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ABSTRACT 

Avian influenza has always been a serious threat to the poultry industry and 

public health. Limitations in the effectiveness and possible adverse effects of vaccines 

and antiviral drugs demonstrate the need to develop new prophylactic and therapeutic 

approaches. RNA silencing, an evolutionarily conserved pathway in many eukaryotic 

cells, has been utilized as a powerful tool to reduce gene expression levels as an 

approach for potential therapeutic uses. Previous studies have shown that small 

interfering RNAs (siRNAs), synthetic 19-21nt double-stranded RNAs, can 

significantly inhibit influenza virus replication both in vitro and in vivo by targeting 

viral mRNAs for degradation.  

The studies herein focus on developing RNAi molecules and constructs as 

potential alternative methods to control avian influenza. With the restrictions of 

sequence complementarity for efficient siRNA targeting and yet the existence of high 

sequence variation within a dynamically changing influenza population, viral RNAi 

targets has to be selected within highly conserved regions of the influenza virus 

genome. However, not all the conserved regions were found to be optimal for siRNA 

design.  

To address these challenges, I first developed a system for the accurate and 

rapid quantitation of influenza infectious titer and for monitoring the antiviral activity 

of siRNAs. Influenza vRNA/cRNA promoter-controlled GFP/luciferase expression 

plasmids were developed and compared for their sensitivity and accuracy in 
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determining influenza virus infectious titers. The vRNA-promoter driven luciferase 

expression reporter was selected for its high sensitivity and lower background.    

Secondly, siRNAs targeting highly conserved regions across different 

influenza A virus strains were designed and optimized with sequence, structural or 

size modifications. Several modifications were found to improve the selected siRNAs’ 

antisense-strand targeting efficiency and antiviral activity. Furthermore, to extend the 

practical application of anti-influenza RNAi, an influenza infection-inducible 

microRNA expression cassette was developed and demonstrated to have strong 

inhibitory activity on influenza virus replication. 
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Chapter 1 

INTRODUCTION 

Influenza virus belongs to the family Orthomyxoviridae. It has three major 

types, A, B and C. Among these, influenza A viruses are the most important zoonotic 

pathogens (1). Wild birds are the natural reservoir for influenza A viruses, the virus 

population can also infect a wide range of hosts including human, birds, pigs and 

horses and are responsible for severe epidemics as well as pandemics. Influenza A 

viruses are lipid-enveloped viruses containing eight single-stranded, negative-sense 

and segmented RNAs. According to differences of two surface antigens, 

hemagglutinin (HA) and neuraminidase (NA), influenza A viruses are classified into 

sixteen known HA subtypes and nine known NA subtypes (2).  

Avian influenza (AI) is caused by influenza A viruses that infect various 

domestic as well as wild bird species. According to the clinical signs of AI, avian 

influenza viruses are classified into highly pathogenic avian influenza (HPAI), which 

was known as ‘fowl plague’ in the 1980s (3) or low pathogenic avian influenza 

(LPAI). The World Organization for Animal Health (OIE) specified HPAI as a 

notifiable avian influenza virus (NAI). According to OIE, notifiable HPAI (HPNAI) 

avian influenza viruses are defined as meeting any one of the following criteria (4): a) 

Avian influenza strains that can kill more than three-fourths of at least eight 4- to 8-

week-old susceptible chickens inoculated intravenously in 10 days; b) Avian influenza 

strains that have intravenous pathogenicity index (IVPI) greater than 1.2 when 

inoculated intravenously into ten susceptible 4- to 8-week-old susceptible chickens; c) 
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H5 and H7 subtype avian influenza viruses that have a multiple basic amino acid 

cleavage sequence at the hemagglutinin coding region similar to those that are found 

in other HPNAI. Furthermore, any H5 or H7 low pathogenicity avian influenza viruses 

that are neither pathogenic to chickens nor have multiple basic amino acid sequences 

(4) were also considered notifiable and defined as LPNAI for the concerns that H5 and 

H7 LPAI would become virulent  strains by mutations when infecting chickens (5). 

HPAI leads to high mortality among domestic poultry. Both historical and 

ongoing outbreaks bring huge economic losses to the poultry industry. LPAI viruses 

although only cause mild to subclinical signs in domestic poultry, can potentially 

mutate into HPAI viruses. Current prevention and control measures for AI depend on 

adequate biosecurity and therefore more effective methods should be implemented. 

1.1 General Information on Avian Influenza Virus  

1.1.1 Clinical signs in chickens and the economic significance of AI 

LPNAI infection in poultry is usually asymptomatic. A temporary 5-30% drop 

in egg production among layers can be observed, which returns to normal after 

recovery. Infection of turkeys by LPNAI is usually more severe than in chickens. 

Inappetence and decreased water consumption are usually observed (6). The common 

clinical signs in domestic ducks and geese are usually respiratory symptoms, such as 

nasal discharge and swollen sinuses (6). 

HPAI causes high mortality among domestic poultry. With an incubation time 

of 3-7 days in birds, the most frequent sign of infection for chickens is sudden death, 

usually in large numbers (6). After the first sign of illness, mortality rates can almost 

reach ~100% after 2-12 days. The canonical clinical signs of HPAI infection include 
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marked depression, termination of egg production, and watery diarrhea 24-48hr before 

death. Neurologic signs such as torticollis and ataxia and respiratory signs such as 

coughing, sneezing and mucus accumulation are less frequently observed (6). 

The most important biological difference, which results in the differential 

pathogenicity between HPAI and LPAI, is that HPAI is able to replicate systemically 

while LPAI can only replicate locally in the enteric or respiratory tract. This 

phenomenon is due to the presence of the multiple basic amino acid sequence on the 

HPAI hemagglutinin protein, which can be recognized by ubiquitous intracellular 

proteases and be activated for virion release. Instead, the hemagglutinin protein of 

LPAI can be recognized by an extracellular trypsin-like protease, which only exists in 

enteric and respiratory tracts (7).  

The greatest economic losses brought by HPAI outbreaks happen in 

commercial farms with dense populations of domestic poultry. Economic costs 

directly involved with HPAI outbreaks include high morbidity and mortality. The 

indirect costs include the exercise of subsequent surveillance and prevention measures 

such as depopulation, disposal and the impact on live bird market (LBM). The two 

large outbreaks of HPAI that occurred in the 19th century in the U.S. cost over $64 

million dollars ($116 million adjusted to 2001) in direct loss as to the poultry industry 

(8,9). 

There is an increasing trend in the number of avian influenza outbreaks in 

recent years. Since avian influenza was identified as the agent causing “fowl plaque” 

in 1955, there were 17 outbreaks of AI reported between 1955 and 1998 (10,11) and 

HPAI outbreaks was considered rare events. However, from 1998, there have been a 

significant increase in the number of HPAI avian influenza outbreaks that have 
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occurred in both developing and developed areas including Mexico (12), Pakistan 

(13), Hong Kong (14,15), the Netherlands, Asia(16), and Africa (17). Those outbreaks 

have resulted in huge economic losses and clearly require more effective control and 

prevention measures.  

1.1.2 Public health concerns  

Avian influenza virus can also cause direct interspecies infection to human. 

Before 1997, sporadic cases of human infection with A/H7N7 avian influenza virus 

via direct animal-to-human transmission were reported (18–20). Most of them resulted 

in conjunctivitis and no death was reported. The outbreak of H5N1 avian influenza in 

Hong Kong in 1997 (21) involved several instances of human infection with clinical 

respiratory illnesses and deaths. This has raised public’s attention. Since then, more 

cases of human infection by avian influenza have been reported in more than 12 

countries including Asia, Europe and Africa (22). The subtypes of avian influenza 

virus involved in those infection cases include the H5 subtype (H5N1), H7 subtypes 

(H7N2, H7N3, H7N7 and H7N9) and the H9 subtype (H9N2) (22,23). Before 2013, 

most of the cases were caused by highly pathogenic H5N1. According to the WHO 

(24), since 2003 till 2011, more than 600 cases of human infection by H5N1 with 

~60% fatality were reported (24). However, a recent outbreak of low pathogenic avian 

influenza H7N9 infection in human in China on March 2013 has caused more than 

100 cases of infections with acute respiratory symptoms and a 22% fatality within a 

year (23,25). Besides, the H7N9 infection appears to be asymptomatic in poultry, 

which makes it harder to control. 

The clinical symptoms caused by avian influenza virus in humans also varies 

depending on the type of avian influenza virus and ranges from conjunctivitis to 



 

5 5 

respiratory symptom to death (26). Most of the cases occurred after closely handling 

sick or dead poultry. Cases of direct human-to-human transmission of avian influenza 

infected disease are rare, inefficiently supported, and have been limited (27–29). 

However, several recent reports showing that artificially mutated or re-assorted highly 

pathogenic avian influenza H5N1 strains confer the ability to transmit among guinea 

pigs (30) and ferrets (31,32) through respiratory droplets has drastically increased 

public concerns for the potential to widely spread HPAI infections among human. 

Two antiviral drugs, oseltamivir or zanamivir are currently the recommended 

treatments for avian influenza virus by the CDC and the WHO (26). However, because 

of the high risk of antiviral resistance development, their use is limited to large 

pandemic events. Several H5N1vaccines have also been developed and licensed for 

use in the U.S. (33,34) and Australia (35). However, they are reserved for use in the 

event of large H5N1 pandemics and are not commercially available. 

1.1.3 Current prevention and control measures for avian influenza virus  

According to FAO (Food And Agricultural Organization)/OIE/WHO (World 

Health Organization)’s suggestions on global strategies for control and prevention of 

avian influenza virus, generally accepted strategies for the prevention of avian 

influenza virus infections include enhanced biosecurity, strict regulations of live bird 

markets and the vaccination of poultry (36). High standards of biosecurity for poultry 

growth on farms are considered the cornerstone for prevention. This primarily requires 

preventing contact between domestic poultry and wild birds, including shared path for 

water consumption and appropriate cleaning and disinfection procedures when 

handling poultry (37). Live bird markets where transmission of avian influenza among 

poultry as well as to humans could happen, also need to be strictly controlled. 
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Vaccination is also recommended by OIE and FAO (36). However, it needs to be 

applied in combination with the other control measures mentioned above and is only 

applied in high-risk areas (36).  

Effective control measures during an outbreak suggested by FAO (38) include 

the controlled movement of birds in the infected “zones”, “Stamping-out” policies 

(depopulation of the infected and at-risk poultry), proper disposal of infected poultry 

and contaminated animal products, and vaccination. Although these measures have 

reduced the prevalence of AI in several countries (36), large economic costs put 

burdens on the effective control and prevention of avian influenza viruses, especially 

in some developing countries. More cost-effective measures still need to be developed. 

1.2 Molecular Virology of Influenza A Virus 

1.2.1 Structure and protein information of influenza A virus 

The influenza A virus genome consists of eight negative single-stranded RNA 

segments, which encode up to 17 proteins (1,39). The three subunits of influenza viral 

RNA polymerase (PB2, PB1 and PA) are encoded by segments 1 to 3. Recent studies 

showed that segment 2 and segment 3 are capable of encoding extra proteins via 

ribosomal frameshifting or leaky ribosomal scanning. Segment 2 encodes three 

proteins, PB1, PB1-F2 and PB1-N40. PB1-F2 is transcribed by segment 2 in a +1 

reading frame, while PB1-N40 is a N-terminally deleted form of PB1. Both of them 

are as a result of leaky ribosomal scanning. Some strains encode a functional PB1-F2 

protein with 87 or 90aa in length and some strains encode a truncated version of PB1-

F2 (39,40). Segment 3 encode encodes two proteins, PA and PA-X (41,42). PA-X is 

transcribed from a +1 ribosomal frameshifting and studies suggested that PA-X is 
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universally expressed across different strains (41). The surface glycoprotein 

hemagglutinin (HA) by segment 4, nucleoprotein by segment 5, and another surface 

glycoprotein neuraminidase (NA) by segment 6.  The segments 7 and 8 each could 

encode two distinct proteins through messenger RNA (mRNAs) splicing. Segment 7 

encodes an internal matrix protein (M1) and a third surface protein (M2) while 

segment 8 encodes nonstructural protein 1 (NS1) and nonstructural protein 2 (NS2). 

NS1 is not packaged into virions but it is produced in a large quantities during 

infection (43). NS2 exists in small amounts inside of the virion (44). The specific 

functions of each protein are listed in Table 1.1.  

The influenza A virion is spherical or filamentous shaped with an average 

diameter of 100 nm (45). A schematic of the influenza A virus structure is shown in 

Figure 1.1. The two major antigenic glycoproteins HA and NA are embedded on the 

surface of the virus lipid envelope in a ratio of about 4 to 1 (1). The HA protein binds 

to the sialic acid on the host cell surface to facilitate viral attachment. The NA protein 

destroys sialic acid binding to prevent aggregation of progeny virions. It is the target 

of antiviral drug Oseltamivir and Zanamivir, which inhibits neuraminidase activity and 

cause aggregation of viral particles (46), thus inhibit influenza reproduction. The M2 

protein is a transmembrane protein and functions as an ion channel. It is activated by 

low PH and facilitates the uncoating of virions (47). M2 is the target of antiviral drugs 

Amantadine and Rimantidine. Due to the relative frequent emergence of resistant-

strains to these two drugs by mutations, CDC suggested discontinuing use of them 

(48). Underneath the envelop lies a layer of M1 proteins (49).within the virion, RNA 

segments are encapsidated by nucleoprotein and exist in the form of ribonucleoprotein 
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Table 1.1 Influenza A virus gene and protein 

RNA 
segment* 

Length** Protein 
encoded 

Protein 
size 

Protein function 

1 2341 PB2 759 Recognizes and binds to 5’capped of host pre-mRNAs; subunit of 
viral RNA polymerase 

2 2341 PB1 757 RNA-dependent RNA polymerase activity; subunit of viral RNA polymerase 

  PB1-N40 718 Maintenance of PB1-F2 and PB1’s expression level 

  PB1-F2 Truncated 
or 87-90 

Exists in certain strains of influenza A virus and enhance cell apoptosis 
through mitochondria regulation 

3 2233 PA 716 Endonucleolytic cleaves pre-mRNA and generate primers for viral 
transcription; subunit of viral RNA polymerase 

  PA-X 252 Virulence factor and host response  

4 1778 HA 566 Viral attachment to sialic acid on the surface of host cells; major antigenic 
determinant; membrane fusion; proteolytic cleavage for activation; 
hemagglutinin. 

