate-bearing RNA strand (Zhang et al., 2004). Processing of dsRNA by Dicer thus 

yields RNA duplexes that are typically 21-nt in length, have 5’ phosphate and 3’ hydroxyl 

groups and 2-nt overhangs at the 3’-termini. However, the length of the siRNAs produced in 

different organisms varies between 21 to 28 nt. This may be due to structural differences of 

the various Dicer orthologs, as well as reflect on differences in the geometric spacing between 

the active sites of dsRNA-bound Dicer dimers during dsRNA processing (Zamore et al., 

2001; Hannon, 2002). 
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Fig. 1.3 Schematic diagram of RNAi-mediated gene silencing in mammals. The double-
stranded RNAs are processed by Dicer to produce siRNAs. The siRNAs become associated with 
the RISC complex, after which the antisense strand guides the complex towards the cognate 
mRNA, resulting in endonucleolytic cleavage of the mRNA. 
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1.5.1.2 Assembly of RISC 
 
Following cleavage of dsRNA by Dicer, the siRNA-containing ribonucleoprotein particles 

(RNPs) are assembled into a multi-component nuclease that guides the sequence-specific 

recognition of the target mRNA (Hammond et al., 2000). This complex is referred to as the 

RNA-induced silencing complex (RISC). Several forms of RISC, differing in molecular 

weight (160-500 kDa) and composition, have been identified. These differences may be due 

to weak and/or transient association of proteins involved in the initial processing of dsRNA, 

as well as other factors of unknown function (Hammond et al., 2001; Nykänen et al., 2001; 

Jaronczyk et al., 2005). However, every RISC contains a protein belonging to the Argonaute 

protein family, which is characterized by the presence of a PAZ domain and a C-terminal 

PIWI domain (Cerutti et al., 2000; Carmell et al., 2002). It is thought that interaction between 

the PAZ domain and 2-nt 3’ overhangs of siRNA duplexes may allow for transfer of siRNAs 

from the RNP complexes into RISC. Moreover, solving of the crystal structures of an archaeal 

Argonaute protein (Song et al., 2004) and PIWI domain in association with a siRNA-like 

duplex (Parker et al., 2005) have provided insights regarding its role in the RISC assembly 

process. It was shown that the PIWI domain recognizes specifically the 5’-end of a siRNA 

and unwinds the first base-pair of the duplex, thus suggesting that binding of the siRNA to the 

PIWI domain might be the first step in siRNA duplex-unwinding in RISC (Parker et al., 

2005). Furthermore, it has also been shown that PIWI is a structural homolog for RNase H 

and since RNase H cleaves the RNA strand in RNA/DNA hybrids, it was proposed that 

Argonaute proteins may act similarly by cleaving target RNA in the RNA/siRNA hybrids 

(Song et al., 2004).  

 

The formation of RISC on siRNA duplexes requires ATP, but once formed, RISC can 

mediate robust sequence-specific cleavage of its target in the absence of ATP (Nykänen et al., 

2001; Bernstein et al., 2001). The ATP is most likely required for energy-driven unwinding of 

the siRNA duplex and/or other conformational changes (Tomari et al., 2004; Pham et al., 

2004). It has also been reported that thermodynamic differences in the base-pairing of the two 

siRNA strands determine which siRNA strand is assembled into RISC (Khvorova et al., 2003; 

Schwarz et al., 2003). This strand bias is presumably caused by a rate-limiting unwinding step 

that occurs during transition from the siRNA duplex-containing RNP to the RISC complex, 

which allows the 5’-end of the strand positioned at the weakly paired end of the siRNA to 

enter RISC first (Khvorova et al., 2003). 
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1.5.1.3 mRNA cleavage 
 
Following assembly of the RNA silencing effector complexes, the single-stranded siRNA in 

RISC guides sequence-specific degradation of complementary target mRNAs (Martinez et al., 

2002; Martinez and Tuschl, 2004), and Mg2+ has been shown to be required for this reaction 

(Schwarz et al., 2004). Based on the similarity of the PIWI domain with RNase H (Song et 

al., 2004), it has been proposed that the Argonaute proteins may act as the catalytic subunit, 

termed Slicer. Subsequent biochemical and genetic studies have indicated that although all 

four human Argonaute proteins bind to siRNA, only Argonaute2-containing complexes were 

able to cleave mRNA substrates (Liu et al., 2004). The nuclease activity of Argonaute2 

appears to be highly specific, since it did not display activity in the absence of single-stranded 

siRNAs and did not exhibit significant activity in the presence of dsRNA (Liu et al., 2004). 

The current model of Argonaute Slicer activity indicates that the siRNA guide interacts with 

the PAZ domain of the Argonaute protein, while the mRNA substrate enters a binding groove 

formed by the N-terminal, middle and PIWI domains. The 5’-end of the mRNA is predicted 

to lie between the PAZ domain and N-terminus of Argonaute, with the latter functioning as an 

mRNA grip. The mRNA is positioned so that the active site, located in the PIWI domain, is 

10 nt from the 5’-end of the siRNA/mRNA double-stranded region, thus allowing for 

cleavage of the mRNA target between 11 and 12 nt from the 3’-end of the siRNA guide 

(Tomari and Zamore, 2005). 

 

1.6 RNAi-BASED GENE SILENCING IN MAMMALIAN CELLS 
 
Despite its utility in diverse organisms for silencing of homologous gene expression (Fire et 

al., 1998; Valdes et al., 2003; Kuttenkeuler and Boutrous, 2004), it has been difficult to detect 

potent and specific RNAi in commonly used mammalian cell culture systems by application 

of dsRNA longer than 30 bp. This was largely due to the fact that introduction of the dsRNA 

into the cytoplasm of mammalian cells triggered an interferon response, which results in a 

systemic nonspecific shutdown of protein synthesis and eventual apoptosis (Manche et al., 

1992; Stark et al., 1998). 

 

Predominant amongst responses triggered by the presence of dsRNA in the cell cytoplasm is 

activation of two complementary yet independent systems, i.e. the dsRNA-activated protein 

kinase R (PKR) system and the 2’,5’-oligoadenylate synthetase (2’,5’-AS) system (Stark et 

al., 1998). PKR is activated by binding to dsRNA with a minimal length of 30 bp, but full 
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activation requires dsRNA with a length of 80 bp. Upon binding dsRNA in a sequence-

independent manner, PKR dimerizes, autophosphorylates and subsequently phosphorylates 

the alpha subunit of eukaryotic translation initiation factor 2 (eIF2α) to render it inactive for 

further initiations of viral and cellular translation (Sledz et al., 2003). In addition, PKR can 

also induce apoptosis by activation of apoptotic gene expression (Goodbourn et al., 2000; Li 

et al., 2003). The 2’,5’-AS system is activated upon binding to dsRNA of at least 70 bp, 

which results in the production of several 2’,5’-linked oligoadenylates. These bind and 

activate RNase L, resulting in the nonspecific degradation of cellular ssRNA and the onset of 

apoptosis (Floyd-Smith et al., 1981; Carroll et al., 1996). 

 

The above-mentioned sequence-nonspecific effects, however, have been resolved when it was 

reported that in mammalian cells RNAi can be triggered by introducing synthetic siRNAs of 

21 to 22 nt in length directly into the cytoplasm of mammalian cells (Caplen et al., 2001; 

Elbashir et al., 2001a). The exogenously added siRNAs avoided provoking an interferon 

response by virtue of their small size and appear to be incorporated directly into the RNAi 

pathway by mimicking the products of the Dicer enzyme, which catalyzes the initiation step 

of RNAi. This discovery opened the door to RNAi approaches in mammalian cells, albeit that 

the gene-specific silencing is transient. For efficient RNAi in mammalian cells, some critical 

factors have been identified that include, amongst other, the design, identification and 

delivery of effective siRNAs. These aspects will therefore be discussed in greater detail in the 

following sections.  

 

1.6.1 Design of siRNAs 
 
At present, it is not possible to predict with complete certainty the degree of gene silencing a 

particular siRNA will produce and the design of an effective siRNA is still an empirical 

process. However, based on the first successful mammalian RNAi experiments, a number of 

general guidelines and recommendations have been proposed that may increase the 

probability of producing an effective siRNA (Elbashir et al., 2001b; 2001c; Caplen et al., 

2001). In addition, high-throughput screening of candidate siRNAs and analyses of effective 

and ineffective siRNAs have led to the development of different siRNA design algorithms 

(Reynolds et al., 2004; Ui-Tei et al., 2004; Amarzguioui and Prydz, 2004). These guidelines 

and algorithms are, however, only predictive and do not guarantee a gene silencing effect. 

Nevertheless, based on the results of these analyses, it has emerged that the two most 
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important factors influencing siRNA efficiency are the structural characteristics of the siRNA 

and the target site within the gene. 

 

To achieve efficient siRNA-mediated gene silencing, it has been suggested to select 19-nt 

long sequences in the coding region flanked by AA at the 5’-end and TT at the 3’-end. 

Furthermore, a GC content of 30-70% was reported to be advantageous for the internal 

stability of the siRNA (Elbashir et al., 2001b; 2001c; Elbashir et al., 2002). It has also 

generally been recommended that a target site should be located at least 100-200 nt 

downstream from the AUG initiation codon and that target sites within 50-100 nt of the 

termination codon should be avoided. Moreover, the 5’ and 3’ untranslated regions (UTRs) 

should also be avoided, since associated regulatory proteins may compromise RNAi (Elbashir 

et al., 2002; Mittal, 2004).  

 

Initial reports have indicated that mismatches of 1 to 2 nt between the antisense strand of the 

siRNA and the target mRNA can abolish siRNA activity (Elbashir et al., 2001a). However, it 

has subsequently emerged that the effect of mismatches depends on their nature and position 

with respect to the cleavage site. The presence of single mismatches within the middle of the 

guide siRNA are more inhibitory than mismatches located at the 5’- and 3’-ends (Harborth et 

al., 2003; Czauderna et al., 2003). Furthermore, mismatches close to the 5’-end of the 

antisense strand of the siRNA are more disruptive than those at the 3’-end, which may be due 

to the 5’-end serving as a ruler to define the position of mRNA cleavage (Amarzguioui et al., 

2003). Based on a better understanding of the strand selection mechanism of RISC and 

analysis of effective siRNAs, it has been reported that efective siRNAs have a reduced 

thermodynamic stability at the 5’-end of the antisense strand relative to the 3’-end within the 

RNA duplex (Khvorova et al., 2003; Schwarz et al., 2003). This asymmetry allows for the 

unwinding of dsRNA from the one end preferentially and ensures that only one strand enters 

RISC (Schwarz et al., 2003). Consequently, it was suggested that siRNAs with a 

thermodynamically unstable 5’ antisense strand should be designed in order to increase gene 

silencing efficiency and to reduce off-target effects. 

 

Several siRNAs synthesized against different regions of the same target mRNA have been 

reported to silence gene expression to differing extents (Harborth et al., 2001; Holen et al., 

2002; Bohula et al., 2003; Vickers et al., 2003; Stassen et al., 2007), suggesting that 

accessibility of the target sequence on the mRNA should also be taken into account when 
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designing siRNAs for gene silencing. Several reports have suggested that the low effectivity 

of siRNAs may be ascribed to the non-accessibility of the targeted mRNA regions for 

cleavage, which may be caused either by higher order RNA structures (Bohula et al., 2003; 

Kretschmer-Kazemi Far and Sczakiel, 2003) or by protein coverage (Elbashir et al., 2001a; 

Holen et al., 2002). Consequently, it has been advised that at least two different siRNA 

duplexes targeting the same mRNA should be tested independently for a reproducible 

phenotype (Elbashir et al., 2002; Mittal, 2004).  

 

1.6.2 Synthesis of siRNAs 
 
Initially, RNAi-based gene silencing experiments were performed with chemically 

synthesized siRNAs (Elbashir et al., 2001a; Caplen et al., 2001). For chemical synthesis, 

automated synthesizers are used to produce each of two homologous RNA oligonucleotides 

by sequentially joining nucleotide monomers according to the desired siRNA sequence. The 

RNA oligonucleotides are subsequently annealed in vitro and results in short dsRNA 

molecules with 2-nt 3’ overhangs that contain 3’ hydroxyl and 5’ phosphate groups 

(Dykxhoorn et al., 2003). Despite being able to obtain siRNAs of high purity, uniform 

composition and large amounts, chemical synthesis of siRNAs is expensive. Consequently, 

alternative methods have been developed for synthesizing siRNAs. 

 

A cost-effective and rapid method for siRNA synthesis is based on in vitro transcription from 

short oligonucleotide DNA cassettes, containing a phage T7 RNA polymerase promoter 

sequence upstream of the siRNA strand template sequence to be transcribed (Donze and 

Picard, 2002; Kim et al., 2004). Following synthesis of the two siRNA strands in two separate 

reactions, they are annealed and purified. However, the siRNAs generated by this method 

frequently contain a GGG leader sequence, which is derived from the promoter, and a 5’ 

phosphate group (Kim et al., 2004). Consequently, the hybridized siRNA precursor is treated 

with a combination of DNase I and RNase T1 to remove residual DNA template and the 

single-stranded leader sequence of the siRNA, respectively. Alternatively, long dsRNA (100-

200 bp) that has been prepared by in vitro transcription can be cleaved with either Dicer or 

RNase III to generate a pool of siRNAs suitable for gene silencing (Yang et al., 2002; Myers 

et al., 2003; Xuan et al., 2006). Thus, the large pool of random siRNAs that are generated by 

this approach virtually guarantees that one or more of the siRNAs in the pool will have 

siRNA gene silencing activity, and therefore abrogates the need to screen and identify 
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individual effective siRNAs. However, there may be several potential limitations to this 

approach. In addition to the presence of unprocessed or partially processed long dsRNA that 

can activate PKR and result in nonspecific translation inhibition, there is also the potential for 

increased off-target effects. Moreover, competition from less effective siRNAs in a pool may 

also reduce the overall efficacy compared to the use of a single very effective siRNA. 

 

1.6.3 Delivery of siRNAs into mammalian cells 
 
For siRNAs to initiate gene-silencing effects, they must be introduced into the cytoplasm of 

mammalian cells and chemical transfection or electroporation have been used for this purpose 

(Elbashir et al., 2002; Weil et al., 2002). The transfection efficiency and the level of 

cytotoxicity resulting from different siRNA delivery methods have been reported to depend 

on the particular cell type being used (Walters and Jelinek, 2002). Thus, it has been proposed 

that the method and conditions of siRNA delivery should be optimized individually for the 

cell types under investigation.  

 

Whereas electroporation has been reported to be well suited for cells in suspension (Weil et 

al., 2002; Randall et al., 2003), chemical transfection is widely used for introducing siRNAs 

into adherent cells and the transfectant reagents are typically cationic lipids (Elbashir et al., 

2002). The efficiency and toxicity of the transfection is determined by the ratio of siRNA 

duplex to transfection reagent. An excess of either of the components may negatively affect 

the formation of RNA/carrier complexes or may result in the presence of either component in 

a non-complexed state, which may be toxic to the cells or decrease the uptake of siRNA 

(Walters and Jelinek, 2002). Transfection efficiency is typically optimized by titrating cell 

density, transfection time, the ratio of siRNA-to-transfection reagent and the cell passage 

number (Mocellin and Provenzano, 2004). To provide reproducible results, it has been 

recommended that gene silencing experiments should be conducted at constant cell culture 

densities, since too low cell densities during the transfection procedure can lead to an increase 

in cytotoxicity and cell densities that are too high may lead to low transfection efficiencies 

(Elbashir et al., 2002; Walters and Jelinek, 2002). For chemical transfections, cells are 

typically plated 24 h prior to transfection at a density that results in confluency at the time of 

performing the experiment. 
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1.6.4 Validation and verification of the targeted gene silencing effect 
 
Establishing RNAi as a means to silence expression of a target gene in mammalian cells also 

requires methods whereby the level of targeted mRNA and presence of the encoded protein 

can be monitored. For validation of the gene silencing effect, standard molecular biology 

techniques are frequently used. Methods for quantification of the target mRNA level include 

Northern blot hybridization, quantitative reverse transcriptase (RT)-PCR or real-time PCR, 

whereas immunodetection methods are used to quantitate the level of protein and can be 

performed on either whole cells (e.g. flow cytometry) or cell lysates (e.g. Western blot 

analysis, immunoprecipitation and enzyme-linked immunosorbent assays) (Elbashir et al., 

2002; Ho et al., 2006; Cullen, 2006). In contrast to methods based on cell lysates, which 

provide information regarding the average silencing effect for a cell population, methods 

based on whole cells provide information about the nature of the silencing effect, i.e. the 

percentage of the cell population that shows the gene silencing phenotype and to what extent 

(Ho et al., 2006). 

 

Despite careful design and selection of siRNAs, the possibility of off-target silencing effects 

or cross-reaction with non-target transcripts of limited similarity cannot be excluded (Saxena 

et al., 2003; Jackson et al., 2003; Jackson and Linsley, 2004). However, not all off-target 

effects may be seen at the mRNA level and it has been reported that siRNAs may act like 

endogenously encoded microRNA (miRNA), which inhibit translation by hybridizing to 

complementary sequences in the 3’ UTR of mRNAs (Doench et al., 2003; Scacheri et al., 

2004). However, since miRNAs usually require several such target sites in the mRNA, 

translation inhibition is likely not a prominent off-target effect of siRNAs (Scacheri et al., 

2004). Therefore, since any gene silencing effect obtained via RNAi can be due to both 

intended and off-target effects, and to avoid drawing wrong conclusions from the RNAi 

experiment, a number of controls are typically included in the RNAi assay to verify its 

specificity. In addition to testing two or more different siRNAs that target the same mRNA 

for a reproducible phenotype (Elbashir et al., 2002; Mittal, 2004), a negative control whereby 

the specificity of the siRNA can be determined must also be included. The negative control 

can be a siRNA with mismatches or no homology to the target gene, including siRNAs 

against genes that are not typically expressed in mammalian cells (Mocellin and Provenzaro, 

2004; Sandy et al., 2005; Cullen, 2006).  
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1.7 VECTOR-EXPRESSED RNAi EFFECTOR MOLECULES 
 
In contrast to transient gene silencing mediated by siRNAs, the development of expression 

vectors, which allow for the production of short hairpin RNAs (shRNAs) that can be 

converted by Dicer into functional siRNAs, has made it possible to induce long-term gene 

silencing in mammalian cell cultures (Brummelkamp et al., 2002a; Lee et al., 2002; Paddison 

et al., 2002). The most commonly used approach for vector-based RNAi involves the use of 

RNA polymerase III promoters, such as the mouse or human U6 or human H1 promoters, to 

express shRNA in vivo. Not only are these promoters active in all cell types, but they 

efficiently transcribe small RNA transcripts that are not capped at the 5’-end or 

polyadenylated at the 3’-end. In addition, transcription is initiated at the +1 position and 

transcription is terminated when it encounters a stretch of four or five thymidine residues 

(Paule and White, 2000).  

 

For expression of an shRNA, an expression cassette, encoding in the following order, the top 

strand of the hairpin, the hairpin loop, the bottom strand of the hairpin and the terminator, is 

inserted immediately downstream of the promoter. In most cases, the shRNA-encoding DNA 

fragment is made of two chemically synthesized 50- to 70-nt long oligonucleotides that are 

annealed and then ligated into an appropriate vector (Sandy et al., 2005; Wadhwa et al., 

2004). As an alternative to the use of shRNA-expressing plasmid DNA vectors, it is also 

possible to synthesize shRNA in vivo by constructing shRNA expression cassettes (SECs) 

(Castanotto et al., 2002; Scherer et al., 2004). The expression cassettes were generated in a 

two-step PCR, and the final product contained a U6 promoter, followed by the DNA 

sequences that allowed formation of the shRNA (as indicated above) after it has been 

transcribed, and the termination sequences. Although the SECs were reported to be difficult to 

transfect into cells, the shRNAs generated by this approach were highly specific and effective, 

and gene silencing was reported to be comparable to the use of 21-nt siRNA duplexes or an 

expression plasmid containing the same shRNA (Scherer et al., 2004).  

 

Although plasmid DNA-based constitutive expression of shRNAs have been reported to be 

effective in suppressing target gene expression, a major limitation of such unregulated RNAi 

approaches is that it cannot be used to study the function of essential genes. To overcome this 

limitation, a number of systems for inducible expression of shRNAs from polymerase III 

promoters have been developed. Tetracycline-inducible promoters H1 (Van de Wetering et 
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al., 2003) or U6 (Matsukura et al., 2003) have been generated by replacement of a 19-bp 

sequence between the TATA box and the transcription start site with a tetracycline repressor-

binding site (tetO). In transgenic cells expressing the repressor, transcription will thus be 

blocked, while addition of the inducer tetracycline or its derivative, doxycycline, results in 

dissociation of the repressor, allowing transcription to proceed. A similar strategy has been 

used to replace a 26-nt sequence between the TATA box and the transcription start site in the 

H1 promoter with a lac operator (lacO), thus resulting in IPTG-inducible shRNA expression 

in transgenic cells expressing the lac repressor (Higuchi et al., 2004). In both these inducible 

systems, target gene expression re-emerges two to four days after removal of the inducer. It 

has been proposed that the delay in gene expression may be due to the relatively long half-life 

of the siRNAs that are derived from Dicer cleavage of the expressed shRNA (Matsukura et 

al., 2003). 

 

In addition to the use of plasmid DNA vectors, viral vectors such as adenoviruses, 

retroviruses and lentiviruses have also been developed for expression of shRNAs. These viral-

based vectors have been used successfully to deliver shRNAs into cells that are difficult to 

transfect (e.g. primary cells) and have enabled the engineering of shRNA-expressing stable 

cell lines (Wadhwa et al., 2004; Bantounas et al., 2004). Although adenoviruses can infect a 

wide range of dividing and non-dividing cell types, they do not integrate into the host cell 

genome and therefore RNAi is transient (Xia et al., 2002; Shen et al., 2003; Hommel et al., 

2003). In contrast, both retroviral (Brummelkamp et al., 2002b; Schuck et al., 2004) and 

replication-deficient lentiviral (Rubinson et al., 2003; Qin et al., 2003) vectors have been used 

to integrate shRNA expression cassettes into the genome of target host cells, thus allowing for 

stable, long-term gene silencing. Although the viral vector-based systems are effective, their 

use, however, may be limited due to safety concerns and inherent difficulties associated with 

viral production and transduction. To overcome these obstacles, transposon-based RNAi 

delivery systems for mammalian cells have been developed (Heggestadt et al., 2004; Yang et 

al., 2005) that combines the gene silencing capabilities of RNA polymerase III-transcribed 

shRNAs with the advantages of transposon-based gene delivery. Not only was it shown that 

these systems displayed an enhanced frequency of genomic integration, but the shRNA 

expression cassette and drug resistance marker was stably integrated on a defined segment of 

DNA. Moreover, the levels of endogenous (lamin A/C) and exogenous (green fluorescent 

protein [GFP]) gene silencing were uniform within bulk drug-selected cells, thus eliminating 

the need to generate clonal isolates (Heggestadt et al., 2004). The advantages and 
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disadvantages of vector-expressed RNAi effector molecules compared to the use of 

chemically synthesized siRNAs as a means to suppress gene expression are provided in Table 

1.2. 