5 1565 NP 498 Binds to viral RNA to form viral ribonucleoprotein (vRNP); Transports 
vRNA from cytoplasm to nuclear; involved in viral RNA synthesis. 

6 1413 NA 454 Major antigenic determinant; neuraminidase activity; cleaves silalic acid to 
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destruct receptor binding; facilitate release of newly synthesized virions 

7 1027 M1 252 Major component protein underneath lipid envelope; Facilitates viral 
replication; Facilitates packaging/budding of newly synthesized virions; 
Export of progeny vRNP into cytoplasm; most abundant proteins 

  M2 97 Transmembrane protein; ion channel activity important for virus uncoating 
and virion formation 

8 890 NS1 230 Inhibit host mRNA processing; interferon antagonism; binds to double-
stranded RNA (dsRNA); interact with proteins involved in cell signaling and 
reduce cell apoptosis  

  NS2 121 Facilitates nuclear export of vRNP; interacts with M1 

* The table is adapted from Briedis (2011), Swayne and Halvorson (1997) and  Dias et al. (2009). 

** Lengths are based on the A/PR/8/34 strain.  
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Figure 1.1 Schematic diagram of the influenza A virus structure. Picture adapted 
from Horimoto and Kawaoka, 2005 (51). Influenza A virus has a 
spherical shape with a lipid envelop. On the surface are embedded two 
major antigens HA and NA. An M2 ion channel is incorporated within 
the surface membrane. Underneath lies a layer of M1 protein. Inside the 
virion, eight RNA segments are wrapped with nucleoproteins and a 
single copy of RNA polymerase.  
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(RNP). Each vRNP is attached to a viral RNA polymerase, composed of three subunits 

PA, PB2 and PB1, needed for viral replication and transcription (45). The RNA 

polymerase has RNA-dependent RNA polymerase activity. The 5’ and 3’ termini of 

each segment are complementary to each other and can form panhandle or 

“corkscrew” structures (52,53). This replication model will be discussed in more 

details in Chapter 1.2.2. 

1.2.2 Influenza A virus life cycle 

Influenza A virus attaches to host cells through sialic acid binding by 

hemagglutinin (HA). Variations in the receptor-binding affinity of influenza A virus is 

determined by the different linkage type of terminal sialic acid to the galactose. In 

general, avian and equine influenza virus contains HA that preferentially recognize 

sialic acid having α- (2, 3) linkage while human influenza virus contains HA that 

prefers an α- (2, 6) linkage (54,55). The influenza virus replication cycle is 

demonstrated in Figure 1.2. Binding of silaic acid to HA protein initiates receptor-

mediated endocytosis. This features a pH drop, which triggers the conformational 

change of HA. This allows HA to be inserted into the endosomal membrane and 

induces the fusion of the viral and cellular membranes (56). The M2 ion channel 

protein on the surface of virions then conducts protons and acidifies the interior of the 

virions, which triggers the uncoating of virions and the release of the vRNPs into the 

cytoplasm (57,58). vRNPs are then transported into the cell nucleus for replication and 

transcription (59).  

The viral RNPs serve as templates for the synthesis of both mRNAs and 

complementary RNA (cRNA) molecules under the control of influenza RNA-

dependent RNA polymerase (RdRp) (1,60). The 13 nucleotides at 5’-end and 12  
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Figure 1.2 Influenza A virus replication cycle. This picture was adapted from 
Neumann et al. 2009 (61). Steps of influenza A virus life cycle include 
attachment, virus entry, viral replication and transcription, protein 
translation, packaging, assembly, budding and release.   
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nucleotides at 3’-end of non-coding regions of vRNA are highly conserved among the 

different segments and across different IAV strains. Recent studies suggested that 

these conserved nucleotides, along with several segment-specific nucleotides at 5’ and 

3’ends, can form a “corkscrew” structure (62) recognized by RdRp to initiate the 

primer-dependent mRNA transcription or de novo cRNA synthesis. Luytjes et al. 

(1989) have demonstrated that 22 nucleotides from 5’end and 26 nucleotides from 

3’end of vRNA were sufficient to support RNA transcription and replications. The 

complementary cRNA can also form similar structures and interact with RdRp in trans 

(63) for the production of progeny vRNAs. Virion RNA and its complementary strand 

cRNA form similar structures yet with unique features, which enables the differential 

recognition of the viral polymerase complex. Viral replication is error-prone. Lacking 

proofreading properties, the RdRp has a mutation rate in the range of 10-3~10-5 

substitutions per nucleotide (64). Mutations of HA and/or NA genes can cause amino 

acid substitutions of HA/NA epitopes, which is called “antigenic drift” (1). The 

antigenic variants of mammalian influenza viruses are usually selected by immune 

pressure (1). For avian influenza viruses, the antigenic diversity of HPAI is more 

frequently observed among vaccinated poultry (65). On the other hand, transcription 

of messenger RNAs is initiated by a “cap-snatching” mechanism. Recent studies have 

found that the PA subunit has the endonuclease activity. It cleaves near the 5’ cap of 

host pre-mRNAs and generates 10-13 nucleotides to prime virus mRNA transcription 

(66). The mRNA produced are polyadenylated by transcribing the poly-(A) signal 

existing at the 5’end of the vRNA (67). 

Recently, via manipulating the influenza vRNA promoter to express reporter 

proteins such as Enhanced Green Fluorescent Protein (EGFP) and luciferase (Luc), 
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researchers successfully developed constructs and cell lines for the detection of 

influenza virus replication/transcription and the expression of foreign proteins (68–

71). The inducible expression of reporter proteins only in presence of viral polymerase 

makes these constructs and cell lines suitable for the detection of viral infectious titer 

in a relatively short period of time and they are used for conducting large screening of 

antiviral reagents (72,73).  

Once polyadenylated, viral mRNAs are exported into the cytoplasm for 

translation. In the cytoplasm, mRNAs are recognized by ribosomes for translation 

(Figure 1.2). Three RNA polymerase subunits and NP proteins are transported back 

into nucleus after production to facilitate transcription and replication (74). Three 

surface proteins HA, NA and M2 are translocated into the endoplasmic reticulum for 

post-translational modifications such as glycosylation and oligomerization, after they 

are synthesized by membrane-bound ribosome. They are then transported to Golgi 

apparatus (75) followed by trafficking to cell membranes for subsequent viral 

assembly. Export of vRNP is mediated via the assistance of NS2 and M1 proteins 

(76). M1 is found to be associated with vRNA and NP, which could further stabilize 

the vRNP structure. It has also been found to interact with NS2 protein and together 

they facilitate the export the vRNP through nucleoporins (77). The assembly of newly 

synthesized virions is facilitated by M1 protein which directs the vRNP to be 

associated with the membrane-bound protein HA, NA and M2 (1). The packaging of 

segmented vRNPs was suggested as a selective procedure (78,79). Recent studies 

suggest that packaging signals that exist at the 5’ and 3’ end of the segmented RNA 

are necessary for incorporation. Moreover, there is one more bundling signal which 

exists in the encoding regions and which ensures the full sets of genomes are packaged 
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(80). Budding of newly synthesized virions is also facilitated by M1 (49). The HA 

protein still binds to sialic acid after budding, so the release of virus particles is 

through the destruction of the interaction by NA protein cleavage. The processing of 

HA is very important to the virulence of the influenza virus. An HA protein that 

contains a multibasic cleavage site can be processed by intracellular protease such as 

furin or furin-like protease into the active forms HA1 and HA2, which are bound by 

disulfide bonds (81), while the one that does not contain the cleavage site still remains 

the inactive precursor form HA0, until recognized by extracellular protease such as 

trypsin-like protease for activation. The HA0 form does not respond to the lowering 

PH and undergo conformational change during the receptor-mediated endocytosis 

without cleavage (81,82). This would lead to unsuccessful viral entry and the 

influenza virus is thus non-infectious. 

1.3 Background of RNAi 

RNA interference (RNAi), first identified in nematode worms Caenorhabditis 

elegans (83), is a highly conserved pathway found in many eukaryotic cells that could 

inhibit gene expression in a sequence-specific manner. The phenomenon was also 

observed in plants (84) and fungi (85,86) before, but this mechanism of RNAi was 

only revealed until 1998 by Fire et al. (83). Afterwards, it was found to be also 

conserved in other species including insects (87), protozoa (88) and mammalian cells 

(89), which suggested the ancient origin of it from a same ancestor. In higher plants, 

RNA interference functions as a naturally occurring antiviral response, which could be 

transmitted systemically to combat virus infection (90). Similarly, Li et al. observed 

that in Drosophila cells, the RNA virus infection could induce strong RNA silencing, 

suggesting that RNAi serves as an adaptive antiviral defense (91). In mammalian cells, 
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the sequence-specific RNAi pathway was originally thought to be unlikely present 

because the long dsRNAs (>30bp) are able to induce sequence-independent gene 

silencing through activation of protein kinase (PKR) (92) and 2’-5’ oligoadenylate 

synthetase (2’- 5’ OAS) . The former could result in phosphorylation of translation 

factor eIF2α and subsequent translational inhibition (93) while the latter could 

promote the dimerization of RNase L and result in global degradation of mRNAs (94). 

Elbashir et al. (2001) found that the 21-nucleotide siRNA with a 2-nt 3’ overhang 

could evade these cellular sensors and be capable of inducing efficient sequence-

specific gene silencing and demonstrated the existence of the RNA interference 

pathway in mammals. It was long argued whether RNA interference should also be 

considered as a defense system for virus infection in mammalian cells (95) since some 

animal viruses carry viral proteins that could suppress RNAi in insects and plants (96–

99). Until recently, two studies on encephalomyocarditis virus and Nodamura virus 

infection of mammals revealed that both in vitro and in vivo , RNAi played an 

important role in the innate antiviral function in mammals (100,101).  

RNAi could induce gene silencing through two different pathways (as 

demonstrated in Figure 1.3) post-transcriptional gene silencing, which include mRNA 

degradation and translational inhibition, and transcriptional gene silencing. The post-

transcriptional silencing induced by dsRNAs/siRNAs, which usually have sequences 

fully complementary to their target mRNAs, is the most common pathway for gene 

silencing. The model has been established well in Drosophila, which includes two 

steps, an initiation step and an effector step (102). In the initiation step, the dsRNA is 

recognized by Dicer, an ATP-dependent enzyme that belongs to the RNase III 

ribonuclease family (103–105) and cleaved into ~22-nt small interfering RNAs  
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Figure 1.3 Schematic graph of RNAi mechanism in eukaryotic cells. Adapted 
from Antonin et al. 2007 and Bayne and Allshire 2005 (106,107). The 
graph demonstrates three major pathways for RNAi induced gene 
silencing that happen at the transcriptional and post-transcriptional level. 
The transcriptional level RNAi happens inside of the nucleus and the 
post-transcriptional level RNAi happens inside of cytoplasm including 
exogenous siRNA pathway and endogenous microRNA pathway  
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(siRNA). After processing, the siRNAs are ~22 nucleotide with 5’-bi-phosphate and 2-

nt 3’ overhangs (108). During the effector step, the siRNAs is recognized by a protein 

complex, RNA-induced silencing complex (RISC) and is unwound (109). One of the 

strands from the siRNA is incorporated into RISC while the other strand, called the 

passenger strand or sense strand is cleaved and degraded (110). This selection 

procedure is not random. Studies in Drosophila showed that 5’ terminal 

thermodynamic difference could be sensed by Dicer R2D2 (Dcr-2 associated protein), 

and this determines which strand to be loaded (111). The strand with lower 5’ termini 

thermostability is more likely than the other strand to be functional for mRNA 

targeting. The selected strand, called guide strand/antisense strand, associated with 

RISC and finds the mRNA with sequence complementarity, which is then cleaved by 

the Argonaute 2 protein (Ago2) in the middle of the complementary sequence (112). 

The cleaved mRNA will be destroyed by the cellular system and the corresponding 

gene will not be expressed.  

The post-transcriptional silencing induced by endogenous microRNA 

(miRNA), due to its imperfect homology to its mRNA target, usually results in 

translational inhibition. The biogenesis of miRNA happens in the nucleus as shown in 

Figure 1.3. It is first transcribed as a long primary transcript, called primary miRNA 

(pri-miRNA). It is first processed by Drosha, a class II RNase-III-like enzyme, inside 

of the nucleus, into ~70nt long hairpin-shaped precursor miRNA (pre-miRNA) 

(113,114). The pre-miRNAs are exported out of the nucleus by a nuclear export 

receptor protein, exportin-5 (Figure 1.3) (115). In the cytoplasm, the pre-miRNA is 

recognized by another RNAse III enzyme, Dicer, and further processed into bulged 

dsRNA with 5’ phosphate and 2-nt 3’ overhangs (104,116). The processed miRNA 
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then unwinds and one strand, the mature miRNA, is incorporated into RISC. Studies 

showed that strand selection of miRNA also likely follows the asymmetry rule. The 

strand with high free energy/low thermodynamic stability at 5’ termini will be 

incorporated into RISC (110). However, the passenger strand of miRNA, miRNA*, is 

unlikely to be destroyed for elimination during the selection procedure. Several studies 

showed that some miRNA/miRNA* ratio have different patterns in a 

tissue/developmental-specific manner(117,118), suggesting that miRNA* might also 

play a role in gene regulation. The RISC associated mature miRNA (miRNP) then 

finds its target usually located on the 5’ or 3’ untranslated region (UTR) of the mRNA 

(119). Partial complementarity results in repression of translation. It is suggested that 

miRNP directs the target transcript to P-bodies, where cap-dependent RNA 

degradation happens (120,121). 

Several studies suggest that RNAi can also induce transcriptional gene 

silencing (TGS) in the nucleus. It has been shown in plants, fission yeast and in 

humans that dsRNAs/siRNAs targeting the promoter regions of the genome can 

induce DNA methylation or formation of heterochromatin, and thus shut down the 

expression of downstream genes (122–126). Basically, the dsRNAs are processed by 

Dicer/R2D2 into ~22-nt siRNAs, which are then incorporated into an RNAi-induced 

Transcriptional Silencing complex (RITS), which contains protein subunits that 

catalyze histone H3 lysine 9 methylation (126). This leads to the establishment of 

heterochromatin in eukaryotic cells and thus gene silencing at the transcriptional level.  
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1.4 Applications of RNAi 

1.4.1 Triggers of RNAi 

The discovery of RNAi-induced gene silencing made it a powerful approach to 

knock down gene expression. It has been explored in different fields for application 

especially in genome function screening (127) and RNAi-based therapeutics against 

human diseases, like cancers (128), eye diseases (129), and also viral infectious 

disease (130–132). 

For application in mammalian cells, there are two popular types of triggers 

currently used to conduct RNAi research: i) Chemically synthesized short interfering 

RNAs (siRNAs) 19 bp dsRNAs with 2nt overhangs at each end or recent 

endoribonuclease-prepared siRNAs (esiRNAs) (133,134) ii) RNA polymerase III-

driven expression of short hairpin RNAs (shRNAs) or artificial microRNAs, which are 

designed to act as miRNA precursors (pre-miRNA). 

The canonical siRNA is a 21-nt long dsRNA with 2-nt overhang at each 

terminus. Elbashir et al. (2001) showed that the synthesized 21-nt siRNA duplexes 

with 2-nt symmetric overhang at 3’end sufficiently reduced expression of two reporter 

genes, Renilla luciferase and firefly luciferase on a plasmid in Drosophila S2 and 

mammalian cells. They also found that the silencing effect is still relative potent at a 

concentration as low as 1.5nM. Besides, unlike the dsRNA (>30nt), siRNA could 

evade the recognition of PKR, 2’, 5’-OAS and avoid the interferon induction (89). 

Recently, the endoribonuclease-prepared siRNAs (esiRNAs) based on the RNase III 

processing of dsRNAs, become an alternative approach for generations of siRNA 

pools (133–135). In the light of cellular processing of dsRNAs by RNase-III enzyme 

Dicer, this approach was first developed by Yang and his colleagues (134). They 
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found that limited digestion of long dsRNAs by the Escherichia coli RNase III, could 

generate 20- to 25-nt siRNAs pool, named esiRNAs.  Their study showed that these 

esiRNAs were not only capable of inducing sequence-specific silencing with no non-

specific interferon (IFN) response in mammalian cells, but also were more potent 

compared to chemically synthesized siRNAs and shRNAs. Then Myers et al. (135) 

also successfully showed that siRNA pools with 20- to 21-bp could be prepared by a 

recombinant human Dicer (r-Dicer) from dsRNAs with a yield of ~70%. These 

methods made possible the development of siRNA libraries for given targets in a fast 

and easy fashion.  

Vectors expressing short-hairpin RNAs (shRNA) are another popular trigger of 

RNAi. The design of shRNA is based on naturally occurred precursor miRNAs (136), 

with a hairpin-like structure, an antisense and sense strand (stem) connected by a 

single strand loop sequence. It is usually transcribed from a plasmid under the control 

of RNase III promoter, which gives transcripts well-defined initiation and termination 

sequences. Human origin H1 and mouse origin U6 promoters are the most widely used 

promoters (137). After transcription, the shRNAs can be exported out of nucleus by 

exportin-5 (138) and processed by Dicer into siRNAs in the cytoplasm for subsequent 

gene silencing. Unlike the transient silencing effect provided by siRNA, vector-

expressed shRNAs could have a more prolonged gene-silencing effect. Plasmids with 

selective genes have been used to develop stable transformed cell lines constitutively 

expressing shRNAs that have been shown to down-regulate target gene expression for 

several months (139). shRNAs have also been utilized for the development of 

transgenic animals to study the phenotypic effect of genes of interest. Through 

electroporation (140) or lentiviral delivery (141), an shRNA expression cassette can be 
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in introduced into animal embryonic stem cells to develop transgenic animals. This 

approach to develop transgenic animal usually takes much less time compared to the 

conventional knockout approaches (137). 

Recently, as the structure and maturation procedures of endogenous 

microRNAs become well characterized, shRNAs designed based on the structure of 

naturally occurred pirmary microRNAs (pri-miRNAs) have been developed. These are 

called artificial microRNA or shRNA-mir (142). Zeng and her colleagues first showed 

that an artificially synthesized mir-30 precursor expressed by RNA polymerase II (Pol 

II) could block mRNA expression in human cells (143). Silva et al. (2005) 

successfully developed the second-generation shRNA-mir libraries based on the 

primary mir-30 backbone against human and mouse genes. The structure of shRNA-

mir is usually a small interfering RNA in the sequence context of a precursor miRNA 

(shown in Figure 1.4). Unlike shRNAs, shRNA-mir expression is usually driven by 

RNA polymerase II, which results in a transcript with a 5’ cap and a 3’ 

polyadenylation. The primary transcript of shRNA-mir can be recognized by Drosha 

in the nucleus and processed into pre-miRNAs. Once in the cytoplasm, pre-miRNAs 

are processed by Dicer into siRNA to complete subsequent gene silencing pathway 

described above. It is reported that compared to conventional shRNAs, shRNA-mirs 

appear to be ~12-fold more potent in gene silencing (142). Also, studies haven shown 

that artificial microRNAs can circumvent the interferon off-target effect that was 

strongly triggered by the shRNAs in the primary cell line (144). In addition, the Pol-II-

driven expression of shRNA-mir makes it possible to apply genetic engineering for the 

expression of the aritificial microRNAs, such as expressing a reporter protein 

upstream of the miRNA sequence at the 3’ UTR to monitor miRNA processing (145)  
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Figure 1.4 Schematic diagram showing the structure of artificial microRNA 
(shRNA-mir). The shRNA-mir, also called artificial microRNA, is a 
structure of shRNA in a microRNA sequence context. The artificial 
microRNA is first processed by Drosha in the nucleus at the 5’ and 3’ 
termini. In the cytoplasm, the processed shRNAs-mir is processed by 
Dicer into siRNAs. The graph marked the approximate position where 
Drosha and Dicer cut.   
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or to make a poly-cistronic expression of multiple artificial microRNAs in a single 

transcript (146).   

1.4.2 Design of siRNAs 

It was originally assumed that siRNA could target mRNAs with any sequence 

context for gene silencing (147). As siRNAs were employed as a common tool, it was 

found that different siRNAs targeting even the same mRNAs conferred drastically 

varied activities (148). Then researchers found that during RISC incorporation, the 

strand selection of siRNAs for subsequent mRNA targeting is not random but biased 

(110,149). These studies showed that the strand with a higher free energy, or the lower 

thermodynamic stability (A/T rich) at the 5’ termini, is preferred to be loaded into 

RISC. The molecular mechanism for strands selection bias was further investigated in 

Drosophila. It was found that Dicer-2/R2D2 could interact with duplex siRNA and 

assist its loading into RISC. R2D2 acts as the protein sensor for the thermodynamic 

asymmetry of siRNAs (111). Based on the asymmetric selection of the siRNA strand, 

Reynolds et al. systemically examined 180 siRNAs targeting two genes and 

summarized eight criterias for rational design (Figure 1.5): low G/C content, low 

thermodynamic stability at the 5’ end of the antisense strand (A/U rich), high 

thermodynamic stability at the 3’ end of the sense strand (G/C rich), base preference at 

position 3, 10, 13 and 19, absence of inverted repeats. 

 Recently, studies showed that thermodynamic stability alone is not enough to 

determine the efficiency of siRNAs (Reviewed in Kurreck, 2009). Overhoff et al. 

found that the accessibility for an siRNA to hybridize to a mRNA might be another  
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Figure 1.5 Schematic graph showing the criteria for the small interfering RNAs 
design. This picture was adapted from Mittal, 2004 (150). siRNA 
structure is a 19-nt duplex with two 3’ overhangs. The top strand is the 
sense strand and the bottom strand is the antisense strand. The positions 
of the nucleotide. According to Reynolds et al. (148), the 5’ termini of 
antisense strand have a lower stability compared to the 5’ termini of the 
sense strand as well as the cleavage site in the middle. Also, the base 
preference for sense strand at position 3, 10, 19 was also marked in the 
graph.   
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important factor for efficient silencing (151–154). Accessibility to the target mRNA is 

determined by both the secondary structure of target region on the mRNA as well as 

the secondary structure of the antisense strand. Overhoff et al. systemically analyzed a 

large set of siRNAs against two genes in cell culture (154). Accessibility was 

determined for the target region of each siRNA. They found that the half maximal 

inhibitory concentration (IC50) of the accessible siRNAs was 10-fold lower compared 

to the inaccessible ones, suggesting that the accessibility of local target structure might 

play an important role in silencing efficiency (154). Then two other studies 

systemically examining large set of siRNAs/shRNA efficiency along with their local 

target accessibility as well as their thermodynamic asymmetry indicated that the 

thermodynamic asymmetry is the first step to determine the efficacy of siRNAs while 

the local mRNA target accessibility could further affect the silencing efficiency 

(155,156). Some siRNA designing softwares such as Sfold (157), have incorporated 

both factors above into the algorithm to achieve better designs.  

1.5 Antiviral RNAi  

RNA interference is an ancient conserved defense system against viral infection 

in plants, insects and has recently been found in mammals (90,91,100,101). As a 

powerful tool for gene knockdown, it has also emerged as a promising approach for 

antiviral therapeutics. Bitko and Barik (2001) first applied RNA interference as an 

antiviral approach in cell culture against respiratory syncytial virus (RSV), a virus that 

can cause respiratory or lung infection in humans. They showed that a 21-nt dsRNA 

that targets the phosphoprotein mRNA could inhibit RSV growth in cell culture, 

reflected by the complete loss of syncytia in infected cells. Further studies on the 

RNAi effect indicated that the dsRNA inhibited viral growth via the induction of gene-
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specific mRNA degradation, with no interferon induction (158). Also, viral genomic 

and antigenomic RNA remained intact due to encapsulation (158). Later, they showed 

that siRNA could effectively protect mice from RSV and parainfluenza virus infection 

by intranasal administration,but without activating the innate immune response (132). 

Zhang et al. also showed that another siRNA targeting the NS1 protein could provide 

protection against RSV in a mouse model through intranasal delivery by nanoparticles 

(159). Currently, an anti-RSV siRNA (ALN-RSV01) is being developed by Alnylam 

(www.alnylam.com), a major RNAi pharmaceutical company has finished Phase II 

clinical trials (160). For ease of delivery and effortless administration, the RNAi 

approach have also been employed to combat against other acute respiratory viruses 

including severe acute respiratory syndrome coronavirus (SARS-CoV) (161,162), 

influenza virus (163–166), and metapneumovirus (167,168) in cell culture, mouse and 

the rhesus macaque models. The approach also holds promise for antiviral therapeutics 

against some chronic infectious disease including human immunodeficiency virus-1 

(HIV-1) (169–171), hepatitis B virus (HBV) (172–174) and hepatitis C virus (HCV) 

(175–178). Different strategies have been utilized against these viruses, including 

siRNAs, vector-expressed shRNAs or artificial miRNAs.  

The major target for RNAi on virus is the mRNA transcript that encodes 

important viral proteins during viral life cycle. Other targets include important viral 

genome RNA motifs as well as host co-factors that assist viral replication. Theses 

targets varied depending on different virus type. The siRNAs against some 

paramyxovirus family viruses and influenza viruses have been designed to target the 

highly conserved protein-coding regions of the RNA polymerase components 

(132,158,179) that are important to viral replication/transcription, showed efficient 
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inhibition of viral growth. Further study indicated that the RNA interference could 

induce the gene-specific mRNA degradation (158,179). To treat SARS-CoV, siRNAs 

were designed to target the spike protein, which is important to viral entry (161,162). 

Designs showed efficacy and specifity in protection against SARS-CoV. For HIV-1, 

people have developed effective RNA interference molecules targeting the coding 

region of some regulatory proteins, such as Rev/Tat (180), gag (181) and nef (182), 

the 5’-untranslated leader sequence (ldr) (170,182), and also the promoter region, 

which could induce TGS (183). HBV virus is a DNA virus, whose its pregenomic 

RNA and mRNA transcripts overlap with each other. RNAi molecules can have more 

than one target (173,174,184). For HCV virus, siRNAs/shRNAs that target the core 

protein, polymerase protein and non-structural protein genes all exhibited an inhibitory 

effect on viral growth (175,176). Several experiments using shRNAs targeting single 

host genes (176) or screened sets of siRNA/shRNA targeting human genes from RNAi 

libraries (177,178,185) also showed significant reduction of HCV replication in both 

cell culture and on animal models. These host genes were usually important co-factors 

for viral replication (176,177). 

Compared to traditional vaccine and antiviral drugs, there are several advantages 

of applying the RNA interference in treating viral infectious diseases. First, according 

to Bitko et al. (2005), to treat respiratory diseases, delivery of RNAi molecules 

through intranasal pathway is easy to administrator. Secondly, the preparation of 

RNAi molecules is straightforward while vaccine preparation usually takes time, not 

to mention that some viruses do not grow well in cell culture (186) and the vaccine is 

hard to purify (186). Thirdly, the side effects of siRNAs can also be minimal, 

especially when applied through intranasal delivery. Transient effects should be 
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sufficient to inhibit viral replication and reduce viral load (171). Finally, studies on 

treating HIV-1 infectious disease suggested that treatment by combinations of RNAi 

molecules targeting different regions on virus might delay or prevent viral escape 

(169,187). 

1.6 Challenges of Antiviral RNAi  

RNAi indeed showed promise in combating viral infectious disease with 

several RNAi drugs undergoing development. However, there still exist challenges in 

the utilization of RNAi as potential anti-viral measures. Practical problems such as 

viral escape, potent siRNA, off-target effect and stability of siRNAs all need 

corresponding solutions in order to develop an effective and efficient antiviral RNAi 

treatment. 