 

1.8 AIMS OF THIS STUDY 
 
RNA interference (RNAi), which is triggered by dsRNA and targets degradation of 

complementary mRNAs, has emerged as an important mechanism for sequence-specific 

suppression of gene expression at the post-transcriptional level. Practical applications of 

RNAi in mammalian cells were hampered because the long dsRNA used initially triggered 

apoptosis, making it impossible to consider effects of specific sequence targeting. With the 

initial demonstration that siRNA duplexes could be used to largely circumvent apoptosis 

pathways (Elbashir et al., 2001a; Caplen et al., 2001), there has been a widespread increase in 

interest in RNAi technologies for use in mammalian systems. Moreover, there has been 

substantial progress in approaches to introduce recombinant plasmid DNA vectors, which 

encode siRNA and shRNA, into cells (Brummelkamp et al., 2002a; Paddison et al., 2002; 

Wadhwa et al., 2004). Compared to the use of chemically synthesized siRNAs, the 

advantages of such approaches are that they are not only cheaper, but also the RNAi effector 

molecules are expressed constitutively and should therefore allow for long-term gene 

silencing. 

 

Although numerous reports have demonstrated that RNAi can be used to inhibit virus 

propagation in cell culture (Bitko and Barik, 2001; Tan and Yin, 2004; Stram and Kuzntzova, 

2006), few studies have explored the potential of RNAi approaches to viruses with a 

segmented dsRNA genome other than rotaviruses (Silvestri et al., 2004; López et al., 2005; 

Campagna et al., 2005). More recently, however, siRNA-mediated gene silencing approaches 

relating to orbivirus gene expression have been explored (Wirblich et al., 2006; Stassen et al., 

2007). The results of these studies have shown that due to the segmented nature of the AHSV 

genome, it was possible to silence expression of specific individual genes without affecting 

expression of the other viral genes (Stassen et al., 2007). Thus, this investigation focused on 

developing a shRNA-based approach whereby the NS1 gene of AHSV-6 could be silenced. 

This gene was specifically chosen as it is expressed abundantly in mammalian cells soon after 

virus infection (Huismans, 1979), and except for a possible role in pathogenesis (Owens et al., 

2004), the function of the NS1 protein is still not known. 
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Table 1.2 Advantages and disadvantages of different RNAi approaches (adapted from Wadhwa et al., 2004) 
 

 

 

 

 

RNAi Approach Advantages Disadvantages 

Chemically synthesized 
siRNAs 

 
• Direct and easy approach 
• siRNAs can be generated rapidly 
• Very effective, even in low concentrations 

 
• Expensive to generate 
• Must be sized-purified 
• The methods of delivery include transfections with polymer or lipid 

reagents that are toxic to some cells, can induce the interferon response and 
are ineffective with primary cells 

• The other method of delivery involves electroporation, which causes 
changes to the physiology of cells  

• Excess siRNAs can saturate the RNAi processing machinery 
• Duration of suppression is limited 
 

Plasmid DNA and viral 
vectors 

 
• Inexpensive and economical to generate 
• No size-purification required 
• Some vectors can provide unlimited source of siRNAs for longer durations 
• Vectors with antibiotic resistance markers can compensate for low 

transfection efficiencies 
• Viral vectors facilitate the easy entry of siRNA into cells, tissue and animal 

models that are difficult to transfect 
• Some viral vectors (retroviral and lentiviral vectors) can integrate into the 

host cell’s genome to provide transitive RNAi 
• Some viral vectors (adenoviral vectors) have high levels of RNA expression 

that are independent of the host cell cycle 
 

 
• Difficult to design 
• Plasmid-based vectors must be very pure for delivery into cells with 

transfection reagents, which have a number of disadvantages as discussed 
above 

• Viral vectors (retroviral and lentiviral vectors) can cause insertional 
mutagenesis 
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Therefore, the aims of the investigation were as follows: 
 

• To develop a quantitative reported-based si/shRNA screening system that may be used 

to identify RNAi effector molecules capable of silencing AHSV-6 NS1 gene 

expression 

 

• To develop a plasmid DNA-based RNAi assay whereby expression of the AHSV-6 

NS1 gene can be silenced by shRNAs in BHK-21 cell culture 
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CHAPTER 2 
 

EXPRESSION OF AN AHSV-6 NS1-eGFP CHIMERIC GENE IN 

MAMMALIAN (BHK-21) CELLS AND ITS USE TOWARDS 

ESTABLISHING A SCREENING SYSTEM FOR SELECTION OF 

EFFECTIVE RNAi EFFECTOR MOLECULES 
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2.1 INTRODUCTION 
 
African horse sickness virus (AHSV), a member of the Orbivirus genus within the Reoviridae 

family, encodes four nonstructural proteins (NS1, NS2, NS3/3A) of which the function in 

virus replication is not fully understood. Of these, NS1 is the most abundant viral protein 

synthesized in infected cells and forms large numbers of intracellular tubular structures 

(Huismans and Els, 1979). It can be envisaged that an understanding of the biological role of 

NS1 may be obtained by observing phenotypic consequences resulting from its alteration or 

inactivation. Unfortunately, these types of studies have been precluded by the lack of a 

reverse genetics system for AHSV. However, the advent of RNA interference (RNAi) as a 

means to selectively silence gene expression may provide an investigative tool that can 

greatly facilitate studies aimed at generating loss-of-function phenotypes (Arias et al., 2004; 

López et al., 2005; Forzan et al., 2007). 

 

RNA interference (RNAi) is a conserved gene silencing mechanism that recognizes double 

stranded (ds) RNA as a signal to trigger the sequence-specific degradation of homologous 

mRNA (Fire et al., 1998; Tuschl et al., 1999). As a result of biochemical and genetic studies 

in several experimental systems, the mechanisms underlying RNAi have begun to unfold. 

These suggest the existence of conserved machinery for dsRNA-induced gene silencing, 

which proceeds via a multistep mechanism. Initially, long dsRNA molecules are recognized 

and cleaved into 21-23 nt small interfering RNA duplexes (siRNAs) by the action of an 

endogenous dsRNA-specific endonuclease, Dicer, a member of the RNAse III family. 

Subsequently, the siRNAs are incorporated into the RNA-induced silencing complex (RISC), 

which identifies substrates through their homology to siRNAs and target these cognate 

mRNAs for destruction (Meister and Tuschl, 2004; Tomari and Zamore, 2005). 

 

Despite RNAi having become a powerful and widely used approach for the analysis of gene 

function in a variety of organisms, there were initially several impediments to the use of this 

approach in mammalian cells. Most mammalian cells harbour a potent antiviral response that 

is triggered by the presence of dsRNA viral replication intermediates. Key components of this 

response are the dsRNA-activated protein kinase R (PKR), which results in a generalized 

inhibition of translation, and 2’,5’-oligoadenylate synthetase (2’,5’-AS), the product of which 

is an essential co-factor for the nonspecific ribonuclease RNase L (Stark et al., 1998; Sledz et 

al., 2003). The ultimate outcome of this set of responses is cell death via apoptosis. This 
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impediment, however, was resolved when it was shown that short synthetic 21-nt siRNAs 

with 2-nt 3’overhangs allowed for sequence-specific gene silencing, yet avoided the 

nonselective cytotoxic effects of long dsRNAs in mammalian cells (Elbashir et al., 2001a; 

Caplen et al., 2001). Subsequent to this discovery, RNAi has led to a revolution in molecular 

virology. Not only has RNAi emerged as a powerful genetic approach to study the function of 

virus genes (López et al., 2005; Campagna et al., 2005; Wirblich et al., 2006; Stassen et al., 

2007), but it is also increasingly being used as an antiviral therapy. Consequently, RNAi has 

been used to inhibit the replication of numerous mammalian viruses from diverse virus 

families both in vitro and in vivo (Gitlin and Andino, 2003; Tan and Yin, 2004; Colbère-

Garapin et al., 2005; Stram and Kuzntzova, 2006). 

 

Despite the excitement, it should be kept in mind that RNAi is still a relatively young field 

and understanding of the basic underlying biology remains incomplete. For example, despite 

the availability of a number of guidelines and recommendations (Caplen et al., 2001; Elbashir 

et al., 2002; Mittal, 2004), as well as design algorithms and programs (Ui-Tei et al., 2004; 

Amarzguioui and Prydz, 2004; Reynolds et al., 2004), it is still not possible to predict with 

complete certainty the degree of gene silencing a particular siRNA will produce. 

Consequently, it is generally recommended that the silencing capability of several (at least 

two) candidate siRNAs be evaluated (Elbashir et al., 2002; Mittal, 2004). To facilitate 

screening of the candidate RNAi effector molecules, a number of different assay methods 

have been used, which are aimed at detecting either the target protein levels or the target 

mRNA levels (Caplen et al., 2001; Elbashir et al., 2002; Sandy et al., 2005; Cullen, 2006). 

Due to its simplicity and rapidity, detection of protein knock-down has become the preferred 

approach for screening purposes (Sandy et al., 2005). Frequently, the coding sequence of the 

target gene has been cloned in-frame with either enzymatic (e.g. luciferase) or fluorescent 

(e.g. green fluorescent protein [GFP]) reporters and expressed as fusion proteins (Wu et al., 

2004; Yang et al., 2005; Werk et al., 2005). Upon transcription, such constructs produce a 

chimeric mRNA and consequently, upon efficient gene silencing, no assayable reporter 

product is produced. Of these different reporters, a GFP variant that was codon-optimized for 

higher expression in mammalian cells has been used widely to evaluate the efficiency of 

different siRNAs for gene silencing. Not only does this eGFP protein contain chromophore 

mutations that make the protein 35-times brighter, but fluorescence from eGFP does not 

require additional cofactors or substrates (Zhang et al., 1996) and can be monitored non-
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invasively by fluorescent microscopy and quantitatively by fluorometry (Caplen et al., 2001; 

Werk et al., 2005; Stassen et al., 2007). 

 

Towards developing RNAi assays whereby expression of the AHSV-6 NS1 gene can be 

silenced in BHK-21 mammalian cell culture, the aims of this part of the study were to 

construct recombinant mammalian vectors that express an eGFP reporter protein, the AHSV-6 

NS1 protein and a NS1-eGFP chimeric protein. For this purpose, the mammalian expression 

vector pCMV-Script®, which has been designed to allow protein expression in a wide variety 

of mammalian systems, was selected for use. In addition, the NS1-eGFP chimeric gene was 

also evaluated as a reporter system whereby potentially effective RNAi effector molecules 

could be identified. For this purpose, a well characterized chemically synthesized siRNA that 

targets the eGFP gene was selected for use. 

 

2.2 MATERIALS AND METHODS 
 
2.2.1 Bacterial strains and plasmids 
 
The E. coli strains were routinely cultured at 37°C with shaking at 200 rpm in LB broth (1% 

[w/v] tryptone, 1% [w/v] NaCl, 0.5% [w/v] yeast extract; pH 7.4) (Sambrook et al., 1989), 

and maintained at 4°C on LB agar or at -70°C as glycerol cultures. For plasmid selection and 

maintenance in E. coli, the culture medium was supplemented with 100 µg/ml for ampicillin 

and 50 µg/ml for kanamycin (Roche Diagnostics). Recombinant plasmid pBS-NS1-6.2, 

containing a full-length cDNA copy of AHSV-6 genome segment 5, was previously 

constructed and characterized by F.F. Maree, Department of Genetics, University of Pretoria 

(Maree and Huismans, 1997). A recombinant pGEM®-T Easy construct containing the 

enhanced green fluorescent protein (eGFP) gene was obtained from L. Stassen, Department of 

Microbiology and Plant Pathology, University of Pretoria. The pGEM®-T Easy cloning 

system was obtained from Promega and the pCMV-Script® mammalian expression vector was 

obtained from Stratagene. 

 

2.2.2 Cell culture 
 
Baby hamster kidney-21 (BHK-21) cells were propagated and maintained as monolayers in 

75 cm2 tissue culture flasks, and cultured in Minimum Essential Medium (MEM) Eagles base 

(Highveld Biological) supplemented with 2.5% (v/v) foetal bovine serum (FBS) and 

antibiotics (pencillin, streptomycin and fungizone). The flasks were incubated at 37°C in a 
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humidified incubator with a constant supply of 5% CO2. For subculturing of confluent 

monolayers, attached cells were removed from the surface of a 75 cm2 tissue culture flask by 

adding a small volume of a Trypsin/Versene solution (Highveld Biological) to the cells. The 

flask was gently rocked to remove the cells, after which 5 ml of complete MEM medium was 

added, and the cell clumps were dispersed by repeated suspension with a 10-ml syringe. The 

BHK-21 cells were diluted by adding 20 ml of complete MEM medium to the cells and then 

subcultured to 75 cm2 tissue culture flasks (20 ml/flask). The tissue culture flasks were 

incubated at 37°C in a CO2 incubator until the monolayers were 100% confluent.  

 

2.2.3 DNA amplification  
 
2.2.3.1 Oligonucleotides  
 
Oligonucleotides used in the construction of a NS1-eGFP chimeric gene were designed based 

on the published AHSV-6 NS1 gene sequence (Maree and Huismans, 1997; GenBank 

accession no. U73658) and on the nucleotide sequence determined for the eGFP gene (Burger, 

2006). The oligonucleotides were designed using the DNAMAN v.4.13 (Lynnon Biosoft) 

software program. To facilitate subsequent cloning procedures, unique restriction 

endonuclease recognition sites were incorporated at the 5’-terminus of the respective 

oligonucleotides. The oligonucleotides, indicated in Table 2.1, were synthesized by Inqaba 

Biotechnical Industries.  

 

2.2.3.2 Polymerase chain reaction (PCR) 
 
Each of the PCR reaction mixtures (100 µl) contained template DNA (50 ng), 100 pmol of 

each of the sense and antisense oligonucleotides, 1 × PCR buffer (75 mM Tris-HCl [pH8.8], 

16 mM (NH4)2SO2, 0.1% [v/v] Tween-20), 1.5 mM MgCl2, 250 µM of each deoxynucleotide 

triphosphate (dNTP) and 0.25 U of Taq DNA polymerase (Southern Cross Biotechnology). 

The PCR reaction mixtures were placed in a Perkin-Elmer GeneAmp® 2700 thermal cycler. 

Following incubation at 94°C for 3 min, the samples were subjected to 35 cycles of 

denaturation at 94°C for 1 min, annealing at 55°C for 1 min and extension at 72°C for 1.5 

min. After the last cycle, a final extension step was performed at 72°C for 4 min to complete 

synthesis of all DNA strands. For control purposes, reaction mixtures containing all reagents 

except template DNA were included. Aliquots of the PCR reaction mixtures were analyzed by 

electrophoresis on a 0.8% (w/v) agarose gel in the presence of an appropriate DNA molecular 

weight marker. 
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2.2.4 Agarose gel electrophoresis 
 
DNA was analyzed on horizontal 0.8% (w/v) agarose slab gels supplemented with 0.5 µg/ml 

of ethidium bromide (Sambrook et al., 1989). The agarose gels were electrophoresed at 100 V 

in 1 × TAE buffer (40 mM Tris-HCl, 20 mM NaOAc, 1 mM EDTA; pH 8.5) and the DNA 

was then visualized on a UV transilluminator. Where appropriate, DNA fragments were sized 

according to their migration in the gel as compared to that of standard DNA molecular weight 

markers, namely phage � DNA digested with both EcoRI and HindIII (Roche Diagnostics) 

and GeneRuler™ 100-bp DNA Ladder Plus (Fermentas AB). 

 

2.2.5 Purification of DNA fragments from agarose gels  
 
DNA fragments were purified from agarose gel slices, as described by Boyle and Lew (1995). 

The DNA fragments were excised from the agarose gel with a scalpel blade, mixed with 400 

µl of a 6 M NaI solution, and the agarose was melted by incubation at 55°C for 5-10 min. 

Following complete dissolution of the agarose, 10 µ1 of a silica suspension was added to the 

sample, vortexed for 10 s and then incubated on ice for 30 min. The silica-bound DNA was 

pelleted by centrifugation at 15 000 rpm for 1 min and the pellet was washed four times with 

500 µ1 of ice-cold NEW Wash solution (50 mM NaCl, 10 mM Tris-HCl [pH 7.5], 2.5 mM 

EDTA, 50% [v/v] ethanol). The DNA was eluted from the silica matrix at 55°C for 3 min in a 

final volume of 14 µ1 of 1 × TE buffer (10 mM Tris-HCl, 1 mM EDTA; pH 8). Following 

brief centrifugation to pellet the residual silica, an aliquot of the recovered supernatant was 

analyzed by electrophoresis on a 0.8% (w/v) agarose gel to assess the purity and concentration 

of the DNA. 

 
2.2.6 Cloning of DNA fragments into plasmid vectors  
 
2.2.6.1 Ligation reactions 
 
For cloning of PCR amplicons, the pGEM®-T Easy vector system (Promega) was used 

according to the manufacturer’s instructions. The ligation reaction mixture contained 50 ng of 

pGEM®-T Easy vector DNA, 150 ng of purified amplicon, 5 µ1 of a 2 × Rapid Ligation 

Buffer, 1 µ1 of T4 DNA ligase (3 U/µl) and UHQ water to a final volume of 10 µ1. Ligation 

of specific DNA fragments and restricted pCMV-Script® vector DNA was performed in a 10-

µ1 reaction volume containing 1 × DNA ligase buffer (66 mM Tris-HCl, 5 mM MgCl2, 1 mM 

DTT, 1 mM ATP; pH 7.5) and 1 U of T4 DNA ligase (Roche Diagnostics). The ratio of insert 
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to vector was typically in excess of 3:1. All of the ligation reactions were incubated overnight 

at 16°C. 

 

2.2.6.2 Preparation of competent E. coli DH5αααα cells  
 
Competent E. coli DH5α cells were prepared and transformed, as described by Sambrook et 

al. (1989). An overnight culture was prepared by inoculating a single colony of a freshly 

streaked E. coli DH5α cell culture into 1 ml of LB broth. Following incubation overnight at 

37°C, the culture was inoculated into 100 ml of LB broth and grown to an OD600 of 0.4 to 0.5. 

The flask was then placed on ice for 30 min to inhibit further growth. The cells from 20 ml of 

the culture were harvested by centrifugation at 4 000 rpm for 10 min at 4°C in an Eppendorf 

model 5804R centrifuge. The cell pellet was suspended in 10 ml of ice-cold 0.1 M CaCl2, 

incubated on ice for 30 min, pelleted as before and gently resuspended in 1 ml of the CaCl2 

solution. The cells were incubated on ice for at least 1 h before use.  

 

2.2.6.3 Transformation of the competent E. coli DH5αααα cells 
 
The competent cells were transformed using the heat-shock method (Sambrook et al., 1989). 

The competent E. coli DH5α cells (100 µl) and ligation reaction mixture (5 µl) was mixed in 

a pre-cooled microfuge tube and incubated on ice for 30 min. The cells were heat-shocked at 

42ºC for 90 s and immediately placed on ice for 2 min. Subsequently, 900 µl of pre-warmed 

(37°C) LB broth was added and the cells incubated at 37°C for 1 h. Aliquots (200 µl) of the 

transformation mixtures were plated onto LB agar containing the appropriate antibiotic. In 

instances where DNA fragments were cloned into pGEM®-T Easy vector DNA, the cells were 

plated together with 10 µl of IPTG (100 mM stock solution) and 50 µl of X-gal (2% [w/v] 

stock solution) to allow identification of recombinant transformants based on insertional 

inactivation of the lacZ’ marker gene. The agar plates were incubated overnight at 37°C. A 

positive control (10 ng of pUC18 plasmid DNA) and negative control (competent cells only) 

were included to determine the competency of the E. coli DH5α cells and to test for 

contamination, respectively.  

 

2.2.6.4 Plasmid DNA extraction  
 
Plasmid DNA was isolated from selected transformants using the alkaline lysis method, as 

described by Sambrook et al. (1989). Single colonies were each inoculated into 20 ml of LB 
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broth supplemented with the appropriate antibiotic and incubated overnight at 37°C with 

shaking. The cells from 1.5 ml of the overnight culture were collected by centrifugation at 15 

000 rpm for 1 min. The bacterial cell pellets were suspended in 100 µl of Solution 1 (50 mM 

glucose, 25 mM Tris-HCl, 10 mM EDTA; pH 8) and incubated for 5 min at room temperature 

and 1 min on ice. The cells were lysed, following addition of 200 µl of freshly-prepared 

Solution 2 (1% [w/v] SDS, 0.2 M NaOH). After incubation on ice for 5 min, 150 µl of ice-

cold Solution 3 (3 M NaOAc; pH 4.8) was added and incubation was continued on ice for a 

further 10 min. The insoluble aggregate was collected by centrifugation at 15 000 rpm for 5 

min, after which the plasmid DNA was precipitated from the recovered supernatants by 

addition of 2 volumes of 100% ethanol and incubation at -20°C for 1 h. The precipitated 

plasmid DNA was collected by centrifugation at 15 000 rpm for 20 min, washed once with 

70% ethanol, vacuum-dried and then suspended in 40 µl of 1 × TE buffer (10 mM Tris-HCl, 1 

mM EDTA; pH 8). To remove contaminating RNA, the plasmid DNA was incubated with 1 

µl of RNAse A (10 mg/ml) at 37ºC for 30 min. 

 

2.2.6.5 Restriction endonuclease digestions 
 
Restriction endonuclease digestions were performed in microfuge tubes in a final volume of 

15 µl and contained 1 U of enzyme per µg of plasmid DNA in the appropriate concentration 

of salt, using the 10× buffer supplied by the manufacturer. The reaction mixtures were 

incubated at 37°C for 90 min. For digestions involving two enzymes of which the salt 

concentrations differed for optimal activity, the plasmid DNA was first digested with the 

enzyme requiring the lowest salt concentration. The salt concentration was then adjusted and 

the second enzyme added. All restriction enzymes were supplied by Roche Diagnostics or 

Fermentas AB. The digestion products were analyzed on a 0.8% (w/v) agarose gel in the 

presence of an appropriate DNA molecular weight marker. 

 

2.2.7 Nucleotide sequencing and sequence analysis 
 
Nucleotide sequencing of cloned insert DNA was performed with the ABI-PRISM® 

BigDye™ Terminator v.3.1 Cycle Sequencing Ready Reaction kit (Perkin-Elmer Applied 

Biosystems) according to the instructions of the manufacturer. In addition to the T3 and T7 

sequencing oligonucleotides, NS1- and eGFP-specific internal oligonucleotides were also 

used in the sequencing reactions (Table 2.1 and Fig. 2.1). Each sequencing reaction contained 

200-500 ng of purified template DNA, 3.2 pmol of sequencing oligonucleotide, 2 µl of 
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Table 2.1 Oligonucleotides used in PCR and nucleotide sequencing 
 

Oligonucleotide Nucleotide sequence (5’-3’) 

PCR amplification*  

eGFP-FSal 5’-CACgtcgacATGGTGAGCAAGG-3’; SalI site incorporated 

eGFP-RKpn 5’-CACggtaccTTACTTGTACAGCTCGTCC-3’; KpnI site incorporated 

NS1-FBam 5’-CACggatccATGGATAGGTTCTTG-3’; BamHI site incorporated 

NS1-RSal 5’-CACgtcgacGACATTATGCATGAAATC-3’; SalI site incorporated 

  

Nucleotide sequencing  

T7  5’-GTAATACGACTCACTATAGGGC-3’ 

T3  5’-AATTAACCCTCACTAAAGGG-3’ 

Int-NS1F1 5’-CTTAGCCGATGGGGTCAATT-3’ 

Int-NS1F2 5’-GACAGCAAGGTTGGGACATCT-3’ 

Int-eGFPR 5’-TCGGGGTAGCGGCTGAAGCAC-3’ 

*In oligonucleotide sequences, the restriction endonuclease sites are indicated in bold lower case letters, while 
nucleotides specifying the start (ATG) and stop (TTA) codons are indicated in italics. 
 

NS1-eGFP gene

T7 T35' 3'
BamHI SalI KpnI

 
 
Fig. 2.1 Schematic representation of the oligonucleotide annealing positions and 
direction of sequencing of the AHSV-6 NS1-eGFP chimeric gene cloned into the pCMV-
Script vector. The annealing position of the oligonucleotides corresponds to its position 
relative to the first nucleotide of the NS1 initiation codon. The T7 and T3 oligonucleotides 
anneal to flanking DNA in the pCMV-Script® vector. 
 

AHSV-6 NS1 eGFP 

T7 
620-638 bp 

Int-NS1F1  
1167-1185 bp 

Int-NS1F2 
1634-1653 bp 

Int-eGFPR  
2552-2571 bp 

T3 
3089-3106 bp  
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Terminator Ready Reaction mix, 2 µl of 5 × Sequencing buffer and UHQ water to a final 

volume of 10 µl. Cycle sequencing reactions were performed in a GeneAmp® 2700 thermal 

cycler (Perkin-Elmer) with 25 of the following cycles: denaturation at 96°C for 10 s, 

annealing at 50°C for 15 s and elongation at 60°C for 4 min. The extension products were 

subsequently precipitated by addition of 2 µl of 3 M NaOAc (pH 4.6) and 50 µl of 95% 

ethanol. The tubes were vortexed briefly, incubated at room temperature for 15 min in the 

dark, centrifuged at 15 000 rpm for 30 min and the supernatants carefully aspirated. The 

pellets were rinsed with 250 µl of 70% ethanol, vacuum-dried and then stored at -20°C until 

electrophoresis. Prior to electrophoresis, the purified extension products were suspended in 3 

µ1 of sequencing loading buffer, denatured by heating to 90°C for 2 min and loaded onto an 

ABI PRISM™ Model 377 DNA sequencer. The nucleotide sequences obtained were edited 

and analyzed with the BioEdit sequence Alignment Editor v.5.0.9 (Hall, 1999) and 

DNAMAN v.4.13 (Lynnon Biosoft) software programs. 

 

2.2.8 Construction of recombinant pCMV-Script® mammalian expression vectors  
 
All molecular cloning techniques employed in construction of the respective recombinant 

mammalian expression vectors were performed according to the procedures described in the 

preceding sections. All plasmid constructs were verified by restriction endonuclease 

digestions and by nucleotide sequencing.  

 

• pCMV-NS1 

To construct the recombinant mammalian expression vector pCMV-NS1, the ca. 1.7-kb 

AHSV-6 NS1 gene was excised from plasmid pBS-NS1-6.2 by digestion with BamHI and 

then cloned into BamHI-digested pCMV-Script®. The transcriptional orientation of the cloned 

NS1 gene relative to the CMV promoter was confirmed by restriction mapping with HindIII.  

 

• pCMV-eGFP 

To construct the recombinant mammalian expression vector pCMV-eGFP, the ca. 720-bp 

eGFP gene was excised from plasmid pGEM-eGFP by digestion with both BamHI and EcoRI, 

and cloned directionally into pCMV-Script® that had been prepared in an identical manner.  
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• pCMV-NS1-eGFP 

Towards construction of the recombinant mammalian expression vector pCMV-NS1-eGFP, a 

truncated NS1 gene that lacked a TAG stop codon was PCR-amplified using plasmid pBS-

NS1-6.2 as template DNA, together with oligonucleotides NS1-FBam and NS1-RSal (Table 

2.1). The amplicon was cloned into pGEM®-T Easy to generate pGEM-NS1chm. The insert 

DNA was subsequently recovered by digestion with both BamHI and SalI, and cloned into the 

identical sites of pCMV-Script® to yield pCMV-NS1chm. Oligonucleotides eGFP-FSal and 

eGFP-RKpn (Table 2.1) were used with plasmid pGEM-eGFP as template DNA to PCR-

amplify the eGFP gene, which was cloned into pGEM®-T Easy to generate pGEM-eGFPchm. 

The insert DNA was recovered by digestion with both SalI and KpnI, and cloned into 

identically digested pCMV-NS1chm to complete construction of pCMV-NS1-eGFP. The 

cloning strategy employed in the construction of pCMV-NS1-eGFP is indicated in Fig. 2.2. 

 

2.2.9 Plasmid isolation of recombinant mammalian expression vectors 
 
2.2.9.1 Large-scale plasmid DNA extraction  
 
Large-scale plasmid DNA extractions were performed according to procedures described by 

Sambrook et al. (1989) with the following modifications. Five ml of an overnight culture was 

inoculated into 500 ml of LB broth supplemented with kanamycin, and incubated overnight at 

37°C. The cells were collected by centrifugation at 5 000 rpm for 15 min in a HS-4 rotor 

using a Sorvall RC-5B centrifuge (Du Pont Instruments). The cell pellet was suspended in 40 

ml of Solution 1 (50 mM glucose, 25 mM Tris-HCl, 10 mM EDTA; pH 8) and incubated on 

ice for 30 min. The cells were lysed by addition of 80 ml of Solution 2 (1% [w/v] SDS, 0.2 M 

NaOH) and following incubation on ice for 5 min, 60 ml of Solution 3 (3 M NaOAc; pH 4.8) 

was added. After incubation on ice for 1 h, the insoluble aggregate was removed by 

centrifugation at 10 000 rpm for 15 min. The plasmid DNA-containing supernatant was 

recovered, filtered through Whatman filter paper and then precipitated by addition of 2.5 

volumes of 96% ethanol and incubation overnight at -20°C. The precipitated plasmid DNA 

was collected by centrifugation at 10 000 rpm for 15 min and subsequently suspended in 60 

ml of UHQ water. High-molecular-weight RNA was precipitated by addition of 25 ml of ice-

cold 7.5 M NH4OAc and incubation on ice for at least 30 min. Following centrifugation at 10 

000 rpm for 10 min, the plasmid DNA was recovered from the supernatant by ethanol 

precipitation, as described above. The DNA pellet was washed with 70% ethanol, vacuum-

dried and resuspended in 200 µl of 1 × TE buffer. 
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PCR amplification

 Ligation

BamHI and SalI digestion

Ligation

SalI and KpnI digestion

SalI and KpnI digestion

Ligation

PCR amplification

Ligation

1

pBS-NS1-6.2

4800bp

Amp

ColE1 ori

NS1 gene
AHSV-6

f1 origin

MCS

MCS

BamHI

BamHI

1

pGEM-T-Easy vector

3015bp

Amp

MCS
lac Z

lac Z

1

pGEM-NS1chm

4700bp
Amp

NS1 gene

MCS

MCS
lac Z

lac Z

BamHI

SalI

1

pCMV-Script

4300bp

MCS

P CMV 

P SV40
Kan

BamHI
SalI
KpnI

1

pCMV-NS1chm
6000bpKan

P SV40 MCS

NS1 gene

P CMV

BamHI
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Fig. 2.2 Schematic diagram indicating the strategy used for the construction and cloning 
of the AHSV-6 NS1-eGFP chimeric gene into the pCMV-Script® mammalian expression 
vector. Abbreviations: Amp, ampicillin resistance gene; MCS, multiple cloning site; Ori, 
origin of replication; P CMV, CMV promoter; and P SV40, SV40 promoter. 
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2.2.9.2 Cesium chloride (CsCl)-ethidium bromide density gradient centrifugation 
 
The volume of the large-scale plasmid DNA solution was adjusted to 3 ml with 1 × TE and 

3.234 g of CsCl was added to the solution. After the CsCl was dissolved, 240 µ1 of ethidium 

bromide (10 mg/ml) was added and the solution was poured into a 5-ml polyallomer 

centrifuge tube (Beckman). The gradient was centrifuged at 38 000 rpm for 40 h at 20°C in a 

Beckman SW 55Ti swing-bucket rotor using a Sorvall UltraPro80 centrifuge (Du Pont 

Instruments). The tubes were then viewed under UV light and the plasmid DNA-containing 

lower band was removed by inserting the needle of a syringe into the tube beneath the lower 

band. The plasmid DNA solution was removed, transferred to a 50-ml Greiner tube and 

diluted with 3 volumes of 1 × TE buffer. The ethidium bromide was removed from the 

solution by repeated extraction with an equal volume of water-saturated n-butanol. The lower 

aqueous phase was then transferred to a 15-ml Greiner tube and the volume was adjusted to 1 

ml with 1 × TE. Plasmid DNA was subsequently precipitated by addition of 2 volumes of 

96% ethanol at 4°C for 1 h or overnight. The precipitated DNA was recovered by 

centrifugation at 10 000 rpm for 20 min, washed with 70% ethanol and vacuum-dried before 

being suspended in 100 µl of 1 × TE buffer. The concentration of the purified plasmid DNA 

was determined spectrophometrically with a Nanodrop instrument (Thermo Scientific) 

according to the manufacturer’s instructions.  

 

2.2.10 Expression of eGFP and NS1-eGFP proteins in BHK-21 cells 
 
2.2.10.1 Transfection of BHK-21 cells 
 
BHK-21 cells were transfected with purified recombinant pCMV-Script® plasmid DNA by 

means of lipofection with Lipofectamine™ 2000 (Invitrogen) according to the manufacturer’s 

instructions. The BHK-21 cells were seeded in 24-well tissue culture dishes to reach 80% 

confluency within 24 h of incubation at 37°C in the presence of 5% CO2. For each 

transfection, 800 ng of purified plasmid DNA and 2 µ1 of Lipofectamine™ 2000 reagent 

were each diluted separately in 50 µ1 of MEM medium that lacked serum and antibiotics. The 

two solutions were incubated for 5 min at room temperature, mixed and then incubated at 

room temperature for a further 20 min to allow formation of DNA-lipofectamine complexes. 

The cell monolayers were prepared for transfection by rinsing the cells three times with 500 

µ1 of MEM medium lacking serum and antibiotics. After addition of 400 µl of MEM medium 

supplemented with 2.5% (v/v) FBS, but lacking antibiotics, the cells were overlayed with the 
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DNA-lipofectamine complexes and the tissue culture dishes were incubated at 37°C for 24 h 

in a CO2 incubator. Untransfected BHK-21 cells and cells transfected with parental pCMV-

Script® plasmid DNA were included as controls. The cell monolayers were subsequently 

examined by fluorescence microscopy, as described below, as well as by SDS-PAGE and 

Western blot analysis. 

 

2.2.10.2 SDS-PAGE 
 
Transfected BHK-21 cells were harvested by trypsinization, collected by centrifugation at 3 

000 rpm for 10 min and washed once in 1 × phosphate-buffered saline (PBS: 137 mM NaCl, 

2.7 mM KCl, 4.3 mM Na2HPO4. 2H2O, 1.4 mM KH2PO4; pH 7.4). The cells were suspended 

in 20 µ1 of 1 × PBS and an equal volume of 2 × protein solvent buffer (PSB: 125 mM Tris-

HCl [pH 6.8], 4% [w/v] SDS, 20% [v/v] glycerol, 10% [v/v] 2-mercaptoethanol, 0.002% 

[w/v] bromophenol-blue) was added to each sample. The samples were heated for 10 min in 

boiling water prior to SDS-PAGE. 

 

Protein samples were analyzed by electrophoresis in a discontinuous gel system, as described 

by Laemmli (1970). A 5% (w/v) acrylamide stacking gel and 12% (w/v) acrylamide 

separating gel was used of which the acrylamide:bisacrylamide ratio was 30:0.8. The stacking 

gel was polymerized in buffer containing 0.125 mM Tris-HCl (pH 6.8), 0.1% (w/v) SDS, 

0.08% (w/v) ammonium persulphate and 10 µ1 of TEMED. The separating gel was 

polymerized similarly, except that the buffer comprised of 0.375 M Tris-HCl (pH 8.8) and 

0.1% (w/v) SDS. The protein samples were loaded onto the SDS-polyacrylamide gel and 

electrophoresed in a Hoefer Mighty Small™ electrophoresis unit at 120 V for 2-3 h in 1 × 

TGS electrophoresis buffer (25 mM Tris-HCl [pH 8.3], 0.192 M glycine, 0.1% [w/v] SDS). 

Following electrophoresis, the gels were stained with 0.125% (w/v) Coomassie brilliant blue 

(prepared in 50% [v/v] methanol and 10% [v/v] acetic acid) and the proteins were visualized 

by destaining the gels in a solution containing 10% (v/v) methanol and 10% (v/v) glacial 

acetic acid. The sizes of the resolved proteins were estimated by comparison to reference 

marker proteins (Rainbow™ protein molecular weight marker; Amersham-Pharmacia Biotech 

AB). 
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2.2.10.3 Western blot analysis 
 
For Western blot analysis, proteins resolved by SDS-PAGE were electroblotted from an 

unstained SDS-polyacrylamide gel onto a Hybond™-C+ nitrocellulose membrane 

(Amersham-Pharmacia Biotech AB), as described by Sambrook et al. (1989). The gel, two 

sheets of filter paper and nitrocellulose membrane, cut to the same size of the gel, were 

equilibrated for 30 min in transfer buffer (25 mM Tris, 186 mM glycine). The proteins were 

electroblotted onto the membrane at 28 V and 120 mA for 2 h in a Mighty Small™ Transphor 

wet blotting apparatus (Hoefer) filled with transfer buffer. Following transfer, the membrane 

was rinsed once in 1 × PBS for 5 min and then incubated at room temperature for 30 min or 

overnight at 4°C in blocking solution (1% [w/v] fat-free milk powder in 1 × PBS) to block 

non-specific binding sites. The membrane was subsequently transferred to blocking solution 

containing the primary antibody, which comprised a polyclonal anti-eGFP antibody (Sigma-

Aldrich) diluted 1:2000, and incubated at room temperature for 2 h with gentle agitation. The 

unbound primary antibodies were removed by washing the membrane three times for 5 min 

each in wash buffer (0.05% [v/v] Tween-20 in 1 × PBS). The secondary antibody, horseradish 

peroxidase-conjugated Protein A (Sigma-Aldrich), diluted 1:1000 in 1 × PBS, was added to 

the membrane and incubated at room temperature for 1 h. The membrane was washed three 

times for 5 min each in wash buffer and once for 5 min in 1 × PBS. To detect immuno-

reactive proteins calorimetrically, the membrane was immersed in a freshly prepared 

peroxidase enzyme substrate solution (60 mg 4-chloro-1-naphtol in 20 ml of ice-cold 

methanol and 100 ml of 1 × PBS containing 60 µl of H2O2) until the bands became visible. 

The colour reaction was then stopped by rinsing the membrane with distilled water and air-

dried. 

 

2.2.11 RNA interference (RNAi) assays in BHK-21 cells 
 
2.2.11.1 Small interfering RNAs (siRNAs) 
 
A chemically synthesized siRNA directed against eGFP mRNA, which has been reported to 

inhibit eGFP expression by 90% (Caplen et al., 2001), was obtained from Qiagen. As a 

control for the RNAi assays, a nonsilencing control siRNA was designed by scrambling the 

sequence of the eGFP-spesific siRNA. The sequences were as follow: eGFP-siRNA, sense 5’-

GCAAGCUGACCCUGAAGUUCAU-3’, antisense 5’-

GCCGUUCGACUGGGACUUCAAG-3’; and scrambled-siRNA, sense 5’-
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UUCUCCGAACGUGUCACGUTT-3’, antisense 5’-TTAAGAGGCUUGCACAGUGCA-3’. 

The siRNAs were supplied as lyophilized, desalted duplexes and were suspended in the 

provided RNAse-free buffer (100 mM KOAc, 30 mM HEPES-KOH, 2 mM MgOAc; pH 7.4) 

at a concentration of 20 µM. To disrupt aggregates that may have formed during 

lyophilization, the suspensions were incubated at 90°C for 1 min and then at 37°C for 1 h. 

The siRNAs were dispensed in aliquots and stored at -20°C until needed. 

 

2.2.11.2 Co-transfection of BHK-21 cells with siRNA and recombinant pCMV-Script® 
expression vectors  

 
The siRNA-mediated RNAi assays were performed according to procedures described by 

Gitlin et al. (2002) and Yu et al. (2002). The day before transfection, BHK-21 cells were 

trypsinized, diluted in fresh MEM medium and seeded in 24-well tissue culture dishes to 

reach 60% confluency within 24 h of incubation at 37°C in the presence of 5% CO2. 

Recombinant mammalian expression vectors pCMV-eGFP and pCMV-NS1-eGFP were 

subsequently co-transfected together with the siRNA into the BHK-21 cells using 

Lipofectamine™ 2000 (Invitrogen). For this purpose, 800 ng of purified recombinant plasmid 

DNA and 2 µ1 of the Lipofectamine™ 2000 reagent were each diluted in 50 µ1 of MEM 

medium lacking serum and antibiotics, incubated at room temperature for 5 min and then 

mixed to allow the formation of DNA-lipofectamine complexes. Separately, 20 pmol of the 

siRNA and 1 µl of the Lipofectamine™ 2000 reagent were each diluted in 50 µl of serum- 

and antibiotic-free MEM medium and, following incubation at room temperature for 5 min, 

were mixed to allow the formation of RNA-lipofectamine complexes. After incubation at 

room temperature for 20 min, the two solutions were mixed and then overlayed on the BHK-

21 cell monolayers, which had been prepared for transfection as described above. Following 

the addition of 300 µl of MEM medium supplemented with 2.5% (v/v) FBS, but lacking 

antibiotics, the tissue culture dishes were incubated at 37°C for 24 h in a CO2 incubator. 

Untransfected BHK-21 cells and cells transfected with the recombinant pCMV-Script® 

vectors were included as controls in the RNAi assay.  

 

2.2.11.3 Analysis and quantification of eGFP and NS1-eGFP expression in siRNA-
treated BHK-21 cells  

 
BHK-21 cell monolayers were observed at 24 h post-transfection for eGFP and NS1-eGFP 

protein expression on a Zeiss Axiovert 200 fluorescent microscope fitted with the no. 10 Zeiss 

filter set (excitation at 450-490 nm; emission at 515-560 nm). The images were captured for 
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separate microscope fields with a Nikon DMX 1200 digital camera. For fluorometry, the 

BHK-21 cell monolayers were rinsed once with 1 × PBS and trypsinized by addition of 30 µl 

of Trypsin/Versene. After incubation at 37°C for 1 min, the cells were collected by 

centrifugation at 3 000 rpm for 10 min, rinsed with 1 × PBS and suspended in 1 ml of 1 × 

PBS. The relative fluorescence was determined with a BioRad Versafluor™ fluorometer 

(excitation at 485-495 nm; emission at 515-525 nm). 

 

2.3 RESULTS 
 
2.3.1 Construction of recombinant pCMV-Script® mammalian expression vectors 

containing the AHSV-6 NS1, eGFP and NS1-eGFP chimeric genes 
 
2.3.1.1 Construction of plasmid pCMV-NS1  
 
A cDNA copy of the 1.7-kb NS1 gene of AHSV-6 had been cloned previously into the 

BamHI site of plasmid pBS and the recombinant plasmid was designated pBS-NS1-6.2 

(Maree and Huismans, 1997). The NS1 gene was subsequently excised from plasmid pBS-

NS1-6.2 and cloned into the BamHI site of the pCMV-Script® mammalian expression vector. 

Following transformation of competent E. coli DH5� cells, the plasmid DNA extracted from 

randomly selected kanamycin-resistant transformants was analyzed by agarose gel 

electrophoresis. Plasmid DNAs migrating slower than parental pCMV-Script® vector DNA on 

agarose gels were selected and analyzed for the presence of a cloned insert DNA by digestion 

with BamHI. In contrast to non-recombinant plasmid DNA, which was linearized (Fig 2.3B, 

lane 5), digestion of the recombinant plasmid DNA excised a 1.7-kb DNA fragment (Fig. 