Targeted viruses usually replicate rapidly and accumulate mutations easily, 

especially RNA viruses, which often existed as viral quasispecies (64) due to the 

error-prone properties of RdRp. On the other hand, RNA interference requires full 

sequence complementarity or at least seed region complementarity (188) between the 

antisense strand and the mRNA, so a single mismatch might result in the viral escape 

(189). Current strategies to solve this problem include designing targets to conserved 

regions of the virus genome, developing combinatorial RNAi libraries against multiple 

sites or a combination of the two. Since conserved regions usually have important 

functions during viral life cycle, mutations on those regions are usually deleterious to 

virus fitness, making them robust candidates for RNAi targets. Nevertheless, those 

conserved regions are not usually ideal for siRNA designs. As discussed in Chapter 0, 

siRNA designs need to follow the thermodynamic asymmetry rule and have well 

target accessibility. With sequence limitations on those conserved regions, the siRNA 
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designs might not achieve optimal potency. Expression of multiple copies of RNAi 

molecules targeting different sites can be another alternative. Several experiments 

have demonstrated that combinations of siRNAs/shRNAs targeting different sites 

could delay or prevent viral escape (169,190). A combination of the two methods 

above might have synergistic effect and enhance the overall inhibition effect. For 

example, Chen et al. has shown that the tandem expressed artificial microRNA 

targeting PA, PB1 and NP was significantly more potent in inhibition of influenza 

virus compared to microRNA targeting NP alone (146). Targeting host cofactors 

important in virus life cycle is another way to avoid viral escape. Several experiments 

have been explored in this direction. Some host proteins involved with viral entry 

(191,192), intracellular transport (193), virus replication (194,195) and transcription 

(196) all showed potentials as efficient targets for inhibition of virus growth. 

Currently, several large experiments that use RNAi libraries to screen host factors 

important to influenza virus growth in cell culture were conducted (197–199), making 

this approach as potential treatment also for influenza virus. Despite the advantages it 

might have, long-term target of host genes important in normal cell and tissue 

functions could have deleterious and toxic effects. As a result, host cofactor targets 

need to be carefully examined to avoid that.  

Delivery is another issue for efficient RNAi targeting. To treat the acute 

infectious diseases, a transient delivery mediated by transfection regents, such as 

polymers or surfactant, is sufficient to reduce the viral load and avoid symptoms. This 

method has been shown effectively in inhibiting RSV, influenza virus and SARS-CoV 

in animal models (132,162,164). To achieve durable inhibitory effect on viruses 

causing chronic infectious disease, there’s more focus on gene therapy approach by 
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developing transduced cell line expressing shRNAs /miRNAs. It was proposed that 

engrafting patients with their isolated CD4 + hematopoietic stem cells (HSCs) 

transduced with anti-HIV-1 shRNAs could possibly extended their life span (200) 

.These shRNAs/miRNAs were usually delivered by viral vectors and tissue-specific.  

Off-target effect is a big concern for choosing proper dosage of RNAi (189). It 

has been shown that high dosage of synthetic siRNAs could induce severe innate 

immune response including interferon response and production of inflammatory 

cytokines (201). Besides, off-target on host genes caused by partial sequence 

complementarity inducing unintended microRNA-like targeting or sense-strand 

targeting (202,203) could result in non-specific silencing and toxicity. Moreover, the 

exogenous delivered RNAi molecules share the same pathway of processing with the 

endogenous microRNA in mammalian cells, so a high dosage could result in 

saturation of enzymes (204) and energies (109) in the RNAi pathway. One recent 

study has shown that the shRNAs designed against hepatitis delivered through adeno-

associated virus (AAV) could induce liver toxicity by inhibiting cellular miRNA 

pathway (205). To overcome these problems, first is to develop highly potent siRNAs. 

The thermodynamic asymmetric design, as described in Chapter 0, is the basis for 

biased strand selection into RISC. siRNAs design with less stable 5’ end of antisense 

could help to reduce the sense strand targeting and improve the potency of siRNAs. 

Second is to develop inducible RNAi expression cassettes. Strayer et al. has 

successfully developed a HCV-infection inducible vector. In this vector, the anti-HCV 

siRNA expression is under the control of the LTR promoter from HIV, which could 

respond to the HCV infection-induced NF-κB expression (206).   
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1.7 RNA Nucleotides-based Strategies for Inhibition of Influenza A Virus 

Beside the RNAi approaches mentioned above, other molecular strategies are 

being developed as anti-influenza measures. Several strategies including utilization of 

5’capped RNA oligonucleotides (207), RNA decoys (208), morpholino oligomers 

(209,210) and also ribozymes (211) have been investigated for inhibition of influenza 

virus. Some of them exhibit potent inhibition of influenza virus both in cell culture, 

chicken embryos (163) or mouse (164,209,211,212). 

According to Luo et al. and Chung et al.’s studies (207,208), 5’ capped RNA 

oligonucleotides and RNA decoys can interfere with the replication or transcription 

cycle of influenza virus. The 5’ capped RNA oligonucleotides could mimic the 

cellular mRNAs, binding to the viral RNA polymerase but failing to prime the 

transcription due to its short length so that it could serve as a potent inhibitor for 

influenza virus transcription (213). Developed by Luo et al., a mini-RNA decoy, 

consisting of the 5’ and 3’ terminal sequences from influenza A virus, binds to and 

sequesters viral RNA polymerase, inhibiting both steps of viral replication and 

transcription (208). On the other hand, the morpholino oligomer, ribozymes and small 

interfering RNA molecules usually inhibit influenza virus by binding to viral mRNAs 

and inhibit translational or by targeting them for cleavage, although it was shown by 

Gabriel et al. and Ge et al. (209,214) that morpholino oligomers designed to be 

complementary to the 3’ untranslated regions (UTR) of vRNAs could also efficiently 

inhibit viral replication, which means that morpholino oligomers also potentially 

interfer with influenza replication or transcription. The inhibition effect on influenza 

virus by morpholino oligomers and ribozymes, similar to RNA interference molecules, 

were both highly sequence-specific. Due to the high genetic instability of influenza 

virus, they were designed targeting conserved regions of the influenza virus genome to 
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prevent viral escape. According to Julie et al, the ribozyme was designed to target 

conserved regions present in five segments (except HA and NA segment) of influenza 

A virus strains (211), while the oligomers were designed to target conserved regions 

identified across H1N1, H5N1 and H7N7 influenza A virus strains in both coding and 

non-coding regions (209,210).  

Among these methods, ribozyme RNAi and RNA decoy were also considered 

for potential development of an influenza-resistant transgenic chicken. In 2011, Lyall 

et al. tried to develop an influenza-resistant chicken by introducing RNA decoy 

constructs through a lentiviral vector (215). In their studies, although the transgenic 

chickens were still susceptible to initial infection of highly pathogenic avian influenza 

virus, the onward transmission frequency to both transgenic and non-transgenic 

chickens was significantly reduced. Development of more flu resistant chickens could 

be promising in the future for both the poultry industry and more important to protect 

public health.  
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1.8 Rationale and Objectives 

Major prevention and control measures for avian influenza virus in poultry 

industry include application of robust monitoring systems, strict biosecurity and 

depopulation programs (216). Vaccines though proposed as possible solutions, only 

have limited applications for the concerns that they might induce antigenic change of 

circulated influenza virus and the emergence of resistant strains (4). Besides, no 

universal vaccines can prevent all different subtypes and even all variations of 

different strains within the same subtypes. So there is need for the development of new 

methods to prevent and control avian influenza virus in the poultry industry.   

RNAi tools appear to be an ideal complement for their fast development, 

universal targeting, and possible development of influenza-resistant chickens when 

considering the limitations of current methods although they also have problems in 

large amount production and viral escape for target. 

In this project, the overall objective is to develop escape-free and virus- 

inducible RNAi tools to inhibit influenza A virus replication. To accomplish this goal, 

several aims were achieved:  

(I) Develop reporter constructs that can detect influenza A virus replication for 

fast screening of RNAi molecules (Chapter 3.1); 

(II) Develop escape-free siRNA construct (Chapter 3.2) 

(i) Identify the conserved regions of influenza A virus genome for the design 

of siRNAs  

(ii) Enhance potency of siRNAs that target the conserved regions through 

increasing their asymmetry by structure, size and sequence modulations and reduce 

their off-target effect from the sense strand in vitro. 
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(iii) Evaluate siRNA-targeting efficiency on fusion transcripts and influenza 

virus replication using reporter plasmids as indicators. 

(III) Develop amplifiable anti-influenza artificial microRNA constructs using 

influenza virus promoter (Chapter 3.3). 
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Chapter 2 

MATERIALS AND METHODS 

2.1 Cell Lines and Virus 

2.1.1 Cell lines and their maintenance  

Three cell lines used in this project were summarized in Table 2.1. MDCK and 

HEK293 cells were maintained following ATCC’s suggested protocol as seen in their 

website (217,218). Cells were maintained in complete medium DMEM (Dulbecco’s 

Modified Eagle medium; Corning Inc.) supplemented with 10% fetal bovine serum 

(Thermo Fisher Scientific), 100 IU/mL of penicillin, 100 µg/mL of streptomycin and 

250ng/mL of amphotericin B (Corning Inc.) in 25 cm2 or 75 cm2 flasks (Corning Inc.). 

Cells were incubated at 37oC and 5% CO2 and split 1:4 regularly for maintenance. To 

split MDCK and HEK293 cells growth media was removed and the monolayer was 

rinsed with 1ml (25 cm2) or 3ml (75 cm2) PBS followed by the addition of 1 mL (25 

cm2) or 3 mL (75 cm2) 0.25% Trypsin-EDTA (Corning Inc.) with an incubation time 

of 20 min (MDCK) or 5 min (HEK293) at 37oC. Cell detachment was ended by 

adding 2 ml (25 cm2) or 6 ml (75 cm2) complete growth medium. Cells were 

centrifuged at 1000xg for 5min to remove Trypsin-EDTA and re-suspended in fresh 

complete medium before transferring into a new flask. If it was for cell stock, cells 

were resuspended into cryoprotective freezing medium, 95% fetal bovine serum 

supplemented with 5% DMSO, and then 0.1 mL aliquots with 1x107 cells per vial 

were preserved in the liquid nitrogen. 
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Table 2.1 Cell lines used in the experiment 

Name  Descriptions Sources 
MDCK Madin-Darby Canine Kidney epithelial 

cell line 
ATCC CCL-34 

HEK293 Human Embryonic Kidney 293 cell 
line 

ATCC CRL-1573 

HD-11  Chicken macrophage cell line Lab stock 
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HD-11 cells were grown in DMEM supplemented with 5% chicken serum, 5% 

fetal bovine serum and 100 IU/mL of penicillin, 100µg/mL of streptomycin and 250 

ng/mL of amphotericin B in 25 cm2 flask (Corning Inc.). HD-11 cells were incubated 

at 37oC and 5% CO2 and split 1:4 regularly for maintenance. To split HD-11 cells, 

growth medium were removed and the monolayer was washed with 1mL PBS, 

followed by the addition of 1 mL 0.025% Trypsin-EDTA. Trypsinization was 

complete after 2min and was ended by adding 3mL of complete medium before 

transfer into new flask.  Cell stock was made similarly as described for MDCK and 

HEK293.  

2.1.2 Virus stock preparation  

Influenza A virus strain A/Puerto Rico/8/1934 (H1N1) was purchased from 

ATCC. The virus stock was diluted 1:1 into Dulbecco’s Phosphate Buffered Saline 

(ATCC) supplemented with 100 IU/mL of penicillin and 100 µg/mL of streptomycin 

prior to the injection of 0.1 ml diluted virus into 11-day-old chicken embryos using the 

allantoic route of inoculation method. After 4 days, infected eggs were chilled 

overnight and allantoic fluid was collected from each egg. Allantoic fluid was tested 

by the hemagglutination assay for virus replication as described in section 2.1.3. 

Allantoic fluids from hemagglutination-positive eggs were pooled and 0.6ml aliquots 

were stored at -80oC.   

2.1.3 Virus titrations  

Virus titer was determined by hemagglutination assay and by tissue culture. 

Hemagglutination assays were conducted as follows. Fifty µL of sample was added to 

the first well in each row of a U-bottom 96-well plate that contained 50 µL of 
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phosphate buffered saline (PBS) in each well. Two-fold serial dilutions of the sample 

were made by transferring 50 µL from the first well to the second well. This procedure 

was repeated across the entire row. Finally, 50 µL of a 0.5% chicken erythrocyte 

suspension in phosphate buffered saline (PBS) was added to each well and the plate 

was incubated for 20-30 min before checking for hemagglutination activity. 

Infectious titers of virus stocks were determined by TCID50. TCID50 was 

carried out on MDCK cells in 96-well plates. MDCK cells were infected when they 

were about 70%~80% confluence. DMEM was removed from the monolayer, which 

was then washed with PBS. Virus stocks or collected supernatants were serially 

diluted 10-fold in serum-free DMEM complemented with 0.3% BSA (Life 

Technologies, Inc.), 10mM HEPES (Life Technologies, Inc.), 100 IU/mL penicillin 

and 100 µg/mL streptomycin and 100 µL of the virus dilutions were added into each 

well. Each diluted sample has 4 replicates of infection. Cells were incubated with virus 

for 1 hr with shaking every 20 min at 37oC. The inoculum was removed and the wells 

were washed twice with PBS and replaced with virus infectious medium, the Eagle’s 

Minimum Essential Medium (ATCC) supplemented with 2.5% Bovine Serum 

Albumin (7.5%) (Life Technologies), 2.5% 1M HEPES buffer (Life Technologies), 

100 IU/mL of penicillin, 100 µg/mL of streptomycin, 250ng/mL of amphotericin B 

and along with TPCK-trypsin (Sigma, Inc.) at a final concentration of 2 µg/mL, for 

another 72-hours incubation. Each well was evaluated for hemagglutination activity by 

the addition of 0.5% chicken erythrocyte suspension. Reed and Muench method was 

used to determine TCID50
 based on the appearance of hemagglutination (219).  
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2.1.4 Cell transfection 

Two transfection reagents were used for cell transfection. Lipofectamine 

2000TM (Invitrogen Inc.) was used for plasmid transfection alone or cotransfection of 

siRNA and plasmid while X-tremeGENE (Hoffmann-La Roche Inc.) was used for 

siRNA transfections. 