2.3B, lane 7), indicating that the NS1 gene had been cloned successfully. A clone that 

displayed the correct transcriptional orientation was selected following restriction enzyme 

digestion with HindIII. The enzyme cuts once within the multiple cloning site of the vector 

(ca. 40 bp from the 3’-end of the NS1 gene) and ca. 500 bp from the 5’-end of the cloned NS1 

gene, thus resulting in the excision of a DNA fragment of ca. 1.2 kb (Fig. 2.3B, lane 8). One 

such clone was selected, designated pCMV-NS1, and the integrity of the cloned insert DNA 

was verified by sequencing both strands of the cloned insert DNA prior to it being used in 

further experiments. 
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Fig. 2.3 Schematic diagram of the recombinant pCMV-NS1 construct (A) and agarose 
gel electrophoretic analysis of the recombinant plasmid pCMV-NS1 (B). Lanes: 1; DNA 
molecular weight marker; 2, uncut plasmid pBS-NS1-6.2; 3, BamHI-digested plasmid pBS-
NS1-6.2; 4, uncut parental pCMV-Script® vector; 5, BamHI-digested pCMV-Script® vector; 
6, uncut recombinant plasmid pCMV-NS1; 7, BamHI-digested recombinant plasmid pCMV-
NS1; 8, HindIII-digested recombinant plasmid pCMV-NS1. The sizes of the molecular weight 
marker, phage � DNA digested with both EcoRI and HindIII, are indicated to the left of the 
figure. 
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2.3.1.2 Construction of plasmid pCMV-eGFP 
 
To enable cloning of the eGFP gene into the pCMV-Script® mammalian expression vector, 

the gene was recovered from pGEM-eGFP by digestion with both BamHI and EcoRI and then 

cloned into identically prepared pCMV-Script® vector DNA. Using a screening strategy 

similar to that described above, the derived recombinant plasmids were subsequently digested 

with both BamHI and EcoRI and resulted in the excision of a 720-bp eGFP-specific insert 

DNA (Fig. 2.4B, lane 7). A recombinant clone, designated pCMV-eGFP, was selected and the 

integrity of the cloned insert DNA was verified by nucleotide sequencing.  

 

2.3.1.3 Construction of plasmid pCMV-NS1-eGFP 
 
It has previously been reported that the eGFP reporter gene provides a simple and impartial 

model for assessing the efficacy of gene silencing by analysis at the protein level visually and 

quantitatively by fluorometry (Werk et al., 2005; Stassen et al., 2007). Consequently, a NS1-

eGFP chimeric gene was constructed that could be used to facilitate screening of different 

candidate RNAi effector molecules for their efficiency to silence NS1 gene expression in 

mammalian cell culture. The chimeric gene was constructed by fusing the eGFP reporter gene 

in-frame to the 3’-end of the NS1 gene, thereby ensuring that transcription of the full-length 

NS1 gene would need to have occurred in order to obtain a fluorescently tagged protein. For 

this purpose, the NS1 gene was PCR-amplified by making use of a 3’-end specific 

oligonucleotide that had been designed to delete the TAG stop codon and 3’ non-coding 

region of the NS1 gene. In addition, both this NS1-specific oligonucleotide and the 5’-end 

specific oligonucleotide used in PCR amplification of the eGFP gene were designed to 

contain a unique SalI restriction enzyme recognition site. Following restriction enzyme 

digestion of the respective amplicons, they could therefore be ligated to yield the desired 

NS1-eGFP chimeric gene (Fig. 2.5A). 

 

Towards constructing the NS1-eGFP chimeric gene, the AHSV-6 NS1 and eGFP genes were 

PCR-amplified with recombinant plasmids pBS-NS1-6.2 and pGEM-eGFP as template DNA, 

respectively, together with the appropriate oligonucleotides, as described under Materials and 

Methods (Section 2.2.8). The amplicons, ca. 1.7 kb for NS1 and ca. 720 bp for eGFP, were 

each cloned into pGEM®-T Easy vector DNA. Following transformation of competent E. coli 

DH5� cells, recombinant transformants with a Gal- phenotype were selected on X-gal 

containing selective agar medium and then cultured overnight in LB broth supplemented with 

 
 
 



 53 

 

 

 

1

pCMV-eGFP
5000bp

Kanamycin

SV40 Promoter

eGFP gene

P CMV

SV40 
Polyadenylation signal

f1 Origin

bla
Promoter

Resistance ORF

HSV-TK
Polyadenylation signal

pUC Origin
BamHI

EcoRI

 
 

 
 

Fig. 2.4 Schematic diagram of the recombinant pCMV-eGFP construct (A) and agarose 
gel electrophoretic analysis of the recombinant plasmid pCMV-eGFP (B). Lanes: 1, DNA 
molecular weight marker; 2, uncut pGEM-eGFP plasmid; 3, BamHI- and EcoRI-digested 
pGEM-eGFP plasmid; 4, uncut parental pCMV-Script® vector; 5, BamHI- and EcoRI-
digested parental pCMV-Script® vector; 6, uncut recombinant plasmid pCMV-eGFP; 7, 
BamHI- and EcoRI-digested recombinant plasmid pCMV-eGFP. The sizes of the molecular 
weight marker, phage � DNA digested with both EcoRI and HindIII, are indicated to the left 
of the figure. 
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ampicillin. The derived recombinant constructs, designated pGEM-NS1chm and pGEM-

eGFPchm, respectively, were analyzed for the presence of a cloned insert DNA by using 

restriction enzymes of which the recognition sites had been incorporated during design of the 

oligonucleotides. Digestion of the recombinant plasmid DNA resulted in the excision of the 

cloned NS1 and eGFP insert DNAs (Fig 2.5B, lanes 3 and 9, respectively) and the integrity of 

cloned insert DNA was verified by nucleotide sequencing. 

 

Having confirmed deletion of the stop codon and the 3’ non-coding region, the NS1chm gene 

was recloned from pGEM-NS1chm into the BamHI and SalI sites of the mammalian 

expression vector pCMV-Script® to generate pCMV-NS1chm. Subsequently, the eGFPchm 

gene was excised from pGEM-eGFPchm by digestion with both SalI and KpnI, and cloned 

into identically prepared pCMV-NS1chm to yield pCMV-NS1-eGFP. The recombinant 

plasmid was characterized by restriction enzyme digestion. To verify the presence of the 

cloned NS1chm insert DNA, plasmid pCMV-NS1chm was digested with both BamHI and 

SalI, and yielded expected DNA fragments corresponding in size to the pCMV-Script® vector 

DNA (ca 4.3 kb) and NS1chm insert DNA (ca. 1.7 kb) (Fig. 2.5B, lane 7). The recombinant 

plasmid pCMV-NS1-eGFP was subsequently characterized by digestion with BamHI and 

KpnI, and resulted in the excision of a 2.4-kb DNA fragment corresponding in size to the 

NS1-eGFP chimeric gene (Fig. 2.5B, lane 11). 

 

As a final confirmation regarding the integrity of the constructed NS1-eGFP gene, the 

nucleotide sequence of the full-length chimeric gene was determined. Analysis of the 

nucleotide sequence and deduced amino acid sequence indicated that the stop codon was 

deleted from the NS1 gene and replaced by six nucleotides specifying the SalI restriction 

enzyme site that allowed for in-frame fusion of the NS1 and eGFP genes. No other sequence 

differences were noted between the NS1-eGFP gene sequence and those of the NS1 and eGFP 

genes. The sequence analysis also confirmed that the reading frame of the NS1-eGFP 

chimeric protein was maintained.  

 

2.3.2 Expression of the eGFP and NS1-eGFP proteins in BHK-21 cells 
 
To determine whether the eGFP and chimeric NS1-eGFP genes are expressed in BHK-21 

cells, purified parental pCMV-Script® and recombinant pCMV-eGFP and pCMV-NS1-eGFP 

mammalian expression vectors were transfected into BHK-21 cell monolayers by means of
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Fig. 2.5 Schematic diagram of the recombinant pCMV-NS1-eGFP construct (A) and 
agarose gel electrophoretic analysis of the recombinant pCMV-NS1-eGFP plasmids (B). 
Lanes: 1, DNA molecular weight marker; 2, uncut plasmid pGEM-NS1chm; 3, BamHI- and 
SalI-digested plasmid pGEM-NS1chm; 4, uncut parental pCMV-Script® vector; 5, BamHI- 
and SalI-digested parental pCMV-Script® vector; 6, uncut plasmid pCMV-NS1chm; 7, 
BamHI- and SalI-digested parental plasmid pCMV-NS1chm; 8, uncut pGEM-eGFPchm 
vector; 9, SalI- and KpnI-digested plasmid pGEM-eGFPchm; 10, uncut recombinant plasmid 
pCMV-NS1-eGFP; 11, BamHI- and KpnI-digested recombinant plasmid pCMV-NS1-eGFP. 
The sizes of the molecular weight marker, phage � DNA digested with both EcoRI and 
HindIII, are indicated to the left of the figure. 
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lipofection. At 24 h post-transfection, the cell monolayers were examined by fluorescence 

microscopy. The results (Fig. 2.6) indicated that BHK-21 cells transfected with pCMV-eGFP 

and pCMV-NS1-eGFP fluoresced brightly. In contrast, no fluorescence was observed in the 

untransfected cells or cells transfected with the parental pCMV-Script® vector. To confirm 

expression of the eGFP and NS1-eGFP proteins, whole-cell lysates of the transfected cell 

monolayers were prepared and subjected to SDS-PAGE and Western blot analysis. However, 

analysis of the Coomassie blue-stained gel did not indicate the presence of uniquely expressed 

proteins in the lysates prepared from BHK-21 cells transfected with the recombinant 

expression vectors when compared to that of untransfected cells. Moreover, Western blot 

analysis performed with a polyclonal anti-eGFP antibody yielded several non-specific 

immuno-reactive protein bands (results not shown).  

 

The inability to detect the expressed eGFP and NS1-eGFP proteins in the above assays may 

have been due to low levels of transient gene expression. Transient gene expression often 

results in low expression levels, since only a fraction of the plasmid DNA transfected into the 

cells is transported to the cell nucleus where transcription occurs (Yin et al., 2007). Despite 

these results, the fluorescence observed in the transfected cells provides strong evidence for 

successful expression of the respective proteins in the BHK-21 cells. Moreover, the 

recombinant pCMV-Script® plasmids served as sources for the construction of recombinant 

baculoviruses, which were subsequently shown by Western blot analysis to express the eGFP 

and NS1-eGFP genes in S. frugiperda cells (Chapter 3, Fig. 3.7). 

 

2.3.3 Silencing of eGFP and NS1-eGFP expression by eGFP-specific siRNA in BHK-
21 cells  

 
To evaluate the usefulness of the NS1-eGFP chimeric gene as a reporter whereby effective 

RNAi effector molecules can be identified, an siRNA directed against the eGFP reporter gene 

was selected for use. As a control, scrambled-siRNA that is non-homologous to the targeted 

gene, was included in the assay. In the RNAi assay, the pCMV-eGFP and pCMV-NS1-eGFP 

plasmids were co-transfected into BHK-21 cells with either the eGFP-specific siRNA or the 

control scrambled-siRNA, as described under the Materials and Methods (Section 2.2.11). 

The BHK-21 cell monolayers were analyzed at 24 h post-transfection by fluorescence 

microscopy and the eGFP fluorescence was quantified by fluorometry. 
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Fig. 2.6 Fluorescent micrographs of eGFP and NS1-eGFP proteins expressed in BHK-21 
cells. BHK-21 cell monolayers were transfected with pCMV-eGFP (A) and pCMV-NS1-
eGFP (B), and then analyzed for protein expression at 24 h post-transfection with a Zeiss 
Axiovert fluorescent microscope. Untransfected cells (C) and cells transfected with parental 
pCMV-Script vector DNA (D) were included as controls. Bar = 500 µm. 
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Examination of the BHK-21 cell monolayers by fluorescence microscopy (Fig. 2.7) indicated 

that in contrast to BHK-21 cells transfected with pCMV-eGFP or pCMV-NS1-eGFP, both of 

which fluoresced extensively, the fluorescence observed in cells co-transfected with these 

plasmids and eGFP-siRNA was diminished. Notably, eGFP and NS1-eGFP expression in 

cells co-transfected with control scrambled-siRNA was comparable to that observed in cells 

transfected with pCMV-eGFP and pCMV-NS1-eGFP, respectively. Quantitative analysis of 

eGFP expression by fluorometry (Fig. 2.8) indicated that the eGFP-siRNA inhibited eGFP 

expression by ca. 87%, while expression of NS1-eGFP was inhibited by ca. 55% in cells co-

transfected with eGFP-siRNA. The results obtained in this section not only indicated that 

eGFP and NS1-eGFP expression could be suppressed by a gene-specific siRNA in BHK-21 

cells, but also that the reporter system provided an easy gene knock-down readout that can be 

used to identify potentially effective RNAi effector molecules.  

 

2.3 DISCUSSION 
 
Numerous studies published in the last few years have demonstrated the effectiveness of 

chemically synthesized siRNA molecules to suppress gene expression in various types of 

mammalian cells (Elbashir et al., 2001b; Caplen et al., 2001; Dorsett and Tuschl, 2004; 

Kaykas and Moon, 2004). Although the molecular mechanisms underlying siRNA-mediated 

gene silencing is not completely understood, it is generally believed that siRNA induces 

degradation of target mRNA in a sequence-specific manner, leading to post-transcriptional 

silencing of gene expression. As such, siRNA-mediated gene silencing has emerged as a 

powerful genetic approach whereby gene function in mammalian cells can be analyzed (Arias 

et al., 2004; Forzan et al., 2007). 

 

Experimental evidence has shown that only a limited number of siRNAs is capable of 

inducing highly effective target gene silencing in a sequence-specific manner (Khvorova et 

al., 2003; Reynolds et al., 2004). Moreover, the efficiency of siRNAs is dependent on the 

specificity of the target sequence within a gene and can only be determined experimentally 

based on the inhibition of the target gene expression. Since determination of the precise level 

of gene silencing for each siRNA is a demanding process, and the assays need to be adapted 

for each newly targeted gene, reporter-based assays have been developed to accelerate the 

identification of effective siRNAs (Wu et al., 2004; Werk et al., 2005; Stassen et al., 2007). 

In these systems, plasmids that carry the target gene fused to a reporter gene, are co-
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Fig. 2.7 Short interfering RNA (siRNA)-mediated suppression of eGFP and NS1-eGFP 
protein expression in BHK-21 cells. The BHK-21 cells were co-transfected with either pCMV-
eGFP or pCMV-NS1-eGFP, together with the eGFP-specific siRNA (eGFP-siRNA) or control 
scrambled-siRNA. At 24 h post-transfection, the cells were examined with a Zeiss Axiovert 
fluorescent microscope and representative fields were photographed. Bar = 500 µm. 
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Fig. 2.8 Suppression of eGFP and NS1-eGFP expression by an eGFP-specific siRNA in 
BHK-21 cells. BHK-21 cells were co-transfected with either pCMV-eGFP or pCMV-NS1-
eGFP, together with the eGFP-siRNA or scrambled siRNA. BHK-21 cells, co-transfected with 
either pCMV-eGFP or pCMV-NS1-eGFP and the scrambled siRNA, were used as control. At 
24 h post-transfection, the cells were processed for analysis of eGFP reporter protein expression 
by fluorometry. The values are expressed as percentages of the value for cells transfected with 
the control scrambled-siRNA and represent the mean ± standard deviation (SD) from three 
independent experiments.  
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transfected into cells together with the target-specific siRNA. Consequently, in this part of the 

investigation, an AHSV-6 NS1-eGFP chimeric gene was constructed and the performance and 

accuracy of the reporter-based siRNA validation system were evaluated. 

 

To investigate, recombinant pCMV-Script® mammalian expression vectors containing the 

NS1, eGFP and chimeric NS1-eGFP genes were constructed, and expression of the eGFP and 

NS1-eGFP proteins in transfected BHK-21 cells was evidenced by brightly fluorescing cells. 

Expression of these proteins could not be confirmed by Western blot analysis, possibly due to 

the low levels of expression associated with transient gene expression in mammalian cells. 

Transient gene expression involves gene expression from non-integrated plasmid DNA and 

because only a fraction of the DNA delivered to the cells is transported to the cell nucleus for 

transcription, expression levels may be similar or less than cellular expression levels (Yin et 

al., 2007). Due to the strategy used to construct the NS1-eGFP chimeric gene, eGFP 

nevertheless proved to be a sensitive reporter for NS1-eGFP protein expression in transfected 

BHK-21 cells. 

 

The performance and accuracy of the AHSV-6 NS1-eGFP reporter-based siRNA validation 

system was subsequently evaluated using a well characterized RNAi targeting sequence, 

eGFP-siRNA. Previous studies have shown that eGFP-siRNA exhibited a potent silencing 

effect on eGFP protein expression (90%) (Caplen et al., 2001). Following co-transfection of 

BHK-21 cells with the recombinant pCMV-Script® mammalian expression vectors and eGFP-

siRNA, analysis of the results indicated that eGFP and NS1-eGFP protein expression was 

suppressed by 87% and 55%, respectively. The high inhibition effect on eGFP expression is 

in agreement with the high level of eGFP protein inhibition reported previously in mouse 

fibroplasts, HeLa and HEK-293 cell cultures (Caplen et al., 2001). The difference in eGFP-

siRNA-mediated silencing of eGFP and NS1-eGFP protein suggests that the secondary 

structure of the target site may play a role in determining silencing efficiency. It can be 

hypothesized that the siRNA may have been less effective because of changes in the 

secondary structures normally formed in the full-length eGFP transcripts compared to those 

formed in the NS1-eGFP chimeric transcripts. This is in agreement with several other studies 

that have suggested that the secondary structures of mRNA might interfere with the target site 

accessibility for the RNA-induced silencing complex (RISC) (Harborth et al., 2003; Holen et 

al., 2002; Kretschmer-Kazami Far and Sczakiel, 2003; Heale et al., 2005).  
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In conclusion, in this part of the investigation, a quantitative reporter-based siRNA validation 

system was established, and it was also demonstrated that this system could reliably report the 

gene silencing efficiency of a given siRNA. The reporter-based system was subsequently used 

to screen for effective NS1-directed shRNAs, the details of which are provided in Chapter 4. 
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CHAPTER 3 
 

EXPRESSION OF AHSV-6 NS1 AND NS1-eGFP PROTEINS IN THE 

BAC-TO-BAC™ BACULOVIRUS EXPRESSION SYSTEM 
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3.1 INTRODUCTION 
 
In the previous Chapter it was reported that expression of an eGFP reporter gene and an 

AHSV-6 NS1-eGFP chimeric gene, by making use of the pCMV-Script® mammalian 

expression vector, yielded very low levels of heterologous protein expression in BHK-21 cells 

that could not be detected by Western blot analysis. Thus, to allow for characterization of the 

NS1-eGFP chimeric protein prior to its use in the si/shRNA-mediated gene silencing assays, 

both the eGFP and NS1-eGFP proteins were expressed by making use of the baculovirus 

expression system. This expression system has been frequently used for the expression of 

biologically active heterologous proteins in Spodoptera frugiperda insect cells (O’Reilly et 

al., 1992; Possee, 1997). 

 

The baculovirus expression system relies on in vivo recombination to replace a baculovirus 

allele, usually the dispensable polyhedrin or p10 genes of Autographa californica nuclear 

polyhedrosis virus (AcNPV), with a heterologous gene. The gene of interest is cloned into an 

appropriate transfer vector that contains flanking viral sequences to provide the homologous 

sequences for recombination (O’Reilly et al., 1992; Ciccarone et al., 1997). However, the 

percentage of recombinant viruses obtained by this approach has been reported to constitute 

0.1 to 1% of the progeny viruses (Kitts et al., 1990; Kitts and Possee, 1993) and multiple 

rounds of plaque purification are required to obtain pure stocks of the recombinant virus 

(O’Reilly et al., 1992). In an alternative approach whereby recombinant baculoviruses can be 

generated rapidly and efficiently, recombinant baculovirus shuttle vectors (bacmids) are 

engineered in E. coli by site-specific transposition of the expression cassette from a donor 

plasmid, which contains the gene of interest and baculovirus promoter (Luckow et al., 1993). 

The mini-Tn7 element of the donor plasmid transposes to the mini-attTn7 attachment site on 

the bacmid DNA when the Tn7 transposition functions are provided in trans by a helper 

plasmid (Luckow et al., 1993). Using this approach, there is no need to isolate a single 

recombinant by plaque assays, since recombinant bacmids are selected for in E. coli. As a 

result, recombinant viral DNA is transfected into the insect cells thereby allowing for stocks 

of the recombinant baculovirus to be obtained within seven to ten days (Luckow et al., 1993). 

 

The expression of individual AHSV proteins in S. frugiperda cells by appropriately 

constructed baculovirus recombinants has made significant contributions to understanding the 

structure-function relationships of several viral proteins, including the nonstructural proteins 
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NS1 (Maree and Huismans, 1997), NS2 (Uitenweerde et al., 1995) and NS3 (Van Staden et 

al., 1998; Van Niekerk et al., 2001), as well as the structural proteins VP2 (Bentley et al., 

2000), VP6 (De Waal and Huismans, 2005) and VP7 (Basak et al., 1996). Moreover, co-

expression of AHSV VP3 and VP7 in insect cells by means of recombinant baculoviruses has 

been reported to result in their spontaneous intracellular assembly into core-like particles 

(CLPs) that structurally resemble authentic AHSV core particles (Maree et al., 1998). In 

addition, the baculovirus expression system has also been used for the synthesis of BTV 

virus-like particles (VLPs), which were formed by co-expression of the outer capsid proteins 

VP2 and VP5 along with the core proteins VP3 and VP7. Due to the presence of many 

essential epitopes, the VLPs were reported to induce broad and strong immune responses and 

have thus received attention as potential vaccine candidates (Roy et al., 1992; Roy et al., 

1993; Roy and Sutton, 1998). More recently, the ability to co-express different viral genes 

using baculovirus recombinants has been exploited to facilitate investigations regarding the 

BTV assembly process, as well as the minimal requirements for inner and outer capsid 

assembly (Nason et al., 2004; Kar et al., 2004; 2005).  

 

Based on the successful expression of different AHSV proteins in the baculovirus/insect cell 

expression system and the fact that the AHSV-6 NS1 and chimeric NS1-eGFP proteins were 

expressed poorly in BHK-21 cells (Chapter 2), the aim of this part of the investigation was to 

express the AHSV-6 NS1 and NS1-eGFP proteins in S. frugiperda cells using the Bac-to-

Bac™ baculovirus system. The expressed proteins were subsequently characterized 

immunologically and by electron microscopy to ensure the integrity of the expressed 

recombinant proteins.  

 

3.2 MATERIALS AND METHODS 
 
3.2.1 Bacterial strains and plasmids  
 
The E. coli strains were routinely cultured at 37°C with shaking at 200 rpm in LB broth (1% 

[w/v] tryptone, 1% [w/v] NaCl, 0.5% [w/v] yeast extract; pH 7.4) (Sambrook et al., 1989), 

and maintained at 4°C on LB agar or at -70°C as glycerol cultures. For plasmid selection and 

maintenance in E. coli, the following concentrations of antibiotics were used: 100 µg/ml for 

ampicillin, 12 µg/ml for tetracycline, 50 µg/ml for kanamycin and 7 µg/ml for gentamicin. All 

antibiotics were obtained from Roche Diagnostics. Recombinant pCMV-Script® mammalian 

expression vectors harboring an AHSV-6 NS1 gene and NS1-eGFP chimeric gene, 
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respectively, had been constructed previously (Chapter 2) and were used as sources for donor 

plasmid construction. The pFastBac1™ bacmid donor plasmid was obtained from Invitrogen.  

 

3.2.2 Cells and viruses  
 
A baculovirus recombinant expressing eGFP, designated Bac-eGFP, was obtained from L. 

Stassen, Department of Microbiology and Plant Pathology, University of Pretoria. Cells and 

viruses were propagated according to the procedures described by Summers and Smith 

(1987). Spodoptera frugiperda (Sf-9) insect cells were propagated as monolayer or as 

suspension cultures at 27°C in Grace’s insect medium (Highveld Biological) supplemented 

with 10% (v/v) foetal calf serum (FCS) and antibiotics (0.12 mg/ml penicillin G, 0.12 mg/ml 

streptomycin sulphate, 0.0325 µg/ml Fungizone) (Highveld Biological). The cell density was 

determined using a haemocytometer, while the viability of the cells was determined by 

staining the cells with trypan blue. 

 

3.2.3 Construction of recombinant pFastBac1™ donor plasmids 
 
All molecular cloning techniques employed in the construction of the bacmid donor plasmids 

were performed according to the procedures described in Chapter 2 (Sections 2.2.4-2.2.7). 

The recombinant plasmid constructs were verified by restriction endonuclease digestion and 

by nucleotide sequencing. The cloning strategies employed in the construction of the 

respective recombinant plasmids are depicted in Figs. 3.1 and 3.2. 

 

• pFB-NS1 

To construct the recombinant bacmid donor plasmid pFB-NS1, the ca. 1.7-kb AHSV-6 NS1 

gene was excised from plasmid pCMV-NS1 by digestion with BamHI, and then cloned into 

BamHI-digested pFastBac1™. The transcriptional orientation of the cloned NS1 gene relative 

to the polyhedrin promoter was confirmed by restriction mapping with HindIII. 

 

• pFB-NS1-eGFP 

To construct the recombinant bacmid donor plasmid pFB-NS1-eGFP, the ca. 2.4-kb NS1-

eGFP chimeric gene was recovered from plasmid pCMV-NS1-eGFP by digestion with both 

BamHI and KpnI, and then cloned directionally into pFastBac1™ that had been prepared in an 

identical manner.  
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Fig. 3.1 Schematic diagram indicating the cloning strategy for cloning of the AHSV-6 NS1 gene into the pFastBac1™ donor plasmid. 
Abbreviations: P CMV, CMV promoter; Kan, kanamycin resistance gene; P SV40, SV40 promoter; MCS, multiple cloning site; Tn7L and 
Tn7R, mini-Tn7 elements for site-specific transposition; P PH, polyhedrin promoter; Amp, ampicillin resistance gene; Gent, gentamicin 
resistance gene. 
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Fig. 3.2 Schematic diagram indicating the cloning strategy for cloning of the NS1-eGFP chimeric gene into the pFastBac1™ donor 
plasmid. Abbreviations: P CMV, CMV promoter; Kan, kanamycin resistance gene; P SV40, SV40 promoter; MCS, multiple cloning site; 
Tn7L and Tn7R, mini-Tn7 elements for site-specific transposition; P PH, polyhedrin promoter; Amp, ampicillin resistance gene; Gent, 
gentamicin resistance gene. 
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3.2.4 Construction and characterization of recombinant bacmids 
 
3.2.4.1 Preparation and transformation of competent E. coli DH10Bac cells 
 
Competent E. coli DH10Bac™ cells (Invitrogen), containing the bacmid genome and helper 

plasmid, were prepared as described previously (Chapter 2, Section 2.2.6.2), except that an 

overnight culture was prepared by inoculating a single colony of a freshly streaked E. coli 

DH10Bac™ culture into 1 ml of LB broth supplemented with antibiotics (12.5 µg/ml 

tetracycline, 50 µg/ml kanamycin). For transformation, 100 ng of the recombinant bacmid 

donor plasmid DNA was added to 100 µl of competent E. coli DH10Bac™ cells and 

incubated on ice for 30 min. After a heat shock at 42ºC for 45 s, the cells were cooled on ice 

for 2 min. Subsequently, 900 µl of pre-warmed SOC broth (2% [w/v] tryptone, 0.5% [w/v] 

yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose; pH 7) was added 

and the cells were incubated at 37ºC for 4 h to allow the cells to recover, to express the 

antibiotic resistance genes and to allow for transposition to occur. Aliquots (200 µl) of the 

transformation mixture were plated onto LB agar supplemented with antibiotics (50 µg/ml 

kanamycin, 12.5 µg/ml tetracycline, 7 µg/ml gentamycin) in the presence of 10 µl of 100 mM 

IPTG and 50 µl of 2% (w/v) X-gal. The agar plates were incubated at 37°C for at least 24 h. 

Transformants displaying a white colony phenotype were selected and restreaked onto fresh 

agar medium, as above, to verify the phenotype. A positive control (10 ng of pUC18 plasmid 

DNA) and negative control (competent cells only) were included to determine the 

competency of the E. coli DH10Bac™ cells and to test for contamination, respectively. 

 

3.2.4.2 Extraction of recombinant bacmid DNA 
 
The high-molecular-weight recombinant bacmid DNA was isolated by the rapid alkaline lysis 

method modified for the isolation of large plasmid DNA (Invitrogen). Colonies confirmed as 

having a white phenotype were inoculated into 20 ml of LB broth containing antibiotics (50 

µg/ml kanamycin, 12.5 µg/ml tetracycline, 7 µg/ml gentamycin) and cultured overnight at 

37ºC. The cells from 1 ml of each culture were collected by centrifugation at 15 000 rpm for 1 

min. The supernatant was decanted and the cell pellet suspended in 300 �l of ice-cold 

Solution I (15 mM Tris-HCl [pH 8.0], 10 mM EDTA, 100 �g/ml RNase A), followed by the 

addition of 300 �l of Solution II (0.2 N NaOH, 1% SDS). After incubation at room 

temperature for 5 min, 300 µl of Solution III (3 M KOAc; pH 5.5) was added and the tubes 

were incubated on ice for 10 min. The proteins and E. coli genomic DNA were removed by 

centrifugation at 15 000 rpm for 10 min. The bacmid DNA was precipitated from the 
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recovered supernatants by the addition of 800 µl of isopropanol and then incubated on ice for 

10 min. The precipitated bacmid DNA was collected by centrifugation at 15 000 rpm for 15 

min, rinsed with 70% ethanol and air-dried for 10 min at room temperature prior to 

suspension in 40 µl of 1 × TE buffer. An aliquot of the bacmid DNA was analyzed by 

electrophoresis on a 0.5% (w/v) agarose gel at 70 V for 45 min in 1 × TAE buffer.  

 

3.2.4.3 Analysis of recombinant bacmid DNA 
 
To confirm successful transposition of the NS1 and chimeric NS1-eGFP genes into the 

bacmid DNA, PCR analysis of the extracted bacmid DNA was performed. For this purpose, 

the universal pUC/M13 forward (5’-GTTTTCCCAGTCACGAC-3’) and reverse (5’-

CAGGAAACAGCTATGAC-3’) oligonucleotides were used, which anneal at sites flanking 

the mini-attTn7 site. Each of the PCR reaction mixtures (100 µl) contained 50 ng of bacmid 

DNA as template, 25 pmol of each the forward and reverse oligonucleotides, 1 × PCR buffer 

(75 mM Tris-HCl [pH 8.8], 16 mM (NH4)2SO4, 0.1% [v/v] Tween-20), 1.5 mM MgCl2, 250 

�M of each deoxynucleotide triphosphate (dNTP) and 0.25 U of Taq DNA polymerase 

(Southern Cross Biotechnology). Reaction mixtures from which template DNA was omitted 

were also included for control purposes. The PCR was performed in a GeneAmp® 2700 

thermal cycler (Applied Biosystems). Following an initial denaturation at 94°C for 3 min, the 

reaction mixtures were subjected to 30 cycles of denaturation at 94°C for 1 min, annealing at 

55°C for 1 min and extension at 72°C for 5 min. Aliquots of the reaction mixtures were 

analyzed on a 0.8% (w/v) agarose gel in the presence of an appropriate DNA molecular 

weight marker.  

 

3.2.5 Transfection of S. frugiperda cells  
 
The recombinant bacmid DNA was transfected into S. frugiperda cells with Cellfectin™ 

transfection reagent (Invitrogen) according to the manufacturer’s instructions. The cells were 

seeded in 35-mm-diameter wells (9 × 105 cells/well) in 2 ml of Grace’s medium 

supplemented with serum and antibiotics, and allowed to attach at room temperature for 1 h. 

For each transfection, the Cellfectin™ reagent (6 µl) and bacmid DNA (1 µg) was diluted 

separately in 100 µ1 of Grace’s medium lacking serum and antibiotics. The two solutions 

were then combined, mixed gently and incubated at room temperature for 30 min before 

addition of 800 µ1 of Grace’s medium (lacking serum and antibiotics). Meanwhile, the 

attached S. frugiperda cells were washed twice with 2 ml of Grace’s medium (lacking serum 
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and antibiotics) before being overlayed with 1 ml of the diluted DNA-lipid complexes. 

Following incubation at 27°C for 5 h, the transfection mixtures were removed and replaced 

with 2 ml of Grace’s medium supplemented with 10% (v/v) FCS and antibiotics. The tissue 

culture dishes were then incubated at 27°C for 72 h. The baculovirus-containing supernatants 

were subsequently removed, centrifuged at 3 000 rpm for 4 min, filter-sterilized and stored at 

4°C. Mock-transfected cells and cells transfected with wild-type bacmid DNA were included 

as controls whereby infection of the cells could be monitored. 

 

3.2.6 Analyses of recombinant baculovirus-expressed proteins 
 
S. frugiperda cells were seeded in 35-mm-diameter wells (9 × 105 cells/well) and 

subsequently infected with recombinant or wild-type baculoviruses using 250 µl of the 

prepared virus stocks. For control purposes, mock-infected cells were included in the 

analyses. The cell monolayers were incubated at 27°C for 72 h and then observed for 

expression of the eGFP reporter protein on a Zeiss Axiovert 200 fluorescent microscope fitted 

with the no. 10 Zeiss filter set (excitation at 450-490 mm; emission at 515-565 nm). The 

images were captured with a Nikon DXM 1200 digital camera. Subsequently, the cells were 

harvested from the surfaces of the wells by pipeting and the cell lysates were subjected to 

SDS-PAGE and Western blot analyses as described previously (Chapter 2, Sections 2.2.10.2 

and 2.2.10.3). 

 

3.2.7 Characterization of baculovirus-expressed AHSV NS1 and NS1-eGFP proteins  
 
3.2.7.1 Purification of recombinant proteins 
 
Monolayers of S. frugiperda cells (1 × 107 cells/75 cm2 flask) were infected with recombinant 

baculoviruses expressing either the AHSV-6 NS1 or chimeric NS1-eGFP genes and incubated 

at 27°C for 72 h. The cells were harvested, collected by centrifugation at 3 000 rpm for 10 

min and washed once with 10 ml of 1 × PBS. The cell pellets were each suspended in 1 ml of 

1 × PBS, homogenized by 30 strokes with a Dounce homogenizer and centrifuged at 1 000 

rpm for 3 min. Aliquots (500 µ1) of the cytoplasmic extracts were loaded onto a 50-70% 

linear sucrose gradient, prepared in 1 × PBS (Maree and Huismans, 1997). The gradients were 

centrifuged at 40 000 rpm for 3 h at 4°C in a Beckman SW55Ti rotor using a Sorvall® 

UltraPro80 centrifuge (Du Pont Instruments). Twelve fractions of 20 drops each (ca. 400 

µl/fraction) were collected drop-wise from the bottom of the gradients. The remaining pellets 

were suspended in 15 µl of 1 × PBS. The proteins from each fraction were recovered by 
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diluting 200 µ1 of each fraction with 1.2 ml of 1 × PBS, followed by centrifugation at 5 000 

rpm for 45 min at 4°C. The protein pellets were suspended in 15 µ1 of 1 × PBS and analyzed 

by SDS-PAGE.  

 

3.2.7.2 Transmission electron microscopy  
 
Sucrose gradient-purified protein samples containing the AHSV-6 NS1 or NS1-eGFP proteins 

were adsorbed onto carbon-coated grids for 1 min, and washed with 10 to 20 drops of 1 × 

PBS and sterile SABAX water, respectively. The samples were stained negatively with 2% 

(w/v) uranyl acetate for 30 s, after which the stained grids were rinsed as described above. 

The samples were viewed on a Phillips 301 transmission electron microscope. 

 

3.3 RESULTS 
 
3.3.1 Construction of recombinant bacmid donor plasmids containing the AHSV-6 

NS1 and chimeric NS1-eGFP genes  
 
To enable cloning of the AHSV-6 NS1 gene into the bacmid donor plasmid pFastBac1™, 

both the recombinant pCMV-NS1 plasmid and pFastBac1™ vector was digested with BamHI. 

The excised NS1 gene and linearized vector DNA were purified from an agarose gel and 

ligated overnight. Similarly, the NS1-eGFP chimeric gene was excised from recombinant 

plasmid pCMV-NS1-eGFP by digestion with both BamHI and KpnI and then ligated into 

identically prepared pFastBac1™ vector DNA. Following transformation of competent E. coli 

DH5� cells, ampicillin-resistant transformants were cultured overnight and the extracted 

plasmid DNA was analyzed by agarose gel electrophoresis. Plasmid DNA migrating slower 

than the parental pFastBac1™ vector DNA on agarose gels were selected and analyzed for the 

presence of cloned insert DNA. Recombinant plasmids from which either a 1.7-kb NS1-

specific (Fig. 3.3B, lane 7) or 2.4-kb NS1-eGFP-specific (Fig. 3.4B, lane 7) insert DNA was 

excised, were selected for further use and designated pFB-NS1 and pFB-NS1-eGFP, 

respectively. Moreover, the transcriptional orientation of the cloned NS1 gene in pFB-NS1 

was confirmed by restriction enzyme mapping with HindIII, which cuts ca. 500 nt from the 

5’-end of the NS1 gene and once in the multiple cloning site of the vector (Fig. 3.3B, lane 8). 
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Fig. 3.3 Schematic diagram of the recombinant pFB-NS1 construct (A) and agarose gel 
electrophoretic analysis of the recombinant plasmid pFB-NS1 (B). Lanes: 1, DNA 
molecular weight marker; 2, uncut parental pFastBac1™ vector; 3, BamHI-digested parental 
pFastBac1™ vector; 4, uncut recombinant plasmid pCMV-NS1; 5, BamHI-digested 
recombinant plasmid pCMV-NS1; 6, uncut recombinant plasmid pFB-NS1; 7, BamHI-
digested recombinant plasmid pFB-NS1; 8, HindIII-digested recombinant plasmid pFB-NS1. 
The sizes of the molecular weight marker, phage � DNA digested with both EcoRI and 
HindIII, are indicated to the left of the figure. 
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Fig. 3.4 Schematic diagram of the recombinant pFB-NS1-eGFP construct (A) and 
agarose gel electrophoretic analysis of the recombinant plasmid pFB-NS1-eGFP (B). 
Lanes: 1, DNA molecular weight marker; 2, uncut parental pFastBac1™ vector; 3, BamHI- 
and KpnI-digested parental pFastBac1™ vector; 4, uncut recombinant plasmid pCMV-NS1-
eGFP; 5, BamHI- and KpnI-digested recombinant plasmid pCMV-NS1-eGFP; 6, uncut 
recombinant plasmid pFB-NS1-eGFP; 7, BamHI- and KpnI-digested recombinant plasmid 
pFB-NS1-eGFP. The sizes of the molecular weight marker, phage � DNA digested with both 
EcoRI and HindIII, are indicated to the left of the figure. 
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3.3.2 Engineering of recombinant bacmids 
 
Bacmid DNA contained in E. coli DH10Bac™ cells replicates as a large plasmid and confers 

resistance to kanamycin, as well as complements a lacZ deletion present on the E. coli 

genome to form colonies that are blue in the presence of X-gal and the inducer IPTG. During 

site-specific transposition of the recombinant donor plasmid, the mini-Tn7 cassette is inserted 

from the donor plasmid into the mini-attTn7 attachment site on the bacmid DNA, thereby 

disrupting expression of the lacZ� peptide from the bacmid genome. Thus, colonies 

containing the recombinant bacmid display a white colony-phenotype that can be readily 

distinguished from blue colonies that harbour the unaltered bacmid DNA. The transposition 

functions are provided in trans by helper plasmid pMON1724 that encodes the transposase 

and confers resistance to tetracycline (Luckow et al., 1993). 

 

To engineer recombinant bacmid DNA, competent E. coli DH10Bac™ cells were thus 

transformed with the recombinant donor plasmids pFB-NS1 and pFB-NS1-eGFP, and 

selected by plating the transformed cells onto a selective medium. The high-molecular-weight 

recombinant bacmid DNA was extracted from selected transformants and used as template 

DNA in PCR assays to confirm successful transposition of the respective genes into the 

bacmid DNA. The oligonucleotides used in these assays were the universal pUC/M13 

forward and reverse oligonucleotides, which anneal to sequences flanking the mini-attTn7 

attachment site within the lacZ� gene of the bacmid DNA.  

 

By making use of recombinant bacmid DNA transposed with either the pFB-NS1 or pFB-

NS1-eGFP donor plasmid as templates for PCR, bands of ca. 4 kb and 4.7 kb were obtained, 

respectively (Fig. 3.5, lanes 4 and 5, respectively). These corresponded with the size of the 

NS1 gene (ca. 1.7 kb) or NS1-eGFP chimeric gene (ca. 2.4 kb), together with the size of the 

mini-Tn7 cassette (ca. 2 kb) and bacmid DNA flanking the mini-attTn7 site (ca. 300 bp). In 

contrast, when wild-type bacmid DNA was used as template in the PCR reaction, an amplicon 

of ca. 300 bp was observed (Fig. 3.5, lane 3). No amplicons were observed in a control 

reaction from which template DNA was omitted. The recombinant bacmids were selected, 

designated Bac-NS1 and Bac-NS1-eGFP, respectively, and used in all subsequent 

experiments. 
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Fig. 3.5 Agarose gel electrophoretic analysis of the amplicons obtained, following PCR 
analysis using the universal pUC/M13 forward and reverse oligonucleotides, to verify 
the presence of the AHSV-6 NS1 and chimeric NS1-eGFP genes in recombinant bacmid 
DNA. Lanes: 1, DNA molecular weight marker; 2, control PCR reaction mixture in which 
template DNA was omitted; 3, amplicon obtained using wild-type bacmid DNA as template; 
4, amplicon obtained using Bac-NS1 DNA as template; 5, amplicon obtained using Bac-NS1-
eGFP as template. The sizes of the molecular weight marker, phage � DNA digested with 
both EcoRI and HindIII, are indicated to the left of the figure.  
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3.3.3 Analyses of proteins synthesized in infected S. frugiperda cells 
 
The recombinant bacmid DNA was isolated from E. coli DH10Bac™ cultures, transfected 

into S. frugiperda cells and the recombinant progeny viruses were then subjected to 

amplification in monolayer cultures. To investigate whether the eGFP, AHSV-6 NS1 and 

NS1-eGFP proteins were expressed in recombinant baculovirus-infected cells, monolayers of 

S. frugiperda cells were mock-infected and infected with either the wild-type or different 

baculovirus recombinants. Following incubation, the monolayers were examined by 

fluorescence microscopy, and whole-cell lysates were prepared and analyzed by SDS-PAGE 

and Western blot analysis. In addition, cytoplasmic extracts prepared from recombinant 

baculovirus-infected S. frugiperda cells were subjected to sucrose gradient centrifugation and 

the purified protein samples were analyzed by transmission electron microscopy (TEM). 

 

3.3.3.1 Fluorescence microscopy of cell monolayers 
 
Examination of the mock-infected and baculovirus-infected S. frugiperda cell monolayers by 

fluorescence microscopy (Fig. 3.6) indicated that cells infected with the Bac-eGFP and Bac-

NS1-eGFP recombinants fluoresced brightly. As expected, no fluorescence was observed in 

control mock-infected cells or in cells infected with either the wild-type baculovirus or Bac-

NS1 recombinant baculovirus. Since no background or autofluorescence were observed in 

these cell monolayers, it was therefore concluded that the fluorescence observed in cells 

infected with Bac-eGFP and Bac-NS1-eGFP was due to successful expression of the eGFP 

and NS1-eGFP proteins. 

 

3.3.3.2 SDS-PAGE and Western blot analysis 
 
Analysis of the Coomassie blue-stained gel (Fig. 3.7A) indicated the presence of different 

expressed proteins in the cell lysates prepared from S. frugiperda cells infected with the Bac-

eGFP (lane 4), Bac-NS1-eGFP (lane 5) and Bac-NS1 (lane 6) baculovirus recombinants. The 

molecular mass of these proteins corresponded with the predicted molecular mass of the eGFP 

protein (27 kDa), the NS1-eGFP chimeric protein (90 kDa) and the NS1 protein of AHSV-6 

(63 kDa). The identity of the expressed proteins was subsequently verified by subjecting an 

unstained SDS-polyacrylamide gel to Western blot analysis using a polyclonal anti-eGFP 

antibody (Fig. 3.7B). The anti-eGFP antibody reacted specifically with the 27-kDa eGFP 

protein and 90-kDa NS1-eGFP chimeric protein (lanes 4 and 5, 
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Fig. 3.6 Fluorescent micrographs of recombinant baculovirus-infected S. frugiperda 
cells. S. frugiperda cells were mock-infected (A) and infected with the wild-type baculovirus 
(B) or the recombinant baculoviruses Bac-eGFP (C) and Bac-NS1-eGFP (D). The cell 
monolayers were examined for recombinant protein expression at 24 h post-infection with a 
Zeiss Axiovert fluorescent microscope. Bar = 500 µm.  
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Fig. 3.7 SDS-PAGE analysis (A) and Western blot analysis with a polyclonal anti-eGFP 
antibody (B) of cell lysates prepared from recombinant baculovirus-infected S. 
frugiperda cells. Lanes: 1, Protein molecular weight marker; 2, mock-infected cells; 3, cells 
infected with wild-type baculovirus; 4, cells infected with Bac-eGFP; 5, cells infected with 
Bac-NS1-eGFP; 6, cells infected with Bac-NS1. The sizes of the Rainbow™ protein 
molecular weight marker (Amersham-Pharmacia Biotech AB) are indicated to the left of the 
figures. The eGFP protein is indicated by a triangle, while the NS1-eGFP and NS1 proteins 
are indicated by a square and a circle, respectively.  
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respectively). These results therefore confirmed successful expression of the respective 

proteins by means of the constructed baculovirus recombinants.  