The standard transfection procedure of plasmid DNA/cotrasnfection plasmid 

DNA and siRNA were as followed. Lipofectamine™ 2000 transfection of plasmid 

DNA with HEK293 cells in a 96-well plate or 24-well plate was done following 

manufacture’s protocol. Transfection efficiency was evaluated by co-transfecting 

pCAG-EGFP plasmid (Table 2.2). Enhanced Green Fluorescence Protein was 

observed under fluorescence microscope every time after transfection following 

procedures described in Chapter 2.1.5. High transfection efficiency was achieved 

consistently. Lipofectamine™ 2000 (0.25µL) and 100 ng plasmid DNA were 

individually diluted in 25 µl serum-free DMEM, then mixed and allowed to react for 

15 minutes. Reaction complex was plated on 96-well plate with 50 µL/well or 24-well 

plate with 100 µL/well. HEK293 cells (100 µL, 3.5x105/mL for 96-well plate, or 500 

µL, 7x105/mL for 24-well plate) were then plated directly on the transfection reaction 

complex in a 96 well plate for incubation. Cotransfection of siRNA and plasmids were 

conducted similarly by mixing diluted Lipofectamine™ 2000 and diluted 100 ng of 

vLuc reporter plasmid along with 5 pmol/10 pmol (final concentration of 33 nM/66 

nM) of siRNA into 25 µl serum-free for reaction as described above. Cells were 

incubated at 37oC, 5%CO2
 for subsequent assay or RNA extraction. 

Cell tansfection of siRNA with X-tremeGENE was optimized using Alexa 

Fluor 488 labeled siRNAs. The standard transfection procedure of siRNA transfection 

is as followed. Six to ten µL X-tremeGENE and 1 µL siRNA (10µM) were diluted into 
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15 µL serum-free DMEM separately, then combined and react for 20 minutes. The 

complex was added to 96-well plate and followed by adding 4x105/mL HEK293 cells. 

Cells were incubated at 37oC, 5% CO2
 for subsequent assay or RNA extraction.  

2.1.5 Fluorescence detection and luciferase assay 

Cells transfected with reporter plasmids expressing Enhanced Green 

Fluorescence Protein (EGFP) were observed under a Nikon Eclipse TS100 

fluorescence microscopy (Nikon Inc.). A SPOT Insight 2Mpixel Monochrome 

FireWire Digital Camera (SPOT Image Inc,) was used for fluorescence imaging. 

Fluorescence density images was analyzed by ImageJ (220)   

To conduct luciferase assay, cells transfected with plasmid expressing firefly 

luciferase was removed of supernatant and were lysed by adding 100 µL the Glo Lysis 

buffer (Promega Inc.) for 5 minutes. Cell lysates were then analyzed using the Steady-

Glo® Luciferase Assay System (Promega Inc.). Steady-Glo® reagent was prepared by 

mixing Steady-Glo® buffer with Steady-Glo® substrate. One Hundred µL of Steady-

Glo reagent was the cells lysate and incubated for 5 minutes in the dark. 

Luminescence was measured in a Synergy TM 2 multi-mode microplate reader 

(Biotek, Winooski, VT) following the manufacturer’s instruction. 

2.2 Plasmid Cloning 

Plasmid DNA used and constructed in this project was descried in Table 2.2 
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Table 2.2 Plasmids used and constructed in this project 

 
Name Descriptions Source 
pHH21 Parental vector embedded with 

human polymerase I promoter 
and terminator for construct of 
virus replication reporter 

Provided by Dr. Yoshihiro 
Kawaoka (University of 
Wisconsin-Madison) 

pmirGLO Parental vector expressing 
firefly luciferase protein for 
reporter luciferase assay;  

Promega Inc. 

pEGFP Vector expressing EGFP 
protein for control of 
transfection efficiency  

Addgene Plasmid 11150 

pCAG-mir30 Vector that has human miR-30 
5’ and 3’ stem sequence for 
construct of microRNA 
expression plasmid 

Addgene Plasmid 14758 

Luc-NP, Luc-PN Plasmid expressing fusion 
transcript luciferase-NP: 
Segment NP from A/PR8/34 
strain was cloned downstream 
of the luciferase gene.  

Constructed based on 
pmirGLO 

vGFP, vLuc  Based on pHH21, GFP or 
luciferase genes were cloned 
into pHH21 in anti-sense 
orientation and flanked by 
A/PR8/34 NP vRNA promoter 
sequence  

Constructed based on pHH21 

cGFP, cLuc  Based on pHH21, GFP or 
luciferase genes were cloned in 
sense orientation and flanked 
by A/PR8/34 NP cRNA 
promoter sequence 

Constructed based on pHH21 

pLB2-NP plasmid expressing artificial 
microRNA targeting influenza 
A virus NP segment 

Provided by Dr. JianZhu 
Chen (Massachusetts 
Institute of Technology, 
MA) 
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pLB2-PB1-NP-PA plasmid expressing three 
artificial microRNAs targeting 
influenza A virus PB1, NP and 
PA segments 

Provided by Dr. JianZhu 
Chen 

pHH21-NPc plasmid expressing artificial 
microRNA targeting influenza 
A virus NP segment    

Constructed based on pHH21 

pHH21-NPi(+)/pHH21-
Npi(-) 

plasmid expressing artificial 
microRNA targeting influenza 
A virus NP segment in 
sense(+)/antisense(-) 
orientation, flanked by vRNA 
promoter from A/PR8/34 NP 
segment    

Constructed based on pHH21 

pHH21-3c plasmid expressing three 
artificial microRNAs targeting 
influenza A virus PB1, NP and 
PA segments 

Constructed based on pHH21 

pHH21-3i(+)/pHH21-3i(-) plasmid expressing three 
artificial microRNAs targeting 
influenza A virus PB1, NP and 
PA segments in 
sense(+)/antisense(-) 
orientation, flanked by vRNA 
promoter from A/PR8/34 NP 
segment 

Constructed based on pHH21 
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PCR primers for plasmid construct were all designed by Primer3 (221). 

Cloning PCR was conducted using Phusion High-Fidelity PCR Master Mix (Thermo 

Fisher Scientific Inc.) following manufacturer’s instructions. The reaction components 

include 25 µL 2x Phusion Master Mix, 1 µL (10 nmol/µL) forward primer, 1µL (10 

ng/µL) reverse primer, 10 ng template DNA and deionized water which is added the 

reaction to 50 µL. The PCR reaction was conducted in the MJ Mini Thermo Cycler 

(Bio-rad, Inc.) with the following program described in Table 2.3. 

Colony PCR was conducted to determine the presence of DNA fragment of 

interest or correct insert orientation for engineered plasmid construct. Individual 

transformants were picked and dipped into 10 µL nuclease-free water in eppendorf 

tubes. The rest of it was streaked on corresponding positions in a LB agar plate 

supplemented with ampicillin (100 µg/mL) for preservation. The bacteria suspension 

was heated at 98oC for 3 min and 1 µL was taken from the lysed bacteria as DNA 

template for subsequent PCR reaction. The PCR reaction was conducted following the 

manufacturer’s suggested extension procedures for Taq DNA polymerase (Thermo 

Scientific). The components in a 50 µL reaction include 5 µL10X Taq Buffer, 5 µL 

dNTP Mix (2mM each), 1 µL (10 nmol/µL) forward primer and 1 µL (10 nmol/µL) 

reverse primer, 10 µL 25mM MgCl2, 100 ng Template DNA, 1.25U Taq DNA 

polymerase and deionized water added up to 50 µL for the reaction. The reaction was 

conducted in a MJ Mini Thermo Cycler using the following the program as described 

in Table 2.3.  

Restriction endonuclease digestion of plasmid DNA or PCR product was 

conducted in 20 µL reaction. The restriction enzymes used in this study include 
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Table 2.3 PCR program for cloning PCR and regular PCR 

a. Cloning PCR 
Initial Denaturation 98oC 30s  
Denaturation  98oC 7s Repeat 

30 cycles 
Annealing 
Extension 

Adjusted to primers 
72o C 

25s 
30s (30s/kb) 

Final extension 72oC 30s  

b. Regular PCR 
Initial Denaturation 95oC 1 min  
Denaturation  95oC 30s Repeat 
Annealing 
Extension 

Adjusted to primers 
72o C 

30s 
1 min (1min/kb) 

30 cycles 

Final extension 72oC 10 min  
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EcoRI, NotI, BamHI, HindIII, XhoI and Esp3I (BsmBI) (Thermo Scientific Fermentas 

Molecular Biology Solutions). Except restriction endonuclease digestion by Esp3I for 

pHH21-based plasmid cloning, standard restriction endonuclease digestion reactions 

include components of 2 µL 10X reaction buffer, 200 units of restriction enzyme, 0.5 

µg of plasmid DNA or 10 µL of PCR reaction mixture and nuclease-free water added 

up to 20 µL. The reaction of restriction enzyme digestion by Esp3I needs to be 

included with 1 µL 20mM DTT in a 20 µL reaction. All reactions were incubated at 

37oC for 4 hours. The digested product was purified using QIAquick PCR Purification 

Kit (Qiagen Inc.) following manufacture’s instructions (>100 bp) or was gel extracted 

using QIAquick Gel Extraction Kit (Qiagen Inc.) by running on an agarose gel as 

described below.  

Separation of DNA or siRNAs was achieved by running on a 1% or 5% (w/v) 

agarose gel. 1% or 5% (w/v) agarose gel was made by followed procedures: 1g/5g of 

TopVision agarose (Thermo Scientific Fermentas Molecular Biology Solutions) was 

added in 100 mL 1X TAE electrophoresis buffer (Thermo Scientific Fermentas 

Molecular Biology Solutions) and the mixture was heated until agarose dissolved. The 

agarose solution was supplemented with 4 µg/mL of ethidium bromide (Thermo 

Fisher Scientific Inc.), solidified on a electrophoresis apparatus (Thermo Scientific 

Inc.). DNA samples were mixed with 6X Loading Dye (Thermo Scientific Fermentas 

Molecular Biology Solutions) and added to the wells with a DNA ladder included in 

each agarose gel: GeneRuler 100bp DNA Ladder (Thermo Scientific Fermentas 

Molecular Biology Solutions) for 100bp~1000bp DNA fragment, Lambda DNA/Hind 

III Marker, 2 (Thermo Scientific Fermentas Molecular Biology Solutions) for 

>2000bp DNA fragment and O’GeneRuler Ultra Low Range DNA Ladder (Thermo 
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Scientific Fermentas Molecular Biology Solutions) for siRNA fragment. The gel was 

run under 100 voltages for 30 ~ 60 minutes and then analyzed by Alpha Innotech 

FluorChem HD2 Imager. PCR products or endonuclease-digested reactions were run 

on the agarose gel for gel extraction purposes.  

Ligation of digested plasmid DNA and PCR products was finished by T4 DNA 

Liagase (Thermo Scientific Fermentas Molecular Biology Solutions). Ligation was 

conducted in 10 µL reaction including 2 µL of 1:1 molar ratio of insert DNA and 

vector DNA, 10X T4 DNA ligase buffer, 1 µL of T4 ligase and nuclease-free water 

added up to 10 µL for 1 hour at RT.    

Plasmid DNA was transformed into NEB 5-alpha Competent E. coli (New 

England BioLabs Inc.) following the manufacture’s instructions: 100ng of plasmid 

DNA was added to 50 µL competent cells. Mixtures were heat shocked at 42 oC for 30 

minutes and recover to grow at 37oC for 60 minutes with vigorous shaking. The 

transformed bacteria were spread on the LB-agar (Thermo Fisher Scientific) plates 

containing ampicillin (100 µg/mL). After 24-hours incubation under 37oC, colonies 

were used for subsequent small-scale or large-scale plasmid preparations. 

QIAprep Spin Miniprep Kit (Invitrogen Inc.) was used for small-scale plasmid 

DNA preparations. Single colony transformed with plasmid DNA was picked to grow 

in 4 mL LB medium (1%Tryptone, 0.5% Yeast Extract and 0.5% Sodium Chloride) 

containing ampicillin (100 µg/mL) for 18 hours at 37oC in a shaking incubator. The 

plasmid DNA was prepared following manufacturer’s instructions. The plasmid DNA 

was eluted into 30 µL EB (10 mM Tris·Cl, pH 8.5) and preserved at -20 oC for further 

use. Large-scale plasmid DNA was prepared by QIAGEN Plasmid Midi Kit, bacteria 

were grown in 50 mL LB culture. The concentration of plasmid was determined by 
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NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific Inc.). Quality of 

plasmid DNAs was estimated from Abs260/Abs280, ratio greater than 1.8 was 

considered as good quality.  

Sequencing of plasmid DNA or PCR product was conducted at University of 

Delaware Sequencing and Genotyping Center using the ABI Prism 3130XL Genetic 

Analyzer (Life Technologies Inc.) 

2.3 Preparation of Small Interfering RNA (siRNA) 

RNA oligonucleotides were purchased from Dharmacon (Thermo Scientific). 

Corresponding oligos were annealed to generate double-stranded siRNAs. The 

annealing procedures were as followed. RNA oligonucleotides were dissolved in 

RNase-free water with a final concentration of 100 µM as stock. Each dissolved RNA 

oligonucleotides were then diluted in the annealing buffer (100 mM Potassium 

Acetate; 30 mM HEPES, pH 7.5) to a final concentration of 50 µM. Each strand of the 

diluted 20 µL RNA oligonucleotides were combined in equal volume. Additional 10 

µL of annealing buffer was added to the mixture of two RNA oligos for annealing. 

They were incubated at 90 oC for 1 minute followed by slowly cool down until RT. 

The annealed siRNAs were stored at -80oC for long-term use. 

2.4 Real-Time RT-PCR 

Viral RNAs were obtained by extraction of RNAs from MDCK cells infected 

with multiplicity of infection (MOI) = 1 A/PR/8/34 (H1N1) influenza viruses in a T-

25 flask. vLuc/cLuc RNA transcripts were obtained from cells transfected by 

vLuc/cLuc followed by infection of MOI = 0.1 A/PR/8/34 (H1N1) influenza viruses in 

a 24-well plate. RNAs were extracted using RNeasy® Mini Kit (Qiagen Inc.) 
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following manufacturer’s instructions. The total RNA concentration was quantified by 

Nanodrop 1000 spectrophotometer (Thermo Scientific Inc.). The quality of RNAs was 

checked using 2100 Bioanalyzer kits (Agilent Inc.) in a 2100 Bioanalyzer system 

(Agilent Inc.) following manufacturer’s instructions. RNAs with RNA Integrity 

Number (RIN) higher than 5 were considered as good quality. 