 

3.3.3.3 Transmission electron microscopy of purified proteins 
 
One of the hallmarks of orbivirus infection is the production of large numbers of intracellular 

tubular structures that are composed of the NS1 protein only (Huismans and Els, 1979). It has 

also been reported previously that expression of the NS1 protein of BTV and AHSV in insect 

cells by means of recombinant baculoviruses results in the formation of tubules similar to 

those observed in virus-infected cells (Urakawa and Roy, 1989; Maree and Huismans, 1997). 

Thus, to investigate whether the in-frame addition of eGFP to the C-terminus of NS1 may 

affect its ability to form tubular structures, sucrose gradient-purified NS1 and chimeric NS1-

eGFP proteins were negatively stained and examined by transmission electron microscopy 

(TEM).  

 

To purify the NS1-rich tubular structures, cell extracts were prepared from recombinant 

baculovirus-infected S. frugiperda cells and subjected to sucrose gradient centrifugation. An 

aliquot of each fraction was analyzed by SDS-PAGE, the results of which indicated that the 

NS1 and NS1-eGFP proteins sedimented as a heterogenous peak (fractions 4 to 11). As 

similar heterogenous 200 to 400S complexes had been identified for baculovirus-expressed 

BTV NS1 (Urakawa and Roy, 1988) and AHSV NS1 (Maree and Huismans, 1997), these 

results thus suggested that the expressed AHSV-6 NS1 and NS1-eGFP proteins were present 

in a particulate or polymerized form in the infected cells (results not shown). Examination of 

the sucrose gradient-purified protein samples by TEM indicated that the expressed NS1 and 

NS1-eGFP proteins were able to form tubules that were morphologically similar (Fig. 3.8). 

These results therefore indicated that the C-terminal addition of eGFP did not affect the 

ability of the baculovirus-expressed AHSV-6 NS1 protein to form tubules. 

 

3.4 DISCUSSION 
 
The first manipulation of a baculovirus for the expression of non-baculoviral DNA was 

described 25 years ago (Smith et al., 1983). Since then, the baculovirus expression system has 

become one of the most powerful and versatile eukaryotic expression systems for the 

production of high levels of properly post-translationally modified biologically active and
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Fig. 3.8 Transmission electron micrographs of AHSV-6 NS1 tubules (A, B and C) and chimeric NS1-eGFP tubules (D) expressed in 
recombinant baculovirus-infected S. frugiperda cells. The respective proteins were purified by sucrose gradient centrifugation and negatively 
stained with uranyl acetate for transmission electron microscopy. Bar = 1 µm. 
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functional recombinant proteins (O’Reilly et al., 1992; Hu, 2005; Yin et al., 2007). The 

baculovirus expression system has greatly facilitated studies aimed at understanding the 

assembly of orbivirus structural proteins into core- and virus-like particles through co-

expression of the respective proteins (Maree et al., 1998; Kar et al., 2004; 2005), as well as 

studies aimed at characterizing the individual AHSV proteins (Van Staden et al., 1998; 

Uitenweerde et al., 1995; De Waal and Huismans, 2005). Indeed, using the baculovirus 

expression system, the biochemical and biophysical properties of recombinant baculovirus-

expressed AHSV-6 NS1 tubules have been reported (Maree and Huismans, 1997).  

 

During the course of this investigation, an AHSV-6 NS1-eGFP chimeric gene was initially 

constructed in the pCMV-Script® mammalian expression vector and expression of the NS1-

eGFP protein in transfected BHK-21 cells was evidenced by fluorescent cells (Chapter 2, Fig. 

2.6). However, expression of the NS1-eGFP chimeric protein could not be confirmed by 

Western blot analysis, probably as a consequence of the low levels of transient gene 

expression, which is often the case when using mammalian expression systems (Yin et al., 

2007). In this part of the study, the efficiency and speed of the BAC-to-BAC® baculovirus 

system was exploited in order to produce sufficient levels of the NS1-eGFP protein to allow 

for its characterization. Thus, to characterize the NS1-eGFP chimeric protein, recombinant 

baculoviruses were generated that harboured a transposed copy of the NS1, eGFP and NS1-

eGFP genes under transcriptional control of the strong polyhedrin promoter. The polyhedrin 

promoter directs high-level protein synthesis during the late stages of baculovirus infection 

and it has been reported that the expression of heterologous proteins can represent 20 to 50% 

of the total proteins of the infected host cell (Matsuura et al., 1987). SDS-PAGE analysis of 

cell lysates prepared from recombinant baculovirus-infected S. frugiperda cells indicated the 

presence of a unique protein in each of the lysates that was absent from the cell lysates 

prepared from the control mock-infected and wild-type baculovirus-infected cells. The 

identity of the respective proteins was confirmed by Western blot analysis and the polyclonal 

eGFP antibody reacted specifically with the eGFP (27 kDa) and chimeric NS1-eGFP (90 

kDa) proteins. 

 

The ability of AHSV NS1 molecules to form tubules in both virus-infected BHK-21 cells 

(Huismans and Els, 1979) and in recombinant baculovirus-infected S. frugiperda cells (Maree 

and Huismans, 1997) is currently being exploited towards the development of a particulate 

immunogen delivery system by insertion of different immunogens at the C-terminus of the 
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AHSV NS1 protein (Prof. H. Huismans, Department of Genetics, University of Pretoria). 

Consequently, the chimeric AHSV-6 NS1-eGFP protein was investigated for its ability to 

assemble into tubules similar to those described for NS1 in baculovirus-infected S. frugiperda 

cells (Maree and Huismans, 1997). To investigate, cytoplasmic extracts of recombinant 

baculovirus-infected cells were prepared and purified by sucrose gradient centrifugation. 

Transmission electron microscopy studies by negative staining indicated that the addition of 

eGFP (239 amino acids in length) did not alter the formation of the tubules, as the observed 

NS1-eGFP chimeric tubules were morphologically similar to those made by the wild-type 

NS1 protein (Fig. 3.8). These results are also in agreement with those reported by Ghosh et al. 

(2002), who demonstrated that addition of GFP to the C-terminus of BTV-10 NS1 did not 

perturb the ability of the chimeric protein to form tubules. More recently, Larke et al. (2005) 

reported the use of BTV-10 NS1 tubules to present a multicomponent protein antigen that 

represents a series of epitopes of HIV. Despite the immunogen being 527 amino acids in 

length and thus comparable in size to the NS1 monomer (552 amino acids in length), the 

tubular structure was maintained albeit with a slight abrogation that may have been due to the 

large size of the antigen (Larke et al., 2005). The ability of AHSV-6 NS1 tubules to carry 

large proteins (e.g. eGFP), whilst maintaining the ability to form the tubular structure, may 

thus be a promising feature of the AHSV NS1 immunogen delivery system. 

 

In conclusion, since the NS1-eGFP chimeric gene was constructed with the aim of using it in 

a quantitative reporter-based si/shRNA screening assay, it was therefore important to verify 

the integrity of the gene construct and expressed chimeric protein. In contrast to the 

mammalian expression system used previously (Chapter 2), expression of the NS1-eGFP 

chimeric gene in the baculovirus/insect cell expression system yielded sufficient amounts of 

the recombinant protein that greatly facilitated its characterization. The results from SDS-

PAGE and Western blot analyses indicated the successful expression of a single polypeptide 

of the expected size, while TEM analysis confirmed that, despite the in-frame C-terminus 

addition of eGFP, the NS1-eGFP chimeric protein retained its ability to fold into a tubular 

structure.  Overall, the results obtained therefore served to validate the use of the recombinant 

mammalian expression vector pCMV-NS1-eGFP, which harbours the identical chimeric gene 

expressed in this part of the investigation, as a reporter vector whereby different NS1-directed 

shRNAs could be screened for their ability to silence AHSV-6 NS1 gene expression.  
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4.1 INTRODUCTION 
 
African horse sickness virus (AHSV), a member of the Orbivirus genus in the family 

Reoviridae, causes an acute infectious but non-contagious disease of equids. Like other 

orbiviruses, the genome of AHSV consists of ten double-stranded (ds) RNA segments that 

encode seven structural proteins (VP1-VP7) and four nonstructural proteins (NS1, NS2 and 

NS3/NS3A) (Bremer et al., 1990; Grubman and Lewis, 1992; Roy et al., 1994). The 

nonstructural protein NS1 is synthesized abundantly and forms tubular structures, which are 

present in large numbers in peri- or juxtanuclear positions in infected cells (Eaton et al., 1988; 

Huismans and Els, 1979). The function of the NS1 tubules in orbivirus replication is not yet 

completely understood. It has been proposed that the tubules may be involved in translocation 

of virus particles from virus inclusion bodies (VIBs) to the cell plasma membrane prior to 

virus release or that they may prevent the core particle from assembling before the minor 

structural proteins (VP1, VP4, VP6) and/or genome segments have been incorporated (Eaton 

et al., 1990). More recently, however, it has been suggested that the NS1 protein of 

bluetongue virus (BTV) could be a major determinant of pathogenesis since it augments 

virus-cell association that leads to lysis of the infected cell (Owens et al., 2004). 

 

RNA interference (RNAi) is a process of sequence-specific post-transcriptional gene silencing 

that is triggered by dsRNA homologous to the target transcript (Fire et al., 1998; Tuschl et al., 

1999). RNAi is triggered in mammalian cells by exposing the cells to dsRNA either via 

exogenous delivery of chemically synthesized small interfering RNAs (siRNAs) or 

endogenous expression of short hairpin RNAs (shRNAs) (Elbashir et al., 2002; Amarzguioui 

et al., 2005). Due to its specificity, RNAi technology has been applied in studies to ascertain 

viral gene function (Déctor et al., 2002; Campagna et al., 2005; Wirblich et al., 2006) and as a 

means whereby virus infections can be controlled (McCown et al., 2003; Zhang et al., 2004; 

Chen et al., 2006; Huang et al., 2006; Lambeth et al., 2007). Due to the absence of a reverse 

genetics system for AHSV, the characterization of AHSV gene function has been limited to 

their expression and analyses in eukaryotic expression systems (Van Staden et al., 1995; 

Uitenweerde et al., 1995; Maree and Huismans, 1997; De Waal and Huismans, 2005). 

However, the segmented nature of the AHSV genome makes it particularly amenable to 

analysis by RNAi, since each of the ten dsRNA genome segments is transcribed into a single 

mRNA, each encoding a single protein (except NS3). Therefore, RNAi technology is ideally 

suited to silence expression of individual AHSV genes without affecting the expression of 
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others and thus may allow for characterization of the function of proteins encoded by the 

silenced genes in the context of the whole virus (Silvestri et al., 2004; Stassen et al., 2007). 

 

Although RNAi can be triggered in mammalian cells by chemically (Elbashir et al., 2001a; 

Caplen et al., 2001) and enzymatically (Myers et al., 2003; Xuan et al., 2006) synthesized 21-

23 nt long RNA duplexes, the silencing effect induced by exogenous delivery of these 

synthetic siRNAs is transient and reactivation of the target gene normally occurs after a few 

days. In addition, in order to obtain effective siRNAs it is necessary to design, synthesize and 

screen many different siRNAs, which is expensive due to the cost of chemical synthesis of 

RNA oligonucleotides (Elbashir et al., 2002; Mittal, 2004; Cullen, 2006). To overcome these 

limitations, RNA expression vectors have been developed to screen numerous candidate 

RNAi effector molecules cost-effectively (Brummelkamp et al., 2002a; Wadhwa et al., 2004; 

Amarzguioui et al., 2005). These vectors use RNA polymerase III promoters to direct the 

synthesis of shRNA molecules from a DNA template, which are subsequently processed 

intracellularly in mammalian cells into siRNA-like molecules. RNA polymerase III 

promoters, especially H1 and U6 from human and mouse origin, have been used frequently 

since they have a well-defined transcription start site and a simple termination signal 

consisting of four to five consecutive thymidine residues. Moreover, they can efficiently 

transcribe small RNA transcripts that lack both the 5’ cap and 3’ polyadenosine tail (Paule 

and White, 2000). Such shRNA-expressing plasmid DNA vectors have been used to inhibit 

virus gene expression (Brummelkamp et al., 2002a; Zhang et al., 2004; De Los Santos et al., 

2005) and as a promising tool for in vivo antiviral therapy (Ge et al., 2004; Chen et al., 2004; 

Carmona et al., 2005; Chen et al., 2006).  

 

In Chapter 2 it was shown that a chemically synthesized siRNA can silence eGFP and NS1-

eGFP gene expression, indicating that RNAi is tractable in BHK-21 cells. Moreover, use of a 

NS1-eGFP reporter construct in those assays suggested that it may be used to facilitate 

screening of different RNAi effector molecules, both visually at the protein level by 

fluorescent microscopy and quantitatively by fluorometry. In this part of the study, the 

primary aim was to establish and evaluate a plasmid DNA vector-based RNAi assay for 

silencing of AHSV-6 NS1 gene expression in BHK-21 cells. For this purpose the shRNA 

delivery vector pSUPER (suppression of endogenous RNA), which directs the intracellular 

synthesis of siRNAs in mammalian cells (Brummelkamp et al., 2002a), was selected for use. 

Consequently, two recombinant pSUPER shRNA delivery vectors were constructed, each 
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targeting a distinct 19-nt sequence in the AHSV-6 NS1 gene. The levels of NS1 protein and 

transcripts in the presence of the recombinant vectors were subsequently analyzed.  

 

4.2 MATERIALS AND METHODS 
 
4.2.1 Bacterial strains and plasmids  
 
The E. coli strains were routinely cultured at 37°C with shaking at 200 rpm in LB broth (1% 

[w/v] tryptone, 1% [w/v] NaCl, 0.5% yeast extract; pH 7.4) (Sambrook et al., 1989), and 

maintained at 4°C on LB agar or at -70°C as glycerol cultures. For plasmid selection and 

maintenance in E. coli, the culture medium was supplemented with 100 µg/ml of ampicillin 

(Roche Diagnostics). Recombinant mammalian expression plasmids pCMV-eGFP, pCMV-

NS1-eGFP and pCMV-NS1 were constructed and characterized previously (Chapter 2). 

Recombinant plasmids pSUPER-Uneg, which contains a control non-silencing 

oligonucleotide insert DNA, and pSUPER-eGFP, which contains an oligonucleotide insert 

DNA corresponding in sequence to that of eGFP-siRNA (Chapter 2), were obtained from 

M.A. Nieuwoudt (Department of Microbiology and Plant Pathology, University of Pretoria). 

The pSUPER shRNA delivery vector was obtained from OligoEngine.  

 

4.2.2 Cells and viruses 
 
Baby hamster kidney cells (BHK-21) were propagated and maintained as monolayers in 75 

cm2 tissue culture flasks, and cultured in Minimum Essential Medium (MEM) Eagles base 

(Highveld Biological) supplemented with 2.5% (v/v) foetal bovine serum (FBS) and 

antibiotics (penicillin, streptomycin and fungizone). The flasks were incubated at 37°C in a 

humidified incubator with a constant supply of 5% CO2. African horse sickness virus serotype 

6 (AHSV-6) was kindly provided by F. Wege (Department of Genetics, University of 

Pretoria). The virus was propagated in confluent BHK-21 monolayers using a low-passage 

stock virus as inoculum according to previously described procedures (Huismans, 1979).  

 

4.2.3 Oligonucleotides for short hairpin RNA (shRNA) construction 
 
Oligonucleotides whereby shRNAs could be expressed in vivo were designed based on the 

AHSV-6 NS1 gene sequence (GenBank accession no. U73658) and by making use of the 

design tools available at the siRNA Design Software website, which incorporates 12 different 

siRNA design tools (http://i.cs.hku.hk/~sirna/software/sirna.php). To verify their target 
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specificity, the oligonucleotide sequences were compared to entries of the GenBank database 

by making use of the BLASTN program (Altschul et al., 1997), available on the National 

Center for Biotechnology Information web page (http://www.ncbi.nlm.nih.gov/). The 

accessibility of the target sites was also evaluated by RNA secondary structure analyses of the 

NS1 and chimeric NS1-eGFP mRNA, using MFOLD hybridization and folding software v.3.1 

(Zuker, 2003). The results of these analyses are shown in (Figs. 4.1 and Fig 4.2, respectively). 

The forward and reverse oligonucleotides (each 64 nt in length) contained the 19-nt target 

sequence in both sense and antisense orientation, separated by a 9-nt loop sequence. Whereas 

the forward oligonucleotides were designed to contain a BglII restriction enzyme site at their 

5’-end and a RNA polymerase H1 transcription termination sequence (five thymidine 

residues), the reverse oligonucleotides were designed to contain a HindIII restriction enzyme 

site at the 5’-end of the oligonucleotides. The oligonucleotides used in this study for shRNA 

construction are shown in Table 4.1 and were obtained from Qiagen. 

 

4.2.4 Construction of recombinant pSUPER shRNA delivery vectors 
 
4.2.4.1 Preparation of oligonucleotide insert DNA 
 
The oligonucleotides were each dissolved in sterile nuclease-free water to a final 

concentration of 3 mg/ml and 1 µl of the forward and reverse oligonucleotides were 

subsequently mixed with 48 µl of annealing buffer (100 mM NaCl, 50 mM HEPES; pH 7.4). 

The suspension was incubated at 90°C for 4 min, followed by incubation at 70°C for 10 min 

and then cooled to room temperature. Since the respective oligonucleotides are synthesized 

lacking 5’ phosphate groups, the 5’-ends of the annealed oligonucleotides were 

phosphorylated to enable their ligation with dephosphorylated vector DNA. The reaction 

mixture contained 500 ng of annealed oligonucleotides, 10 U of T4 Polynucleotide kinase (10 

U/µl; Fermentas), 10 mM ATP, 1 × reaction buffer and UHQ water to a final volume of 20 µl. 

The reaction mixtures were incubated at 37°C for 30 min and then stored at -20°C until use.  

 

4.2.4.2 Preparation of pSUPER vector DNA 
 
To prepare the pSUPER vector for cloning, 3 µg of vector DNA was digested at 37°C first 

with 10 U of HindIII for 1 h, followed by digestion with 10 U of BglII for 2 h. The digested 

pSUPER vector DNA was subsequently dephosphorylated in a 40-µl reaction volume, 
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Table 4.1 Oligonucleotides* used for shRNA construction 
 

NS1 oligonucleotide 1 (shNS1-1464) 

Forward oligonucleotide: 
 
5’ GATCCCCTGTCTTGGATGGAAGAGATTTCAAGAGAATCTCTTCCATCCAAGACATTTTTGGAAA 3’ 

Reverse oligonucleotide: 
 
5’ AGCTTTTCCAAAAATGTCTTGGATGGAAGAGATTCTCTTGAAATCTCTTCCATCCAAGACAGGG 3’ 

Resulting duplex oligonucleotide:  
 
5’ GATCCCCTGTCTTGGATGGAAGAGATTTCAAGAGAATCTCTTCCATCCAAGACATTTTTGGAAA 3’ 
          3’ GGGACAGAACCTACCTTCTCTAAAGTT CTCTTAGAGAAGGTAGGTTCTGTAAAAACCTTTTCGA 5’ 
 

NS1 oligonucleotide 2 (shNS1-710) 

Forward oligonucleotide: 
 
5’ GATCCCCTGCGTAGAGCGGCACAGGATTCAAGAGATCCTGTGCCGCTCTACGCATTTTTGGAAA 3’ 

Reverse oligonucleotide: 
 
5’ AGCTTTTCCAAAAATGCGTAGAGCGGCACAGGATCTCTTGAATCCTGTGCCGCTCTACGCAGGG 3’ 

Resulting duplex oligonucleotide: 

 
5’ GATCCCCTGCGTAGAGCGGCACAGGATTCAAGAGATCCTGTGCCGCTCTACGCATTTTTGGAAA 3’ 
           3’ GGGACGCATCTCGCCGTGTCCTAAGTT CTCTAGGACACGGCGAGATGCGTAAAAACCTTTTCGA 5’ 
 

Control non-silencing oligonucleotide (shUneg) 

Forward oligonucleotide: 
 
5’ GATCCCCAATTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAATTTTTTTGGAAA 3’ 

Reverse oligonucleotide: 
 
5’ AGCTTTTCCAAAAAAATTCTCCGAACGTGTCACGTTCTCTTGAAACGTGACACGTTCGGAGAATTGGG 3’ 

Resulting duplex oligonucleotide: 

 
5’ GATCCCCAATTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAATTTTTTTGGAAA 3’ 
          3’ GGGTTAAGAGGCTTGCACAGTGCAAAGTT CTCTTGCACTGTGCAAGCCTCTTAAAAAAACCTTTTCGA 5’ 
 

eGFP oligonucleotide (sheGFP) 

Forward oligonucleotide: 
 
5’ GATCCCCGCAAGCUGACCCUGAAGUUCTTCAAGAGAAUGAACUUCAGGGUCAGCUUGCTTTTTGGAAA 3’ 

Reverse oligonucleotide: 
 
5’ AGCTTTTCCAAAAAGCAAGCUGACCCUGAAGUUCAUTCTCTTGAAAUGAACUUCAGGGUCAGCUUGCGGG 3’ 

Resulting duplex oligonucleotide: 

 
5’ GATCCCCGCAAGCUGACCCUGAAGUUCAUTTCAAGAGAAUGAACUUCAGGGUCAGCUUGCTTTTTGGAAA 3’ 
          3’GGGCGUUCGACUGGGACUUCAAGUAAAGTTTCTUACUUGAAGUCCCAGUCGAACGAAAAACCTTTTCGA 5’ 
 
* The BglII restriction enzyme site is underlined, the HindIII restriction enzyme site is indicated in italics, the target 
NS1 and eGFP regions are highlighted in grey and the termination signal (five thymidine residues) is indicated in bold 
letters.  
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Fig. 4.1 Local secondary structure of AHSV-6 NS1 mRNA. The local 
secondary of NS1 mRNA (A) was predicted by the MFOLD software 
program (Zuker, 2003) and an enlarged view of the NS1-specific shRNA 
target regions is presented in B. The regions targeted by the NS1-
directed shRNAs are boxed in blue (shNS1-710) and red (shNS1-1464), 
respectively. 
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Fig. 4.2 Local secondary structure of AHSV-6 NS1-eGFP chimeric mRNA. The local secondary of NS1-eGFP chimeric mRNA (A) was 
predicted by the MFOLD software program (Zuker, 2003) and an enlarged view of the NS1- and eGFP-specific shRNA target regions is 
presented in B. The region targeted by sheGFP is boxed in green, while the regions targeted by the NS1-directed shRNAs are boxed in blue 
(shNS1-710) and red (shNS1-1464), respectively. 
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containing 6 U of Shrimp alkaline phosphatase (1 U/µl; Fermentas) and 4 µl of 10 × reaction 

buffer. Following incubation at 37°C for 30 min, the reaction mixtures were heated to 65°C 

for 15 min in order to inactivate the phosphatase enzyme.  

 

4.2.4.3 Cloning of oligonucleotide insert DNA into pSUPER vector DNA 
 
The digested dephosphorylated pSUPER vector and phosphorylated oligonucleotide insert 

DNA were ligated at 4°C for 20 h in a 10-µl reaction volume that contained 1 × ligation 

buffer and 1 U of T4 DNA ligase (1 U/µ1; Promega). The ratio of insert to vector DNA was 

typically in excess of 10:1. Competent E. coli DH5� cells were prepared and transformed with 

the ligation reaction mixtures, and transformants were selected on LB agar medium 

supplemented with ampicillin after incubation overnight at 37°C. Plasmid DNA was screened 

by restriction enzyme digestion with BglII, of which the recognition site is destroyed when 

the insert oligonucleotide has been cloned successfully into the pSUPER vector (Fig. 4.3). 

The presence and integrity of the cloned insert DNA was verified by nucleotide sequencing 

using the ABI PRISM® BigDye™ Terminator Cycle Sequencing Ready Reaction kit v.3.1 

(Perkin-Elmer Applied Biosystems), and oligonucleotides T3 (5’-

AATTAACCCTCACTAAAGGG-3’) and T7 (5’-GTAATACGACTCACTATAGGGC-3’) as 

the sequencing primers. The derived recombinant plasmids were designated pSUPER-710 and 

pSUPER-1464. 

 

4.2.5 Extraction and purification of plasmid DNA 
 
In addition to purifying plasmid DNA by CsCl-EtBr density gradient centrifugation (Chapter 

2, Section 2.2.9.2), plasmid DNA was also extracted and purified using a plasmid Midiprep 

kit (Qiagen) according to the manufacturer’s instructions. Briefly, the cells from 80 ml of an 

overnight culture were collected by centrifugation at 7 000 rpm for 15 min at 4°C. The cell 

pellet was suspended in 4 ml of Buffer P1 (50 mM Tris, 10 mM EDTA, 100 µg/ml RNaseA; 

pH 8), after which 4 ml of Buffer P2 (200 mM NaOH, 1% SDS) was added, and the cell 

lysate incubated at room temperature for 5 min. To this, 4 ml of Buffer P3 (3 M KOAc; pH 

5.5) was added, and incubation was continued on ice for 15 min. Following centrifugation 

twice at 11 000 rpm for 30 min at 4°C, the supernatant was recovered and loaded onto a 

DNA-binding column, pre-equilibrated with 4 ml of Buffer QBT (750 mM NaCl, 50 mM 

MOPS, 15% ethanol, 0.15% TritonX-100; pH 7). The column was subsequently rinsed twice 
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with 10 ml of Buffer QC (1.0 M NaCl, 50 mM MOPS, 15% ethanol; pH 7) and the plasmid 

DNA was eluted with 5 ml of Buffer QF (1.25 M NaCl, 50 mM Tris, 15% ethanol; pH 8.5). 

The purified plasmid DNA was precipitated by addition of 3.5 ml of isopropanol and 

collected by centrifugation at 11 000 rpm for 30 min at 4°C. The DNA pellet was washed 

with 70% ethanol, air-dried for 10 min and then suspended in 100 µl of 1 × TE buffer. The 

concentration of the purified plasmid DNA was determined spectrophotometrically using a 

Nanodrop instrument (Thermo Scientific) according to the manufacturer’s instructions. 

 

4.2.6 RNAi assays 
 
4.2.6.1 Co-transfection of BHK-21 cells with pCMV-NS1-eGFP and recombinant 

pSUPER shRNA delivery vectors 
 
BHK-21 cells were seeded in 24-well tissue culture dishes to reach 80% confluency within 24 

h of incubation at 37°C in the presence of 5% CO2. The BHK-21 cells were co-transfected 

with pCMV-NS1-eGFP and the recombinant pSUPER plasmid DNA using Lipofectamine™ 

2000 (Invitrogen). For each transfection, 800 ng of purified recombinant pCMV-NS1-eGFP 

plasmid DNA and 2 µ1 of Lipofectamine™ 2000 reagent were each diluted in 50 µl of serum- 

and antibiotic-free MEM medium, incubated at room temperature for 5 min and then mixed. 

Similarly, 800 ng of purified recombinant pSUPER plasmid DNA and 2 µ1 of the 

Lipofectamine™ 2000 reagent were also each diluted in 50 µ1 of MEM medium (without 

serum and antibiotics) and, following incubation at room temperature for 5 min, were mixed. 

After incubation at room temperature for 20 min, the two solutions were mixed and then used 

to overlay the BHK-21 cell monolayers. The monolayers had been prepared by rinsing the 

cells three times with 500 �l of antibiotic-free MEM medium but containing 2.5% (v/v) FBS. 

After addition of 300 µ1 of the same medium, the tissue culture dishes were incubated at 

37°C for 24 h in a CO2 incubator. Untransfected BHK-21 cells and cells transfected with 

pCMV-NS1-eGFP only were included as controls. 

 

4.2.6.2 Co-transfection of BHK-21 cells with pCMV-NS1 and recombinant pSUPER 
shRNA delivery vectors  

 
BHK-21 cells were seeded in 35-mm-diameter wells to reach 80% confluency within 24 h of 

incubation at 37°C in the presence of 5% CO2. The cells were transfected with 4 µg of 

purified recombinant pSUPER plasmid DNA by diluting the plasmid DNA and 10 µ1 of the 

Lipofectamine™ 2000 reagent separately in 250 µ1 of antibiotic- and serum-free MEM 
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medium. Following incubation at room temperature for 5 min, the two solutions were mixed 

and incubated at room temperature for 20 min. After addition of 1.5 ml of antibiotic-free 

MEM medium supplemented with 2.5% (v/v) FBS, the BHK-21 cell monolayers, prepared as 

described above, were overlayed with the DNA-lipotectamine complexes. Following 

incubation of the tissue culture dishes at 37°C for 24 h in a CO2 incubator, the cells were 

again transfected, as described above, with 4 µg of purified pCMV-NS1 plasmid DNA. The 

tissue culture dishes were incubated at 37°C for a further 24 h in a CO2 incubator. 

Untransfected BHK-21 cells and cells transfected with pCMV-NS1 only were included as 

controls. 

 

4.2.6.3 Transfection and AHSV-6 infection of BHK-21 cells  
 
BHK-21 cells were seeded in 35-mm-diameter wells to reach 80% confluency within 24 h of 

incubation at 37°C in the presence of 5% CO2. The BHK-21 cells were then transfected with 

the respective recombinant pSUPER plasmid DNAs using Lipofectamine™ 2000, as 

described above, with the following modifications. Briefly, 4 µg of plasmid DNA was diluted 

in 250 µ1 of MEM medium (without serum and antibiotics) and, following incubation at room 

temperature for 5 min, was added to 250 µ1 of serum- and antibiotic-free MEM medium 

containing 10 µ1 of the Lipofectamine™ 2000 reagent. Following incubation at room 

temperature for 20 min, the BHK-21 cell monolayers, which had been prepared for 

transfection by rinsing the cells three times with 2 ml of MEM medium (without serum and 

antibiotics), were then overlayed with the DNA-lipofectamine complexes. After addition of 

1.5 ml of MEM medium supplemented with 2.5% (v/v) FBS, but lacking antibiotics, the 

tissue culture dishes were incubated at 37°C for 24 h in a CO2 incubator. The transfected cells 

were then infected with AHSV-6 at a multiplicity of infection (MOI) of 1 pfu/cell. Following 

incubation at room temperature for 1 h, the inoculum was removed and the tissue culture 

dishes were then incubated at 37°C for a further 24 h in a CO2 incubator. Untransfected BHK-

21 cells and cells infected with AHSV-6 only were included as controls. 

 

4.2.7 Analysis and quantification of reporter protein expression 
 
BHK-21 cell monolayers were observed at 24 h post-transfection for NS1-eGFP protein 

expression on a Zeiss Axiovert 200 fluorescent microscope fitted with the no. 10 Zeiss filter 

set (excitation at 450-490 nm; emission at 515-560 nm). The images were captured for 

separate microscope fields with a Nikon DMX 1200 digital camera. For fluorometry, the 
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BHK-21 cell monolayers were rinsed once with 1 × PBS and trypsinized by addition of 30 µl 

of Trypsin/Versene. After incubation at 37°C for 1 min, the cells were collected by 

centrifugation at 3 000 rpm for 10 min, rinsed with 1 × PBS and suspended in 1 ml of 1 × 

PBS. The relative fluorescence was determined with a BioRad Versafluor™ fluorometer 

(excitation at 485-495 nm; emission at 515-525 nm). 

 

4.2.8 Semi-quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) 
 
4.2.8.1 Oligonucleotides 
 
Gene-specific oligonucleotides were designed based on the AHSV-6 NS1 (GenBank 

accession no. U73658) and �2-microglobulin (�2-MG; GenBank accession no. X17002) gene 

sequences to yield amplicons of 130 and 138 bp, respectively. The oligonucleotides were 

designed using Primer 3 (Rozen and Skaletsky, 2000) and DNAMAN v.4.13 (Lynnon 

Biosoft), while optimal oligonucleotide pairs were analyzed by PerlPrimer v.1.1.6 (Marshall, 

2004). To verify the target sequence specificity of each oligonucleotide pair, the 

oligonucleotide sequences were subjected to a BLASTN analysis. The oligonucleotide 

sequences are indicated in Table 4.2 and were synthesized by Inqaba Biotechnical Industries. 

 

Table 4.2 Oligonucleotides used in semi-quantitative real-time PCR 
 
Oligonucleotide Nucleotide sequence Tm 

(°C) 
Annealing 

position 
Target 
mRNA 

β2-MG-F 5’-AGTGGAGCTGTCAGATCTGTCCTTC-3’ 64.5°C 9-34 BHK β2-MG 

β2-MG-R 5’-TGACCACCTTGGGCTCCTTC-3’ 64.8°C 127-147 BHK β2-MG 

RT-NS1-F 5’-GCCCGTTTGCCCTTATACTG-3’ 62.5°C 603-623 AHSV-6 NS1 

RT-NS1-R 5’-TGAAATCCTGTGCCGCTC-3’ 59.9°C 733-751 AHSV-6 NS1 

 

 

4.2.8.2 Total RNA isolation 
 
Total RNA was isolated using the Aurum™ Total RNA Mini Kit (BioRad) according to the 

manufacturer’s instructions. Briefly, the culture medium was removed from BHK-21 cell 

monolayers and the cells were rinsed once with 1 × PBS. Following trypsinization, the cells 

were collected by centrifugation at 15 000 rpm for 2 min and suspended in 350 µ1 of the 

supplied lysis solution. The cells were lysed by repeated vigorous pipetting and an equal 

volume of 70% ethanol was added. The cell lysate was centrifuged through a RNA-binding 

column at 15 000 rpm for 30 s and the column was then rinsed with wash solution and treated 
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with RNase-free DNase I (15 min at room temperature). The RNA was eluted from the 

column in 80 µl of the supplied elution buffer. To confirm the absence of contaminating 

DNA, aliquots of the RNA preparation were used in PCR reactions together with the 

oligonucleotides indicated in Table 4.2. The PCR reactions were performed, as described 

previously (Chapter 2, Section 2.2.3.2). Aliquots of the reaction mixtures were analyzed by 

electrophoresis on a 0.8% (w/v) agarose gel in the presence of appropriate DNA molecular 

weight markers. 

 

4.2.8.3 cDNA synthesis 
 
The total RNA was reverse-transcribed using the QuantiTect Reverse Transcription kit 

(Qiagen) according to the manufacturer’s instructions. Prior to cDNA synthesis, the RNA 

samples were incubated at 42°C for 2 min in 1 × genomic DNA Wipeout buffer (supplied in 

the kit), which removed any residual contaminating genomic DNA. For reverse transcription, 

each reaction mixture contained 10 µ1 of RNA, 4 µl of 5 × Quantiscript RT buffer, 1 µl of 

Quantiscript Reverse Transcriptase enzyme and 1 µl of RT primer mix, which comprises an 

optimized mixture of oligo-dT and random primers. The reaction mixtures were incubated at 

42°C for 30 min, after which the enzyme was inactivated by heating to 95°C for 3 min. The 

cDNA was subsequently stored at -20°C. 

 

4.2.8.4 Semi-quantitative real-time PCR 
 
Semi-quantitative real-time PCR was performed using the QuantiTect SYBR Green PCR 

kit (Qiagen) and the LightCycler 480 system (Roche Diagnostics). Each reaction mixture (20 

µ1) contained 1 µl of the cDNA, 10 pmol of each of the gene-specific oligonucleotides and 10 

µl of 2 × SYBR® Green I PCR master mix (containing HotStarTaq DNA polymerase, dNTP 

mixture, SYBR Green I, ROX passive reference dye and 5 mM MgCl2). The reaction 

mixtures were incubated at 95°C for 15 min to activate the HotStarTaq® DNA polymerase, 

and then subjected to 55 cycles of denaturation at 94°C for 15 s, annealing at 55°C for 20 s 

and extension at 72°C for 10 s. For each target gene, a reaction mixture from which template 

cDNA was omitted was included as a control. To confirm specific amplication, the amplicons 

were analyzed on a 2% (w/v) agarose gel in the presence of a DNA molecular weight marker, 

and melt-curve analysis of the amplicons were performed according to manufacturer’s 

protocol with the LightCycler v.3.5.3 software package (Roche Diagnostics). The Relative 
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Expression Software Tool (REST©) (Pfaffl et al., 2002) was used for data normalization and 

calculation of fold changes in NS1 transcripts. For these analyses, the relative expression of 

target (NS1) was normalized to an endogenous reference gene (�2-microglobulin) in a NS1 

shRNA-treated sample relative to an experimental control (control shRNA-treated, AHSV-

infected cells). 

 

4.3 RESULTS 
 
4.3.1 Construction of recombinant pSUPER shRNA delivery vectors  
 
To enable expression of shRNAs for silencing of AHSV-6 NS1 gene expression in BHK-21 

cells, oligonucleotides, 64 bp in length, targeting two different regions on the AHSV-6 NS1 

mRNA were designed. For each targeted region, a forward and reverse oligonucleotide were 

chemically synthesized, annealed and phosphorylated at their 5’-ends to enable efficient 

ligation with pSUPER vector DNA that had been digested with both BglII and HindIII and 

dephosphorylated. Following transformation of competent E. coli DH5� cells with the 

ligation reaction mixtures, plasmid DNA was extracted from randomly selected ampicillin-

resistant transformants and screened by restriction enzyme digestions.  

 

Initial screening of recombinant pSUPER plasmid DNA was greatly facilitated as a 

consequence of the cloning strategy used. Since the BglII site of the vector is destroyed upon 

successful ligation with the oligonucleotide insert DNA, recombinant plasmid DNA could 

thus be readily identified based on their inability to be linearized upon digestion with BglII 

(Fig. 4.4A). Following screening of the plasmid DNA by BglII digestion, the uncut plasmid 

DNA was selected and subsequently subjected to digestion with both EcoRI and HindIII, 

which flank the H1 promoter and downstream insert DNA. Digestion of the putative 

recombinant plasmid DNAs with these enzymes resulted in the excision of a 291-bp DNA 

fragment, corresponding in size to the H1 promoter region (227 bp) together with the cloned 

oligonucleotide insert DNA (64 bp) (Fig. 4.4B, lanes 2 and 3). In contrast, digestion of the 

non-recombinant pSUPER plasmid DNA excised only the 227-bp H1 promoter region (Fig. 

4.4B, lane 1).  

 

To confirm that errors were not incorporated during chemical synthesis of the respective 

oligonucleotides, recombinant pSUPER plasmids were selected and characterized by 

nucleotide sequencing of both strands of the cloned insert DNA with T7 and T3 sequencing 
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oligonucleotides. No nucleotide differences were observed between the cloned insert DNA 

and their intended AHSV-6 NS1 target regions (results not shown). Recombinant plasmids 

containing the NS1-directed oligonucleotide insert DNA was selected, designated pSUPER-

710 and pSUPER-1464, and used in all subsequent experiments. The plasmid DNA vector-

expressed shRNA will be referred to as shNS1-710 and shNS1-1464, respectively. 

 

4.3.2 Suppression of NS1-eGFP protein expression by shRNAs in BHK-21 cells 
 
In Chapter 2 it was established that a gene-specific siRNA could be used to efficiently silence 

heterologous gene expression in BHK-21 cells. These studies were subsequently extended by 

investigating whether the constructed recombinant pSUPER shRNA delivery vectors could be 

used to suppress AHSV-6 NS1 gene expression. To investigate, BHK-21 cells were co-

transfected with pCMV-NS1-eGFP and either pSUPER-Uneg, pSUPER-eGFP, pSUPER-710 

or pSUPER-1464. The BHK-21 cell monolayers were analyzed at 24 h post-transfection by 

fluorescence microscopy and the NS1-eGFP fluorescence was quantified by fluorometry. 

 

Fluorescence microscopy revealed high levels of NS1-eGFP protein expression in BHK-21 

cells transfected with pCMV-NS1-eGFP and in cells co-transfected with the control non-

silencing pSUPER-Uneg vector (not shown). In contrast, expression of the NS1-eGFP protein 

was slightly suppressed in BHK-21 cells co-transfected with the recombinant pSUPER 

vectors expressing an eGFP-directed shRNA and the respective NS1-directed shRNAs. 

Quantitative fluorometry analysis of NS1-eGFP protein expression in these BHK-21 cell 

monolayers indicated that sheGFP reduced expression of the chimeric protein by 10%, while 

shNS1-710 and shNS1-1464 reduced NS1-eGFP protein expression by 19% and 9%, 

respectively (Fig. 4.5). These results therefore indicated that the NS1-directed shRNAs could 

suppress NS1-eGFP protein expression, albeit it weakly.  

 

4.3.3 Suppresion of NS1 mRNA expression by shRNAs in BHK-21 cells transfected 
 with pCMV-NS1 
 
The AHSV-6 NS1-directed shRNAs did not appear to efficiently suppress NS1-eGFP protein 

expression (Fig. 4.5). Since RNAi functions by silencing targeted gene expression at a post-

transcriptional level, the effect of the NS1-directed shRNAs on expression of AHSV-6 NS1 

mRNA transcripts was thus investigated. For this purpose, BHK-21 cell monolayers were first 

transfected with the recombinant pSUPER vectors expressing shNS1-710 and shNS1-1464, as
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Fig. 4.4 Agarose gel electrophoretic analysis of recombinant pSUPER shRNA delivery 
vectors. The plasmid DNA was screened by digestion with BglII (A) and by digestion with 
both EcoRI and HindIII (B). (A) Lanes: 1, undigested parental pSUPER vector; 2, BglII-
linearized parental pSUPER vector; 3, BglII-digested pSUPER-710; 4, BglII-digested 
pSUPER-1464. (B) Lanes: 1, HindIII- and EcoRI-digested parental pSUPER vector; 2, 
HindIII- and EcoRI-digested pSUPER-710; 3, HindIII- and EcoRI-digested pSUPER-1464. 
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well as with a control non-silencing shRNA (shUneg) that does not display homology with 

any known gene sequence. At 24 h post-transfection, the cells were transfected with the 

recombinant pCMV-NS1 mammalian expression vector that expresses the full-length AHSV-

6 NS1 gene. Following incubation for 24 h, the cells were harvested and total RNA was 

isolated prior to performing reverse transcription and semi-quantitative real-time PCR. The 

data was analyzed using the REST© software tool (Pfaffl et al., 2002), as described under 

Materials and Methods (Section 4.2.8.4). 

 

In contrast to BHK-21 cells transfected with the control pSUPER-Uneg shRNA delivery 

plasmid, NS1 mRNA expression was reduced in BHK-21 cells transfected with pSUPER-710 

and pSUPER-1464. The results indicated that shNS1-710 and shNS1-1464 caused a 3.0- and 

1.9-fold reduction in NS1 mRNA transcripts, respectively, as compared to cells transfected 

with the control plasmid pSUPER-Uneg (Fig. 4.6). These results therefore indicated that both 

of the NS1-directed shRNAs were indeed capable of reducing NS1 mRNA expression, albeit 

to different efficiencies.  

 

4.3.4 Suppression of NS1 mRNA expression by shRNAs in BHK-21 cells infected 
with AHSV-6 

 
The effect of shNS1-710 and shNS1-1464 on the abundance of AHSV-6 NS1 mRNA in virus-

infected BHK-21 cells were subsequently investigated. BHK-21 cells were transfected with 

the recombinant pSUPER shRNA delivery vectors pSUPER-1464 and pSUPER-710, as well 

as with the control plasmid pSUPER-Uneg. After incubation for 24 h, the transfected cells 

were infected with AHSV-6 at a MOI of 1 pfu/cell. At 24 h post-infection, the cells were 

harvested and processed for analysis by semi-quantitative real-time PCR, using an approach 

similar to that described in the preceding section. 

 

The results, presented in Fig 4.7, indicated that both the NS1-directed shRNAs reduced the 

amount of NS1 mRNA in the AHSV-6 infected BHK-21 cells. Whereas shNS1-710 induced a 

2.6-fold reduction in NS1 mRNA transcripts, the silencing effect of shNS1-1464 on NS1 

mRNA expression was weaker and resulted in a 1.2-fold reduction in NS1 mRNA transcripts. 

These results are in agreement with those obtained above (Fig. 4.6), indicating that shNS1-

710 is more efficient than shNS1-1464 in reducing AHSV-6 NS1 mRNA expression. 

However, the inhibitory effect of shNS1-710 in reducing NS1 mRNA transcripts in virus-

infected BHK-21 cells was slightly diminished compared to the reduction observed when the 
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Fig. 4.5 Suppression of NS1-eGFP expression by NS1-directed shRNAs in BHK-21 
cells. BHK-21 cells were co-transfected with pCMV-NS1-eGFP and pSUPER-Uneg, 
pSUPER-eGFP, pSUPER-1464 or pSUPER-710. At 24 h post-transfection, the cells were 
processed for analysis of eGFP reporter protein expression by fluorometry. The values 
are expressed as percentages of the value for cells co-transfected with the control non-
silencing shRNA (Uneg) and represent the mean ± standard deviation (SD) from three 
independent experiments. 
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recombinant plasmid pCMV-NS1 was used in similar assays (3.0-fold vs. 2.6-fold reduction). 