Viral 1st strand cDNAs from A/PR/8/34 (H1N1) for cloning were generated 

using AccuScript High Fidelity 1st strand cDNA synthesis kit (Agilent Inc.). Two 

microliter reaction includes 2 µL AccuScript RT Buffer, 1 µL NP segment specific 

primer (Appendix) (10 nmol/µL), 0.8 µL NP segment specific primer (Appendix) (10 

nmol/µL), 1 µg Viral RNA and 0.8 µL dNTP mix (25mM each dNTP), 1 µg RNA and 

RNase-free water added up to 20 µL. The reaction mixture was incubated at 65oC for 

5 minutes in the MJ Mini Thermo Cycler and then cooled down to RT followed by 

adding with the following components: 2 µL DTT (100mM), 1 µL AccuScript RT 

enzyme, 0.5 µL RNase Block Ribonuclease inhibitor (40U/µL). The complete reaction 

mixture was incubated at 42oC for 60 minutes and reaction was terminated at 70oC for 

15 minutes. The reaction mixture was either PCR amplified for cloning as described in 

Chapter 2.2 or for Real-Time RT-PCR as followed. 

After reverse transcription, 1µl of each cDNA product were mixed with 

luciferase real time PCR detection primers and iQ™ SYBR® Green Supermix 

(Biorad, Hercules, CA). Human GAPDH gene was selected as the reference gene and 

Real Time PCR detection was conducted in the MyiQ2 two-color Real-time detection 

system (Biorad, Philadelphia, PA). The 2-step PCR thermo cycling conditions were 

95°C for 3 min; 40 cycles of 95°C for 10 sec, 55°C for 30 sec. The specificity of 

amplification during real-time PCR was confirmed by checking the melting curve. All 
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PCR reactions were run in duplicates. The Ct values that varied by >0.5 unit (cycle) 

between duplicates were discarded and resultant Ct values were averaged. The amount 

of each strand (vRNA/cRNA/mRNA) in each sample was normalized to the GAPDH 

gene using the delta Ct method (222). 

2.5 Statistical Analysis 

Data was analyzed as a completely randomized block design using JMP 

statistical software (SAS Institute). The Student t-test was used to compare means of 

two groups. Tukey’s test was used to perform multiple comparisons among several 

group means. Pearson’s correlation analysis was done for luciferase expression by 

vLuc/cLuc reporter and their relative expression ratio of three strands 

(vRNAs/cRNA/mRNA). All experiments were repeated in triplicate or quadruplicates. 

The level of significance chosen to determine whether the data points obtained from 

several different samples were significantly different was p<0.05.  
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Chapter 3 

RESULTS AND DISCUSSION 

3.1 Developing and Comparing Two Plasmid-based Reporters for Detection of 
Influenza Viruses.  

3.1.1 Introduction 

During outbreaks of influenza, a multitude of tools and animal models must to 

be rapidly deployed to detect the infection and to characterize genomic sequence, 

antigenic characteristics, antiviral susceptibility, and pathogenic potential. Detection 

of influenza virus commonly requires amplification of the whole virus by replication 

in chickens eggs or cell culture, or amplification of specific genomic regions by 

nucleic acid amplification. Subsequently, influenza protein levels (hemagglutination, 

antibody based detection), viral nucleic acid levels (RT-PCR, Loop-mediated 

isothermal amplification (LAMP), next generation sequencing) or infectious particles 

(plaque assay, 50% Embryo Infectious Dose (EID50) or 50% Tissue Culture Infectious 

Dose (TCID50) assay) are determined (223). Virus growth in canine MDCK cells, 

incubation in chicken eggs and terminal animal challenges are still the gold standard 

for diagnosis of influenza infection and pathogenic characterization of novel strains, 

but results from these tests can take weeks (224). Thus, there is a great need for fast 

high-throughput real-time methods of diagnosis and characterization of influenza 

infection and for the development of novel antiviral drugs. 
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Earlier studies have found that foreign genes flanked by influenza 5’ and 

3’RNA promoters could be expressed under the control of influenza RNA-dependent 

RNA polymerase (RdRp) (Figure. 3.2) (225–227). Currently, two reporter approaches 

based on the influenza promoter have been tested. Reporter viruses were once 

produced through reverse genetics by replacing non-essential influenza genes, such as 

fusing or replacing NS1 or neuraminidase proteins with EGFP (228–230). However, 

this approach does not permit the detection of influenza infection in clinical samples. 

The characterization of novel strains requires construction of new reporter viruses, and 

selection pressures during passages in vitro/in vivo of the recombinant viruses can lead 

to loss of the reporter protein (229). Additionally, genes that might be non-essential in 

vitro are likely to be important in vivo, and introduction of reporter protein often 

seriously attenuates the viral pathogenicity in vivo (228,230). Alternatively, the 

plasmid DNA that transcribe a reporter-protein-encoding RNA flanked by influenza 

virus vRNA promoter sequence under the control of a RNA polymerase I (pol I) 

promoter could also function as reporter for infection. The transcripts produced could 

be amplified by viral RdRp and NP proteins either expressed from plasmid DNA or 

produced during influenza virus infection in suitable cell lines(69,231). Using 

influenza promoters, which are the highly conserved sequences found in all influenza 

strains, allows sensitive and broad based detection of even novel influenza strains. 

Furthermore the virus itself is not modified allowing the replication and pathogenicity 

of novel strains to be studied under more natural conditions, and real-time detection is 

also possible. This approach is also suitable for high-throughput screening of multiple 

clinical samples, and can be applied to the identification of novel anti-influenza drugs. 
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The objectives of the present study were to compare influenza reporters using 

vRNA or cRNA promoters. Two constructs were compared in detection of influenza A 

virus infection in cell culture by time-course and dose-response study. Two reporter 

proteins, enhanced EGFP (EGFP) and luciferase were also evaluated. Further, it was 

demonstrated that these constructs could be successfully applied to study the silencing 

kinetics of antiviral siRNA. 

3.1.2 Construct of reporter plasmids 

Reporter plasmids used as indicators for influenza replication activity were 

constructed based on pHH21 plasmid, kindly provided by Dr. Yoshihiro Kawaoka 

(University of Wisconsin-Madison, WI). The pHH21 plasmid carries a RNA 

polymerase I promoter and terminator. The plasmid map was shown in Figure 3.1. 

Reporter plasmids expressing EGFP (vGFP/cGFP) or luciferase (vLuc/cLuc) were 

constructed separately. To construct vGFP/cGFP, the EGFP reporter gene was first 

PCR amplified from pCAG-GFP plasmid (Table 2.2) by cloning primers vGFP-

F/cGFP-F and vGFP-R/cGFP-R (Appendix). EGFP gene flanked by 23 nt sequence 

from 5’ and 43 nt from 3’UTR of the NP vRNA of influenza A/WSN/33(H1N1) strain 

(69) with either directions were obtained and purified from agarose gel. They were 

digested with BsmBI restriction enzyme (Figure 3.1) and followed by ligation to the 

digested pHH21 plasmid. On the other hand, the firefly luciferase (luc2) reporter was 

amplified from the pmirGLO plasmid. vLuc and cLuc were constructed similarly as 

described for vGFP/cGFP. The finished constructs were confirmed by sequencing.  
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Figure 3.1 Schematic graph of pHH21 plasmid. The graph was adapted from 
Neumann et al. 1999 (232). Plasmid pHH21 has a human polymerase I 
promoter (P) and terminator (T). The BsmBI enzyme restriction site can 
be used for cloning purposes. vGFP/cGFP and vLuc/cLuc transcripts was 
inserted into this site for reporter plasmid construct.  

digested with BsmBI, and cloned into the BsmBI sites of the
pHH21 vector that contains the human RNA polymerase I

promoter and the mouse RNA polymerase I terminator,
separated by BsmBI sites (Fig. 2). The PB2, PB1, PA, hem-
agglutinin (HA), NP, neuraminidase (NA), M, and NS genes
of the A!WSN!33 strain were PCR-amplified by use of the
following plasmids: pSCWPB2, pGW-PB1, and pSCWPA (all
obtained from Debi Nayak at the University of California, Los
Angeles) and pWH17, pWNP152, pT3WNA15 (16),
pGT3WM, and pWNS1, respectively. The PB1 gene of influenza
A!PR!8!34 virus was amplified by using pcDNA774(PB1)
(17) as a template. The sequences of the primers will be
provided on request. To ensure that the genes were free of
unwanted mutations, we sequenced PCR-derived fragments
with an autosequencer (Applied Biosystems) according to the
protocol recommended by the manufacturer. The cDNAs
encoding the HA, NP, NA, and M1 genes of A!WSN!33 virus
were cloned as described (18) and subcloned into the eukary-
otic expression vector pCAGGS!MCS (controlled by the
chicken !-actin promoter) (19), resulting in pEWSN-HA,
pCAGGS-WSN-NP0!14, pCAGGS-WNA15, and pCAGGS-
WSN-M1–2!1, respectively. The M2 and NS2 genes from the
A!PR!8!34 virus were amplified by PCR and cloned into
pCAGGS!MCS, yielding pEP24c and pCA-NS2. Finally,
pcDNA774(PB1), pcDNA762(PB2), and pcDNA787(PA)
were used to express the PB2, PB1, and PA proteins under
control of the cytomegalovirus promoter, as reported else-
where (17).

Generation of Infectious Influenza Particles. 293T cells (1 !
106) were transfected with a maximum of 17 plasmids in
different amounts (as described in Results), with the use of
Trans IT LT-1 (Panvera, Madison, WI) according to the
manufacturer’s instructions. Briefly, DNA and transfection
reagent were mixed (2 "l of Trans IT LT-1 per "g of DNA),
incubated at room temperature for 45 min, and added to the
cells. Six hours later, the DNA–transfection reagent mixture
was replaced by Opti-MEM (GIBCO!BRL) containing 0.3%
BSA and 0.01% FCS. At different times after transfection, we
harvested viruses from the supernatant and titrated them in
MDCK cells. Because helper virus was not required by this
procedure, we analyzed the recovered transfectant viruses
without plaque purification.

FIG. 1. Schematic diagram of established reverse-genetics systems. In
the RNP transfection method (A), purified NP and polymerase proteins
are assembled into RNPs with the use of in vitro-synthesized vRNA. Cells
are transfected with RNPs, followed by helper virus infection. In the RNA
polymerase I method (B), a plasmid containing the RNA polymerase I
promoter, a cDNA encoding the vRNA to be rescued, and the RNA
polymerase I terminator are transfected into cells. Intracellular transcrip-
tion by RNA polymerase I yields synthetic vRNA, which is packaged into
progeny virus particles upon infection with helper virus. With both
methods, transfectant viruses (i.e., those containing RNA derived from
cloned cDNA) are selected from the helper virus population.

FIG. 2. Schematic diagram of the generation of RNA polymerase I constructs. cDNAs derived from influenza virus were amplified by PCR,
digested with BsmBI, and cloned into the BsmBI sites of the pHH21 vector (34), which contains the human RNA polymerase I promoter (P) and
the mouse RNA polymerase I terminator (T). The thymidine nucleotide upstream of the terminator sequence (*T) represents the 3" end of the
influenza viral RNA. Influenza A virus sequences are shown in boldface letters.

9346 Microbiology: Neumann et al. Proc. Natl. Acad. Sci. USA 96 (1999)
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The schematic diagram for the expression of reporter proteins by the four 

plasmid DNAs was shown in Figure 3.2. The influenza virus vRNA-promoter-based 

reporters (vGFP/vLuc) produce vRNA-like transcript, which could be directly 

amplified by RdRp into mRNA for reporter protein translation (EGFP/luciferase), 

while cRNA-promoter-based reporters (cGFP/cLuc) produce cRNA-like transcript, 

which needs to be first replicated into vRNA-like transcript by RdRp and then 

transcribed into mRNA for reporter protein expression.  

3.1.3 Detection of influenza A airus replication in HEK293 cells by using influenza-
induced EGFP expression 

The vGFP and cGFP reporter constructs were transfected into human HEK293 

cells, which were subsequently infected with A/PR/8/34 (H1N1) as described in 

Figure 3.3. Infection with influenza resulted in significant accumulation of EGFP 

protein inside of cells, reflecting the influenza RdRp replication (cRNA>vRNA) and 

transcription (vRNA>mRNA) activities (Figure.3.2). Influenza induced EGFP 

expression became detectable at 8 hpi. The EGFP signals became stronger as influenza 

replicated in the cells throughout the plate. Unexpectedly, the negative control 

transfected with pHH21-cEGFP but not infected with influenza showed sporadic 

EGFP expression indicating that low level translation of Pol I expressed cEGFP cRNA 

occurred. In contrast, the vEGFP reporter alone did not produce any visible EGFP 

expression. No significant differences were noticed between vEGFP and cEGFP based 

constructs at later time points. 
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Figure 3.2 Schematic diagram for expression of foreign proteins by using 
influenza vRNA or cRNA promoters. Three RNA species (vRNA, 
cRNA and mRNA) were produced from the reporter plasmid vLuc/cLuc 
or vGFP/cGFP during influenza infection. EGFP, Enhanced Green 
Fluorescent Protein; Luc, luciferase; RdRp, influenza RNA-dependent 
RNA polymerase.  
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Figure 3.3 Time course study of influenza induced EGFP expression in HEK293 
cells. HEK293 cells were reverse transfected with vEGFP or cEGFP 
constructs in 96 well plate and infected with A/Puerto Rico/8/1934 
(MOI=1) for at 18h post transfection. Experiment was repeated twice. 
Non-infected control, negative control transfected with construct but not 
infected with influenza.  

Non-infected 
Control 

8 hpi 

26 hpi 

41 hpi 

cEGFP vEGFP 
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3.1.4 Time course study of influenza A virus replication in HEK293 cells using 
influenza-induced luciferase expression 

The EGFP reporter was replaced with firefly luciferase gene (luc2) codon 

optimized for more efficient expression in mammalian cells. New vLuc and cLuc 

constructs were tested using the same transfection/infection protocol as described 

above in the time course study (Figure.3.4). The vLuc transfected, non-infected 

control remained at the same level as background signal from non-transfected cells. 