This may reflect on differences in NS1 transcription rates between the experimental systems. 

 

In both of the above semi-quantitative real-time PCR assays the possibility of non-specific 

amplification due to contaminating DNA was eliminated by performing extensive DNAse 

treatments and then subjecting the RNA samples to PCR amplification using the NS1 and �2-

MG gene-specific oligonucleotide sets. No amplicons were obtained from the RNA samples. 

Moreover, the amplification specificity was verified by agarose gel electrophoresis and single 

amplicons of the expected size for the target and endogenous reference gene were obtained 

(NS1, 147 bp; �2-MG, 138 bp) (results not shown). Melt cure analyses were also performed 

to confirm the reproducibility of the PCR and determine the PCR efficiency (E). For this 

purpose, serial dilutions, in triplicate, of the cDNA prepared from the respective samples were 

subjected to semi-quantitative real-time PCR. The calculated PCR efficiencies for both targets 

(ENS1 = 1.96 And E�2-MG = 2.00) were close to the theoretic maximum and optimum efficiency 

of E = 2.0, indicating that the assays had a high level of reproducibility and sensitivity (Pfafll 

et al., 2002). 

 

 

4.4 DISCUSSION 
 
Of the many techniques available for the specific knock-down of genes in mammalian cells, 

plasmid DNA-based vectors that are capable of generating siRNA-like molecules within cells 

have become very appealing (Brummelkamp et al., 2002a; Paddison et al., 2002; Paul et al., 

2002). After transfection into cells, the vector expresses shRNA, which makes a tight hairpin 

turn, and can be digested by Dicer to siRNA that subsequently guides the cleavage of 

complementary mRNA. These plasmid vector-based RNAi systems are fairly inexpensive and 

have been shown to inhibit multiple genes both transiently and in long-term experiments 

(Shlomai and Shaul, 2003; Chang et al., 2004; Wu et al., 2005; Huang et al., 2006; Liu et al., 

2007). Consequently, in this part of the investigation, the use of a plasmid DNA vector-based 

approach to suppress expression of the AHSV-6 NS1 gene in BHK-21 cells was investigated. 

 

To investigate, two shRNA delivery vectors, designated pSUPER-710 and pSUPER-1464, 

were constructed. In this system, complementary 64-nt oligonucleotides with 5’ single-

stranded overhangs for ligation into the pSUPER vector were designed. The oligonucleotides  
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Fig. 4.6 Semi-quantitative real-time PCR analysis for relative quantification of NS1 
mRNA expression in BHK-21 cells transfected with the mammalian expression plasmid 
pCMV-NS1. Fold changes in AHSV-6 NS1 mRNA expression levels were calculated by 
relative quantification of NS1 mRNA in cells transfected with recombinant pSUPER shRNA 
delivery vectors, expressing NS1-directed shRNAs (pSUPER-710 and pSUPER-1464) as 
compared with cells transfected with the control non-silencing pSUPER-Uneg vector. Real-
time PCR for �2-microglobulin gene transcripts was also included in the assays as 
endogenous reference and used for data normalization of NS1 mRNA fold changes. The data 
shown are the means ± standard deviation of three experiments. 
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Fig. 4.7 Semi-quantitative real-time PCR analysis for relative quantification of NS1 
mRNA expression in AHSV-6 infected BHK-21 cells. Fold changes in AHSV-6 NS1 
mRNA expression levels were determined by semi-quantitative real-time PCR analysis, as 
described in the legend to Fig. 4.7. The data shown are the means ± standard deviation of 
three experiments. 
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encode 19-nt hairpin sequences specific for the AHSV-6 NS1 mRNA and were selected by 

making use of different siRNA design algorithms. The efficiency of the two shRNAs to 

mediate NS1 gene silencing was subsequently investigated and compared, following co-

transfection of BHK-21 cell monolayers with the pCMV-NS1-eGFP reporter plasmid and the 

respective shRNA delivery vectors. Fluorometry analysis indicated that shNS1-710 and 

shNS1-1464 suppressed NS1-eGFP expression by 19% and 9%, respectively. Due to the weak 

suppression of NS1-eGFP expression and considering that RNAi functions largely through 

post-transcriptional gene silencing, it was next investigated whether the two NS1-directed 

shRNAs were indeed capable of suppressing AHSV-6 NS1 mRNA expression. For this 

purpose, two different approaches were adopted, i.e. transfection of BHK-21 cells with the 

recombinant pSUPER shRNA delivery vectors, followed by transfection with either the 

recombinant mammalian expression vector pCMV-NS1 or infection of the transfected cells 

with AHSV-6. The results obtained by semi-quantitative real-time PCR assays indicated that 

NS1 mRNA expression was reduced 3.0- and 1.9-fold by shNS1-710 and shNS1-1464, 

respectively, in the BHK-21 cells transfected with pCMV-NS1. In contrast, NS1 mRNA 

expression was suppressed slightly less efficiently in the BHK-21 cells infected with AHSV-

6. In this case, NS1 mRNA expression was reduced 2.6-fold by shNS1-710 and 1.2-fold by 

shNS1-1464. It has been reported that the NS1 gene is transcribed at a significantly higher 

rate that the other viral genome segments (Huismans and Verwoerd, 1973; Van Dijk and 

Huismans, 1988). The reduced silencing of NS1 mRNA expression by the respective NS1-

directed shRNAs in AHSV-6 infected BHK-21 cells may therefore be attributable to 

differences in the rate of NS1 gene transcription between the two experimental systems 

utilized. 

 

From the results presented above, it is evident that although both shNS1-710 and shNS1-1464 

were capable of suppressing AHSV-6 NS1 mRNA expression, they differed in their silencing 

efficiency. These results are in agreement with several previous reports, indicating that RNAi 

effector molecules targeted to different sites on the same mRNA differ in their silencing 

efficiency (Holen et al., 2002; Harborth et al., 2003; Vickers et al., 2003; Scherer et al., 2004; 

Lambeth et al., 2007). It is unlikely that the observed difference in silencing efficiency 

between the two NS1-directed shRNAs is due to differences in transfection efficiency, since, 

in at least two different assays (using cells transfected with pCMV-NS1 and cells infected 

with AHSV-6), shNS1-710 consistently suppressed NS1 mRNA expression more efficiently 

than did shNS1-1464. At present, there is still a lack of clear understanding of the 
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mechanisms that determine gene silencing efficiency of a given RNAi effector molecule. It is, 

however, likely to involve the primary sequence and secondary RNA structure of the RNAi 

effector molecule (Schwarz et al., 2003; Reynolds et al., 2004; Taxman et al., 2006) and the 

target mRNA (Bohula et al., 2003; Kretschmer-Kazemi Far and Sczakiel, 2003). Indeed, 

several reports have argued that local secondary structures in the target mRNAs may restrict 

the accessibility of RISC and attenuate or even abolish RNAi efficiency (Luo and Chang, 

2004; Heale et al., 2005; Schubert et al., 2005; Overhof et al., 2005). Although care was 

taken to select accessible NS1 mRNA target sites, as predicted with the MFOLD software 

programme (Zuker, 2003), it is difficult to accurately model the complex secondary structure 

of mRNA (Lima et al., 1992; Stein, 2001; Kawasaki et al., 2003). Since these models should 

therefore be viewed as merely predictive, it is thus plausible that the target site of shNS1-1464 

on the NS1 mRNA transcript was less accessible for interaction with the RISC/shNS1-1464 

complex due to local secondary structure constraints. 

 

Although both shNS1-710 and shNS1-1464 suppressed expression of AHSV-6 NS1 mRNA, 

they did not induce a significant reduction in NS1-eGFP reporter protein expression. As 

indicated above, the NS1-directed shRNAs might have been ineffective due to changes in the 

local secondary structures of the target regions in the NS1 mRNA compared to those in the 

NS1-eGFP chimeric mRNA. This was especially noticeable for the target region of shNS1-

710. Whereas the target region in the NS1-eGFP mRNA appeared to be comprised of a region 

rich in hairpin-loop structures in close proximity to each other (Fig. 4.2), the identical region 

in the NS1 mRNA was structurally less complex and the target region appeared to be more 

readily accessible (Fig. 4.1). Notably, Wu et al. (2004) reported that for some human genes 

analyzed, the protein levels were not affected despite a sharp reduction in the corresponding 

mRNA levels. It was concluded that long-lived proteins may show only a modest knock-down 

even if the RNAi effect at the mRNA level is readily detectable. In this regard, it is important 

to note that the NS1 protein, which is synthesized in a large excess over other proteins in 

orbivirus-infected cells and rapidly polymerizes into tubules (Nel and Huismans, 1991), is 

also a stable, major constituent of the infected cells throughout the infectious cycle 

(Huismans, 1979; Huismans and Els, 1979). Unfortunately, the unavailability of an anti-

AHSV NS1 antibody precluded Western blot analyses whereby the suppression of NS1 

protein levels in the experimental systems utilized in this investigation could be investigated 

and compared. Nevertheless, the results appear to suggest that the value of RNAi as a tool for 

functional studies of such stable, long-lived proteins may be weakened.  
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Interestingly, the results obtained in this part of the investigation also suggested that shRNAs 

may not be as effective as chemically synthesized siRNAs to suppress gene expression. 

Several reports have claimed that shRNAs are as effective and even more effective than 

siRNAs to mediate gene silencing (Scherer et al., 2004; Siolas et al., 2005; Vlassov et al., 

2007), while others have claimed the opposite (Bridge et al., 2003). It should be kept in mind 

that there are no specific guidelines for the design of shRNAs. Since shRNAs are processed 

by Dicer intracellularly to siRNAs, it has generally been recommended that shRNA design 

should be based on the design rules for siRNAs (Amarzguioui et al., 2005). However, several 

recent reports have demonstrated that although a given siRNA sequence can effectively 

suppress expression of a target gene, a corresponding DNA-expressed shRNA may not 

perform equally (Peng et al., 2005; Lambeth et al., 2007). In this investigation, a chemically 

synthesized siRNA directed to the eGFP reporter gene (eGFP-siRNA) was previously shown 

to suppress NS1-eGFP protein expression by 55% (Chapter 2), but when expressed as a 

shRNA, NS1-eGFP protein expression was reduced by only 10% (this Chapter, Fig. 4.5). 

Several factors may account for the difference in NS1-eGFP protein suppression observed by 

the eGFP-directed siRNA compared to the corresponding shRNA. The difference may be due 

to decreased transfection efficiency of the plasmid DNA compared to that of siRNA. In 

contrast to plasmid DNA, which has a high molecular mass and highly charged 

characteristics, the chemically synthesized siRNA is much smaller and thus enter cells more 

easily (Schiffelers et al., 2004; Judge et al., 2005). Also, in the case of shRNA delivery 

vectors, the plasmid DNA must first be transcribed by the cellular machinery to generate 

shRNA transcripts that then need to be processed by Dicer into siRNAs and, in addition, the 

amount of shRNA transcripts generated in the transfected cells by the plasmid vector DNA 

cannot be controlled. In contrast, chemically synthesized siRNAs allow for precise control of 

the amount of the siRNA and immediate gene silencing due to their delivery directly into the 

cell cytoplasm (Elbashir et al., 2002; Mittal, 2004). Moreover, Taxman et al. (2006) reported 

that none of the algorithms frequently used for siRNA design showed a statistically 

significant ability to discriminate between effective and ineffective shRNA. Thus, the absence 

of satisfactory shRNA design tools may be another factor in the difference observed for 

siRNA versus expressed shRNA to mediate silencing of the chimeric NS1-eGFP protein. 

 

In conclusion, the results obtained in this part of the investigation indicated that shRNA-

mediated silencing of the AHSV-6 NS1 gene in mammalian BHK-21 cells is tractable.  

However, the results also highlighted several aspects that warrant further investigation. These 
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include the selection of optimal NS1 target sequences for increased NS1 gene silencing 

efficiency and the use of alternative shRNA delivery vectors to mediate persistent long-term 

gene silencing. The latter may be used to overcome problems associated with the abundance 

and longetivity of the NS1 protein in infected cells. These aspects will be discussed in greater 

detail in the following Chapter. 
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RNA interference (RNAi) is an evolutionary conserved mechanism of post-transcriptional 

gene silencing produced by double-stranded (ds) RNA (Fire et al., 1998; Tuschl et al., 1999). 

Currently, RNAi is widely used both as a powerful approach for the analysis of viral gene 

function (López et al., 2005; Campagna et al., 2005; Wirblich et al., 2006) and as a strategy 

for gene silencing-based antiviral therapeutics (Haasnoot et al., 2003; Stram and Kuzntzova, 

2006). As compared with other gene silencing reagents such as antisense oligonucleotides, 

ribozymes and intrabodies (Nahreini et al., 2004; Robishaw et al., 2004; Owens et al., 2004; 

Vascotto et al., 2005), short interfering RNAs (siRNAs) have become the most widely used 

gene silencing reagents for manipulating gene activity in mammalian systems (Elbashir et al., 

2002; Scherer et al., 2004; Cullen, 2006). In addition to exogenous delivery of chemically 

synthesized siRNAs into mammalian cells (Elbashir et al., 2001a; Caplen et al., 2001), active 

siRNAs can also be generated from endogenous vector-expressed short hairpin RNAs 

(shRNAs) (Brummelkamp et al., 2002a; Paddison et al., 2002). Consequently, the aim of this 

investigation was essentially to develop a plasmid DNA vector-based RNAi assay whereby 

expression of the NS1 gene of AHSV-6 could be silenced with shRNAs in mammalian BHK-

21 cells. The details of the results obtained in the course of achieving this objective have been 

discussed in the individual Chapters. The new information that has evolved during this 

investigation will be briefly summarized and suggestions regarding future research in this 

field will be made. 

 

Results obtained during the course of this investigation indicated that the two shRNAs 

directed to the AHSV-6 NS1 gene were capable of reducing NS1 mRNA expression. Whereas 

shNS1-710 induced a 2.6-fold reduction in NS1 mRNA expression in virus-infected cells, 

shNS1-1464 was less efficient and induced a 1.2-fold reduction in NS1 mRNA expression 

(Chapter 4). It has previously been reported that shRNA-mediated silencing of AHSV-9 NS2 

gene expression induced a 4.1-fold reduction in NS2 mRNA expression (Nieuwoudt, 2008). 

Thus, the results obtained may suggest that there is room for improvement in searching for the 

“ideal” sequence in NS1 that may yield optimum silencing effectivity. However, this may not 

be a trivial matter as a major problem in the RNAi field concerns the design of effective 

shRNAs. Notably, two studies have described approaches whereby the efficiency of a shRNA 

can be enhanced (Kim et al., 2005; Siolas et al., 2005). In the study by Kim et al. (2005), a set 

of chemically synthesized siRNAs of varying length was used to silence target gene 

expression. The optimum silencing efficiency was found for siRNAs being 27 nt in length. 

The 27-nt siRNAs were purportedly also suitable to target sites that were refractory to 
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silencing by 21-nt siRNAs, and did not activate the interferon response or protein kinase R 

(PKR). Similarly, Siolas et al. (2005) reported that 29-nt shRNAs were particularly potent 

inducers of RNAi. The improved efficiencies of these longer RNAi effector molecules, which 

were reported to be up to 100-fold more potent than the corresponding conventional 21-nt 

siRNAs, was postulated to result from their recognition and cleavage by Dicer, followed by 

their subsequently more efficient incorporation into the RISC complex. It was suggested that 

providing the RNAi machinery with a Dicer substrate presumably results in more efficient 

incorporation of the active 21-nt RNAi effector molecule into RISC (Kim et al., 2005; Siolas 

et al. 2005). Consequently, based on these findings, it was recently proposed that shRNA 

design should proceed according to the following steps: (i) selection of the desired 21-nt 

siRNA sequence using the most current design rules; (ii) extension of the above sequence 

towards the 3’ end of the target for a duplex length of 25-29 bp; and (iii) capping of the 3’ end 

of the duplex with a loop, preferably one derived from a naturally occurring miRNA 

(Amarzguioui et al., 2005). Since the screening of effective shRNAs is still an empirical 

process, future research should allow for the screening of an increased number of candidate 

shRNAs and these should be designed by taking the above recommendations into account. 

 

Despite the shRNA-mediated reduction in AHSV-6 mRNA expression being readily 

detectable, a corresponding reduction in NS1 protein levels could not be demonstrated due to 

the lack of an anti-NS1 antibody. Nevertheless, the NS1-directed shRNAs were shown to 

mediate silencing of the NS1-eGFP reporter protein, albeit weakly (9-19%). Although 

differences in the local secondary structure of the target sequences in the native NS1 and 

chimeric NS1-eGFP mRNAs may account for the weak correlation between these results, the 

results also hinted at the importance of the abundance and half-life of the target protein in 

evaluating RNAi efficiency. The NS1 protein is the most abundantly expressed protein during 

virus infection (Huismans, 1979) and the NS1-rich tubules are major constituents of the 

infected cells throughout the viral infectious cycle (Huismans and Els, 1979). Previous reports 

have indicated that siRNA-mediated silencing of highly abundant proteins requires a higher 

dosage of the siRNA or multiple (2 to 3 times) transfections of the mammalian cells with the 

siRNA, while in the case of proteins with long half-lives the assays have to be performed over 

a longer period of time in order to detect a knock-down effect on the protein level (Ritter et 

al., 2003; Choi et al., 2005). The pSUPER shRNA delivery vector used in this investigation 

lacks a selectable marker for mammalian cells and therefore does not allow for persistent gene 

silencing.  Persistent long-term silencing of AHSV-6 NS1 gene expression may be obtained 
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by making use of other plasmid DNA, lentiviral or retroviral shRNA expression vectors that 

allows for antibiotic-based selection of transductants that stably express the relevant shRNAs 

(Brummelkamp et al., 2002b; Rubinson et al., 2003; Schuck et al., 2004; Wadhwa et al., 

2004; Cullen, 2006). The use of such vector systems should allow RNAi assays to be 

performed over a longer period of time that is permissible with the pSUPER shRNA delivery 

vector. This may make it possible to suppress NS1 mRNA expression to such an extent where 

no new protein synthesis will be initiated, thus allowing for detailed characterization of the 

resulting loss-of-function phenotype. 

 

In this investigation, low expression levels in BHK-21 cells necessitated that the eGFP and 

chimeric NS1-eGFP genes had to be recloned from mammalian expression vectors and 

expressed in S. frugiperda insect cells by means of baculovirus recombinants in order to allow 

for their characterization (Chapter 3). In this regard, it is interesting to note that although the 

baculovirus system was initially classified as being non-infectious to mammalian cells 

(O’Reilly et al., 1992), it has subsequently been reported that baculovirus can be used to 

deliver heterologous genes into numerous mammalian cells, including BHK cells (Ghosh et 

al., 2002; Huser and Hofmann, 2003; Cheng et al., 2004; Phillips et al., 2005; Hu, 2005). The 

transduction efficiencies may vary depending on the cell types, but it has been reported to be 

up to 95% for BHK-21 cells (Cheng et al., 2004; Hu, 2005). Moreover, it has also been 

reported that enhanced gene transfer efficiency could be obtained in a variety of cell lines 

when using a recombinant baculovirus expressing the surface glycoprotein of vesicular 

stomatitis virus (VSV G) (Lu et al., 2006). Recently, Philipps et al. (2005) described the 

construction of a derivative pFastBac1™ vector in which the baculovirus polyhedrin promoter 

was replaced with the p10 promoter, and the cytomegalovirus immediate early enhancer and 

promoter was then cloned upstream of the baculovirus p10 promoter. Using this vector 

system, the expression yields in S. frugiperda cells were comparable to that determined for 

the unmodified pFastBac1™ vector and a high expression level in mammalian cells (CHO 

and HEK-293) was achieved after transduction of the cells with the recombinant baculovirus 

(Philipps et al., 2005). A future avenue of research may therefore be to construct such 

derivative baculovirus vectors that will allow the expression of the target protein in both 

insect and mammalian cells, thus eliminating additional cloning steps into mammalian 

expression vectors. The baculovirus-transduced mammalian cells may also be used to screen 

for effective target gene-specific RNAi effector molecules by making use of an approach 

similar to that described in this investigation (Chapter 2). An extension of this research may 
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also entail construction of recombinant baculoviruses that can serve as alternative vehicles for 

shRNA delivery. Based on their high transduction efficiency of mammalian cells, they may 

overcome the low transfection efficiency often associated with plasmid DNA shRNA delivery 

vectors (Schiffelers et al., 2004; Judge et al., 2005). 

 

As indicated previously, one of the major drawbacks of research with AHSV has been the 

lack of a suitable reverse genetics system that would allow genetic manipulation of the virus. 

However, during the course of finalizing this dissertation, it was reported that it is possible to 

recover infectious bluetongue virus (BTV) wholly from single-stranded (ss) RNA synthesized 

in vitro using BTV core particles (Boyce and Roy, 2007). These results not only indicated that 

the viral ssRNA is infectious, but it also suggested a means for establishing a helper virus-

independent reverse genetics system for orbiviruses. Consequently, the development of a 

reverse genetics system for BTV was recently reported (Boyce et al., 2008). It was 

demonstrated that infectious BTV could be recovered entirely from in vitro-synthesized T7 

transcripts, derived from cDNA clones, which had been synthesized in the presence of a cap 

analogue. Moreover, the reverse genetics system was shown to allow for the generation of 

BTV mutants in a consistent genetic background (Boyce et al., 2008). Clearly, the 

development and establishment of such a reverse genetics system for AHSV would be of 

great benefit to research in this field. Not only will such a system allow for the introduction of 

specific mutations into the genome segments of AHSV thereby enhancing understanding of 

the functions of the viral proteins in the replicating virus, but it will also allow for the 

mapping of regulatory sequences that, amongst other, control the replication and packaging of 

the respective genome segments.  

 

In conclusion, a plasmid DNA vector-based gene silencing assay has been developed for the 

suppression of AHSV-6 NS1 gene expression in BHK-21 cells by means of shRNAs.  Having 

established this technology, future studies should be directed at optimizing the assay and 

using the developed assay to investigate not only NS1 protein function, but also the function 

of other AHSV proteins during the replication cycle of the virus.  It can be envisaged that the 

development of a reverse genetics system for AHSV, combined with the use of RNAi-based 

gene silencing technologies, will become a dominant future research area and should facilitate 

greatly molecular studies of individual proteins in the context of the whole virus. 
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