The cLuc non-infected control produced significantly higher signal (p<0.05) than the 

background, indicating low level translation of Pol I expressed cLuc cRNAs. This data 

corresponds to the previous observations with the cEGFP non-infected control.  

The luciferase signal from vLuc or cLuc reporter transfected cells showed a 

similar overall trend during the course, with both constructs demonstrating significant 

increase in luciferase signal compared to the non-infected control. For vLuc, this 

difference was detected as early as 6 hpi (p<0.05), while for the luciferase signal 

became significantly different from the noninfected control (p<0.05) 17hpi. The signal 

for both constructs increased exponentially, peaked at 25 hpi and decreased gradually 

afterwards. At expression peak, the signal was 6767 fold higher than the non-infected 

control for vLuc (p<0.05) and 736 fold higher for cLuc (p<0.05). The vRNA 

promoter-driven luciferase expression started to increase at least 4 hr earlier resulting 

in 8 fold higher vLuc signal at 8 hpi (p<0.05). However, the cLuc signal increased 

faster and the differences between two was only 1.6 fold at 25 hpi (p>0.05). The 

latency for the production of reporter proteins from cLuc plasmid DNA could be due 

to the extra replication step (cRNA>vRNA) required for protein translation, as 

demonstrated in Figure 3.2. 
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Figure 3.4 Time course study of influenza induced luciferase expression in 
HEK293 cells. HEK293 cells were reverse transfected with vLuc or 
cLuc constructs in 96-well plate and at 18h post transfection, infected 
with A/Puerto Rico/8/1934 (MOI=1). cLuc (T w/o I), cells transfected 
with cLuc but not infected with viruses; vLuc (T w/o I), cells transfected 
with vLuc but not infected with viruses; Mock Control, negative cell 
control transfected with construct but not infected with viruses. The error 
bars represent standard error (N = 3 biological replicates). Student t-test 
was used for statistical analysis. * , indicates significant differences 
between vLuc reporter and non infected control (p<0.05); # , indicate 
significant differences between cLuc and mock control (p<0.05).  
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3.1.5 Time course study of stability of reporter proteins 

The luciferase signal was measured only in lysed cells in the previous study. 

To determine if luciferase proteins are lost into the cell culture supernatant during 

influenza induced cell apoptosis, the luciferase coming from both lysed cells and 

supernatant was quantified (Figure 3.5 a). Data indicated that only around 1% of 

luciferase was present in the supernatant even at later time points. Luciferase signal 

dropped gradually after 24 hpi around 4 fold at 48 hpi and 7 fold at 72 hpi for both 

lysed cells and the supernatant. This suggests that the decrease in luciferase signal was 

likely due to a decrease in expression and an increase in the degradation of luciferase 

at the later stages of influenza infection.  

In contrast, for the EGFP reporter there seems to be a significant release of 

EGFP into the supernatant at all time points (Figure 3.5 b). About 24% of total EGFP 

signal was found in the supernatant at 24 and 48 hpi, while 47% of the total EGFP 

signal was located in the supernatant at 72 hpi; indicating a significant release of 

EGFP from cells into supernatant. Furthermore EGFP also accumulated slower than 

luciferase and achieved maximum signal in cells at 48 hpi compare to 25 hpi for 

luciferase. It is also more stable as no changes in total fluorescence intensity (cells 

plus supernatant) have occurred from 48 to 72 hpi. 
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Figure  3.5 Time course study of stability of different reporter proteins. HEK293 
cells were reverse transfected with vEGFP (a) or vLuc (b) construct in a 
96-well plate and at 18h post transfection infected with A/Puerto 
Rico/8/1934. At selected time points the cells and supernatant were 
collected, the signal from each reporter protein was determined by 
deducting the signal from non-infected control. 
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3.1.6 Dose response study for vLuc and cLuc constructs 

To compare the sensitivity of vRNA and cRNA constructs in detecting 

influenza A virus replication, HEK293 cells were transfected with vLuc or cLuc 

constructs and infected with A/PR/8/34 (H1N1) strain at different MOIs (MOI=0.001, 

0.01, 0.1 and 1). Luciferase signal was evaluated at different time post infection (12, 

24, 48 and 72 hpi) with MOI=1 only being evaluated at 24 hpi. The lowest detection 

limit for vLuc was MOI=0.001 at (12hpi and 24 hpi with p<0.05) and MOI=0.01 for 

cLuc reporter (24hpi, 48hpi and 72hpi with p<0.05) (Figure 3.6). Both expression 

constructs demonstrated strong correlation between MOI and the logarithm of 

luciferase signal with R2 of 0.91for vLuc (p<0.05), R2 of 0.97 for cLuc at 24 hpi 

(p<0.05) (Figure 3.6 a) and 0.71 for vLuc at 72 hpi (Figure 3.6 c). It appears an upper 

detection limit was not reached in this experiment as no saturation plateau was 

detected even at high MOIs. Due to the lower sensitivity at early virus infection and 

the degradation of luciferase at later infection, luciferase signals and MOIs did not 

correlate well at 12 hpi (Figure 3.6 a) and 72 hpi, especially for cLuc construct (Figure 

3.6 c). 
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Figure 3.6  Dose response study of influenza induced luciferase expression in 
HEK293 cells at different time post infection. HEK293 cells were 
reverse transfected with vLuc or cLuc constructs in 96 well plate and 
infected with A/Puerto Rico/8/1934 at MOI=0.001, 0.01, 0.1 or 1. Cells 
were lysed at 12 hpi (a), 24 hpi (b), 48 hpi (c) and 72 hpi (d) for 
luciferase assay. Cell control, untreated negative cell control; Non-
infected control, cells controls transfected with construct but not infected 
with influenza. The error bars represent standard error (N = 3 biological 
replicates). R-Square of linear fit for vLuc between the log of relative 
luciferase activity and MOI is 0.91 at 24hpi and 0.71 at 72hpi (p<0.05). 
There is only significant correlation between the log of relative luciferase 
activity and MOI for cLuc at 48hpi and the R-square of linear fit for cLuc 
is 0.97 (p<0.05). 
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3.1.7 Time course analysis of level of vRNA, cRNA and mRNA for vLuc and 
cLuc constructs after infection using real time RT-PCR  

To study the level of three RNA forms (vRNA, cRNA, mRNA) produced by 

two luciferase reporters Real Time RT-PCR was used to quantify RNA strands using 

strand specific RT Luc primers. Strand specific primer designs were modified from Ge 

et. al  (163) to produce vLuc/cLuc strand-specific strands, and oligo-dT primers were 

used for mRNA reverse transcription (Appendix). For both the vLuc and cLuc reporter, 

high levels of vRNA were detected (Figure 3.7 a-c). The vLuc reporter had a 2.3 fold 

higher level of vRNA at 4 hpi and there was significant 6-fold increase in the level of 

vRNA at 24 hpi for both reporters (p<0.05). Overall distribution of vRNA level across 

time points was similar for both constructs.  

Overall distribution was very different for cRNA produced from vLuc and cLuc. 

Initial differences were much larger with the cLuc reporter, demonstrating 115-fold 

higher level of cRNA than vLuc reporter (p<0.05) (Figure 3.7 b). At 24 hpi cLuc 

reporter showed only 1.7 fold increase in the level of cRNA, while for vLuc construct 

there was 16 fold increase, resulting in overall 12 fold higher level of luciferase cRNA 

for cLuc reporter. Noticeably, cRNA expression from vLuc reporter plateaued after 

influenza infection. This might be explained by the previous proposed stabilization of 

replicative intermediate model, in which the cRNAs need newly synthesized influenza 

RNA polymerase and NP to be stabilized. While the constant production of vRNAs 

from vLuc construct by RNA polymerase I might compete for newly synthesized NP 

and RNA polymerase with cRNAs in order to be transcribed or packaged. So this 

might result in the delay and plateau of relative cRNA expression ratio. For cLuc 

reporter, the relative expression level of cRNAs stayed almost the same at early time  
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Figure 3.7 Time course analysis of level of vRNA, cRNA and mRNA for vLuc 
and cLuc constructs using Real Time RT-PCR. HEK293 cells were 
reverse transfected with constructs in 24 well plates and infected with 
A/Puerto Rico/8/1934 (MOI=0.1). At selected time points (4, 12 , 24, 48 
hpi) the cells were collected, the total RNA was extracted and Real Time 
RT-PCR was used to quantify luciferase RNAs (vRNA, cRNA, mRNA) 
using strand specific RT primers. The RNA signal for cLuc cRNA 4 hpi 
was selected as 100%. All of the relative expression level ratios were 
normalized to that of vLuc cRNA 4hpi. The error bars represent standard 
error (N = 4 replicates). c4-c48, cLuc reporter at 4-48 hpi; v4-v48, vLuc 
reporter at 4-48 hpi. Tukey’s test was used to compare level of RNA 
between different time points for both constructs. Different character (A, 
B, C, D, E) represents significant difference between corresponding RNA 
levels (p<0.05). 
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post infection (4, 12hr) with a sharp increase at 24 h.p.i.. This might be the result of 

replication of vRNA->cRNA when progeny vRNA was stabilized 12 h.p.i. through the 

accumulation of newly synthesized NPs and RNA polymerase.  At 48 hr post infection, 

the cRNA level dropped while mRNAs level stayed the same, which might indicate 

the degradation of cRNAs or a decreased replication level along with an increased 

transcription level.  This corresponds to the primer extension assay result for cRNAs 

from cNA-Luc reporter in Regan et al. (2006) collected at 44h post infection, where 

mRNAs were most abundant and more cRNA strands could be detected than vRNA 

strands.  

At 4 hpi the luciferase mRNA was 13 fold higher for cLuc reporter (Figure 3.7 

c). There was 4-fold increase in the level of mRNA at 24 hpi for cLuc reporter and 

100 fold for vLuc reporter (p<0.05). Overall 2 fold higher level of luciferase mRNA 

was found for vLuc reporter, which correlates well with detected differences in 

luciferase signal at 24 hpi. The vLuc reporter showed strong significant correlation 

between levels of vRNA, mRNA and luciferase (Table. 3.1). The cLuc reporter 

showed lower but still significant correlation between levels of cRNA, mRNA and 

luciferase 



 

71 

Table 3.1 Pearson correlation analysis between levels of vRNA, cRNA, mRNA 
and luciferase protein expression 

Variable by Variable 

Pearson 
correlation 
coefficient 
(r2) 

p-value 

vLuc reporter 
cRNA luciferase 0.29 0.39 
cRNA mRNA 0.41 0.14 
mRNA luciferase 0.97 <.0001* 
vRNA luciferase 0.88 0.0003* 
vRNA cRNA 0.49 0.09 
vRNA mRNA 0.94 <.0001* 
cLuc reporter 
cRNA luciferase 0.63 0.04* 
cRNA mRNA 0.37 0.19 
mRNA luciferase 0.71 0.01* 
vRNA cRNA 0.56 0.04* 
vRNA luciferase 0.54 0.09 
vRNA mRNA 0.45 0.11 
*, indicates significant correlation. 
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3.1.8 Discussion 

Previous studies have demonstrated applicability of vRNA-based reporters for 

sensitive detection of multiple influenza strains (69,233). In this study, for the first 

time we compared the detection of influenza infection (RdRp activity) using 

constructs with influenza vRNA or cRNA promoters controlling two popular reporter 

genes (EGFP and luciferase).  

3.1.8.1  Comparison of vRNA and cRNA based reporters 

The reporter constructs under the control of the ribosomal Pol I promoter and 

terminator produce uncapped non-polyadenylated transcripts with precise 5’ and 

3’ends containing influenza vRNA or cRNA promoters. We and others have 

demonstrated that such transcripts were recognized by viral RdRp and NP proteins and 

participated in viral transcription and replication (69,226,233). While both promoters 

span the same sequences at the end of vRNA and cRNA molecules, their function is 

different with distinct control mechanisms for positive and negative strand RNA 

synthesis. The vRNA promoter is responsible for both transcription of genomic 

vRNAs into mRNAs (vRNA > mRNAs) and for the first step of replication (vRNA > 

cRNA) via mechanism of terminal de novo initiation. The cRNA promoter is not able 

to generate functional mRNA transcript and is only responsible for the second step of 

replication leading to production of progeny vRNAs (cRNA>vRNA) via the internal 

initiation and realignment synthesis model(234). The progeny vRNAs are used as 

templates to produce more mRNAs in secondary transcription and are packaged into 

virions. In the course of influenza infection, the synthesis of cRNA occurs early and 

then plateau’s at a relatively low level, while vRNA synthesis takes place later and 

increases exponentially leading to 10-100 fold higher level of vRNA compared to 
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cRNA (235). Biochemical and genetic evidence also suggests that distinct regions of 

the RdRp interact with vRNA and cRNA promoters, and that the vRNA and cRNA 

replication complexes are structurally and functional distinct, leading to the diverse 

kinetics of cRNA and vRNA synthesis during infection (236). Recent models suggest 

that mRNA synthesis occurs in cis using the vRNA-associated RdRp, while 

cRNA/vRNA synthesis occur in trans by distinct RdRp (63). 

We hypothesized that there might be a higher level of expression of the 

reporter mRNA using the cRNA promoter. According to the recent replication model, 

it seems unlikely that Pol I expressed vRNAs can participate in primary transcription, 

as incoming NP and RdRp proteins were associated with parental influenza vRNAs. 

The vRNAs expressed by vLuc reporter or vRNAs produced by replication of cRNAs 

(cRNA>vRNA) expressed by cLuc reporter can only participate in secondary 

transcription, requiring newly synthesized NP and RdRp. Each molecule of cRNA is 

used to produce around 10-100 molecules of vRNAs, and it was expected that the 

level of progeny vRNA achieved with cRNA promoter might be higher leading to 

higher level of reporter mRNA (235). Also production of vRNA from strong 

ribosomal promoter may lead to the annealing of the unencapsidated (−) vRNA with 

the (+) mRNAs inducing the dsRNA mediated IFN response, apoptosis and cell death. 

The expression of (+) cRNAs using cRNA promoter might decrease such possibility.  

Dose response and time course studies were conducted to compare the vRNA 

and cRNA based reporters. Results showed that vLuc reporter was more sensitive at 

early detection and at low titer of influenza A virus. The lower sensitivity of cLuc was 

due to its background expression; 2 fold lower expression of luciferase, and around 4 h 

delay in expression of luciferase. At the same time cLuc demonstrated more rapid 
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luciferase expression afterwards and at maximum there were no significant differences 

between both constructs.  

The RNA produced by the Pol I ribosomal promoter is known to be uncapped 

and lack the polyA tail required for export into the cytoplasm and translation by 

ribosomes. But, contradictory to this, the background signal was detected with both 

cLuc and cEGFP reporters. This may be due to the cryptic Pol II promoter either 

overlapping or upstream of the ribosomal Pol I promoter(237). It has also been 

reported that a small percentage of Pol I ribosomal transcripts can be polyadenylated, 

transported out of the nucleus and translated at a low level (238–240). The background 

translation of cLuc can be decreased by the eliminating cryptic Pol II promoter, using 

more efficient terminator or using hepatitis delta virus ribozyme to cleave polyA tail 

and produce precise 3’end (241). Similar background transcription likely also happens 

in vLuc/vEGFP, but as the gene is in antisense orientation in this case, the functional 

protein cannot be produced in the absence of influenza RdRp. To further measure 

whether the strong background is produced by  

The delayed production of luciferase from the cLuc promoter could be 

explained by the requirement for an additional replication step to produce progeny 

vRNA from cLuc reporter. Pol I promoter expressed vRNAs from vLuc reporter can 

directly participate in secondary transcription (vRNA>mRNA) after encapsidation in 

newly synthesized RdRp and NP proteins. Pol I promoter expressed cRNAs from 

pHH21-cLuc require an additional replication step (cRNA>vRNA) before secondary 

transcription. The influenza vRNA synthesis is known to occur late in the infection 

process, and the delay in luciferase expression for cLuc is equal to around one round 

of replication (4hr) (235). Our results seem to indicate a bottleneck in cRNA>vRNA 
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replication. Despite higher levels (3-115 fold) of cRNAs produced by cLuc reporters, 

and an expectation that 10-100 molecules of vRNA will be produced from each cRNA 

molecule, the levels of vRNA was consistently 2.4 fold higher for vLuc reporter. This 

indicates that for the cLuc reporter either not all expressed cRNAs were used for 

replication, or less vRNA molecules were produced from each cRNA. This might be 

caused by the deficiency in viral or host factors required for replication (242). 

Additionally high levels of expressed cRNAs might compete with newly replicated 

vRNAs for access to RdRp and NP proteins, decreasing stability of vRNAs and 

inhibiting secondary transcription. Thus it might offer an explanation for the higher 

production of vRNA and mRNA from vLuc reporter. Our observation of a lower 

expression of luciferase using the cRNA promoter might also explain the lower yield 

of infectious virus obtained using reverse genetics 'unidirectional' strategy producing 

positive sense cRNA (243) 

During recent years, nucleic acid-based approaches, especially RNAi-based 

drugs became a popular tool to inhibit virus replication including influenza A virus 

(163,164,244,245). Despite the importance of the subject few tools are available to 

conduct high throughput screening for RNAi-based drugs for influenza. We have 

demonstrated the application of developing a vLuc reporter for the evaluation of 

kinetics of an siRNA-based influenza drug, and are planning to test some novel RNAi 

designs using developed reporters. Eventually high throughput systems with cell-

based reporters can be developed for rapid screening and evaluation of novel RNAi 

based and traditional drugs (246). Currently only two families of antiviral drugs 

targeting either neuraminidase activity (oseltamivir, zanamivir) or viral ion channel 

protein M2 (amantadine, rimantadine) are used to treat human influenza infections. 
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Evolution of influenza strains resistant to both classes of drug has already occurred in 

nature and the development of novel therapeutic approaches is required. Developed 

reporters may be especially useful in screening the activity of novel drugs against 

specific stages of the viral cycle (vRNA>cRNA, cRNA>vRNA, vRNA>mRNA). 

Two types of reporter proteins (EGFP, luciferase) were compared in the 

current study. Firefly luciferase (luc2) is easy to quantify and is more sensitive at 

earlier time points and at low titer, but conversely it require expensive reagents, 

dedicated equipment (luminometer) and does not allow real time monitoring of 

infection; as detection require cell lysis. The firefly luciferase also has a short half-life 

(~3 hours) and loses activity in the late phase of viral infection which might lead to 

incorrect estimation of viral titer. Application of other luciferases, such as secreted 

Gaussia luciferase, might be beneficial when real time detection is required (68). 

EGFP reporter can be easily detected under the microscope and allows repeated 

monitoring of signal from the same cells, but at the same time we observed extensive 

release of EGFP into cell culture which was not observed for luciferase. This seems to 

indicate that a high level of EGFP in cells leads to cell lysis. It has been demonstrated 

previously that high level of EGFP expression is cytotoxic to mammalian cells leading 

to cell apoptosis (247). As a result, EGFP might be unsuitable for some drug 

screenings that use cell death as a biomarker. 

3.1.8.2 Secondary replication  

A comparison of cRNA and vRNA reporters may also shed new light on the 

replication model of the influenza A virus. Contradictory to the traditional model, 

which suggest that only a single round of replication takes place and that the cRNA 

synthesis can use only the incoming parental vRNA not progeny vRNA as templates 
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(parental vRNA>cRNA>progeny vRNA) (63), we observed a significant 6 fold 

increase at 24 hpi in the level of vRNA produced by vLuc reporter. We hypothesized 

that in cLuc reporter transfected and infected cells, the subsequently produced vRNAs 

strands were all progeny vRNAs because they were produced from cRNAs rather than 

parental vRNAs , which should be covered by NPs and RdRp. This may have occurred 

through secondary replication, in which progeny vRNA participate in additional 

rounds of replication (vRNA>cRNA>vRNA>cRNA>vRNA). Even though such 

secondary replication has not been reported previously, it seems plausible. It is also 

well known that progeny vRNAs, after encapsidation by newly synthesized NP and 

RdRp proteins do participate in secondary transcription(248). Recently a study 

demonstrated that both mRNA and cRNA are produced at the same time from the 

same parental vRNA molecule (249), suggesting the possibility of simultaneous 

secondary transcription and replication from the same progeny vRNA. Our results 

might suggest the presence of luciferase cRNA produced in vLuc transfected cells 

arised through secondary replication using progeny vRNA. It is possible that in 

previous research which used a high MOI of 10, compared to the MOI of 0.1 in our 

study, that the virus concentration was too high to detect multiple rounds of 

replication. An alternative explanation is that Pol I expressed luciferase vRNAs might 

be unstable in the absence of RdRp and NP proteins, resulting in the low level of 

vRNA at the early phase of infection. Increased levels of newly synthesized RdRp and 

NP proteins in the late phase of infection might stabilize Pol I expressed vRNAs 

without a need for additional replication. Further studies would be needed to evaluate 

these hypotheses. 
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3.2 Developing SiRNAs Targeting Conserved Regions of Influenza A Viruses. 

3.2.1 Introduction 

RNA interference (RNAi) is a powerful technology that can knock down gene 

expression in a sequence-dependent fashion. Synthetic small interfering RNA 

(siRNA), a 19 bp long dsRNA with 3’ overhang of two nucleotides, is one of the most 

efficient triggers to induce RNAi (108,250). It has been exploited as a therapeutic 

approach against human diseases such as cancer (251), neurodegenerative disorders 

(252) and shows promise against viral infections such as respiratory syncytial virus 

(RSV) (132), HIV(130), and hepatitis B virus (HBV) (131). 

Mechanisms of RNA interference (RNAi) were recently explored for potential 

antiviral approaches to combat influenza virus in several studies. Both synthetic 

siRNAs (163,244) and vector-expressing shRNAs (253) and artificial microRNAs 

(146) have been developed against influenza virus replication. Major silencing targets 

were identified on the coding regions of segments 2, 3, 5 (163,165)  and segment 7 of 

influenza A virus (254–256). These RNAi molecules and constructs effectively inhibit 

different strains including PR/8/34 (H1N1), WSN/33 (H1N1) and highly pathogenic 

avian influenza virus strain H5N1 with maximum ~ 40,000 fold reduction of 

infectious titer in the cell culture and ~10 fold reduction of fifty percent Egg Infectious 

Dose (EID50) in the chicken embryos (163,257). These studies suggested that the 

RNAi molecules might directly target the viral mRNA resulting in the reduction of 

infectious viral titer (163).  

One of the biggest concerns for the development of anti-influenza siRNAs is 

the possible emergence of resistant influenza strains. Although in Sui et al.’s study 

(166), they found that after 40 passages of the H5N1 strain in a shM2 transformed cell 
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line, no resistant mutations were developed, when it comes to a real life scenario of 

infection encompassing mutations and segment reassortment in a mixed influenza 

virus population, chances of viral escape from siRNA target through a single 

nucleotide polymorphism are still high. Possible solutions for viral escape include 

targeting conserved regions and developing siRNA cocktails against multiple 

conserved regions.  

While highly conserved regions conferring important functionalities do exist 

on some segments of influenza virus genome, those regions are too short for targeting 

and the selections of those sequences for siRNAs design is highly restricted. Based on 

the criteria for rational siRNA design by Reynolds et al. (148), very few highly 

conserved regions could be used for targeting by conventional standard 19 bp siRNAs 

with 2 nt 3’ overhang at each strand (19+2) (108,250) and especially for some of those 

that have an unfavorable thermodynamic asymmetry – a lower internal stability of  

5’termini of the sense strand, compared to that of the antisense strand.  

Recently, a variety of novel siRNAs designs having enhanced silencing 

potencies and reduced off-target effect have been reported. These novel siRNA 

designs include the introduction of sequence mismatches or bulge structures at the 3’-

end of the sense strand or the 5’-end of the antisense strand (258,259), modulation of 

the 3’overhang sequence and structure (260–262), pre-cleavage of the sense strand at a 

specific site (263), or the introduction of dumbbell-shaped structure that can improve 

an siRNA’s half life (264), shortened 16-nt duplex siRNA (265) and asymmetric RNA 

duplexes (266,267). Some of these designs also improved the targeting efficiency of 

siRNAs in a sequence-independent manner (258). All the structures mentioned above 

are demonstrated in Figure 3.8. It was suggested that these designs enhance siRNA  
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Figure 3.8 Summerized novel structures of siRNAs. The picture was adapted from 
Bramsen and Kjems, 2012 (268). The schematic diagram above 
described the recent developed novel designs for siRNA. (a) The 
canonical siRNA with 19-nt and 2-nt overhang (b) Short16-nt siRNA  (c) 
Bulge siRNA (d) Fork siRNA (e) Dumbbell-shaped siRNA (f) 
Asymmetric short siRNA (g) Small internally segmented dsiRNA 
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potency by either increasing favorable thermodynamic asymmetries and RISC 

complex loading of the antisense strand or by giving a more stabilized structure.  

In this section, we experimentally improved the siRNAs targeting efficiency of 

siRNA molecules with unfavorable thermodynamic stability profile. We tried novel 

modulations to the structure, size and sequence on siRNAs targeting several conserved 

regions on segments 3, 5 and 7. Those siRNAs were then thoroughly tested for 

efficacy, off-target effect and inhibition of influenza A virus replication. Antisense 

strand activities and off-target effects brought by sense strand was measured by 

reporter plasmids expressing fusion transcripts of luciferase. Finally, the actual 

inhibitory effect by the novel designs was tested on influenza A virus using the vLuc 

reporter developed in Chapter 3.1. 

3.2.2 Identification of highly conserved regions on influenza A virus genomes 

Full-length nucleotide sequences for all segments of influenza A virus strains from 

three different hosts – human, pig and bird, were retrieved from the NCBI Influenza 

Virus Database (269). The strains finally obtained were isolated from 1930 to 2009 

(Figure 3.9) and covered 11 hemagglutinin subtypes (H1-3, H5-9, H11, H13 and H16) 

and 9 neuraminidase subtypes (N1-N9) (Figure 3.10). For each segment, around 1000 

sequences were included for sequence analysis (Table 3.2). The sequences for each 

segment were aligned through the multiple alignment program MUSCLE version 3.6 

(270). Results of multiple sequence alignments were visualized through Jalview 

program (271) and gaps were removed. A conservation percentage for each nucleotide 

was calculated at each position based on multiple sequence alignment results. Highly 

conserved regions with  >=10 consecutive nucleotide (including 10) with each 

position having >99% conservation were selected for siRNA designs. 
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Figure 3.9 Distribution of year of isolation for all influenza A virus strains 
retrieved from NCBI Influenza Virus database.  
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Figure 3.10 Distribution of each subtype of the influenza A virus strains 
retrieved from NCBI Influneza Virus database. 
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Table 3.2  Information of all influenza A virus strains retrieved from NCBI Flu 
database for the multiple sequence alignment analysis  

 
Segment of 
influenza  

Sequences 
Retrieved 

Year 
Covered  

Subtypes 
Covered* Human Swine Avian 

PB2 820 54 81 115 61 644 
PB1 752 35 40 123 71 558 
PA 853 53 83 125 45 683 
HA 794 53 48 297 118 379 
M 923 58 84 185 76 662 
NA  593 35 31 515 9 69 
NS  975 35 89 228 79 668 
NP 981 67 83 173 102 706 

* Subtypes Covered include different combinations of hemagglutinin and 
neuraminidase subtypes.  
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3.2.3 Conservation profiles of inter- and intra- segments of influenza A virus. 

Influenza A virus segment 7, encoding two spliced proteins NS1 and NS2, is 

the most conserved influenza A virus genome segment with a an average conservation 

of 94%, followed by PA, NP, PB1 and PB2 which are important components of the 

RdRp for influenza A virus. Segments 4 and 6, encoding the two surface antigens 

hemagglutinin and neuraminidase which classify influenza A viruses into 18 known 

HA subtypes and 11known NA subtypes, displayed the largest variation with segment 

4 having the lowest average conservation of 73%. Although the average conservation 

varies across different segments, within each segment, they all had relatively 

conserved regions at the 5’termini and 3’termini of the genome segment, stretching 

from ten to fifty nucleotides. In addition, segment 3, encoding the PA protein, has a 

relatively conserved internal region around position 600 (Figure 3.11) within the 

coding region. Highly conserved regions in these segments might be due to the 

presence of important motifs that could interact with the RNA-dependent RNA 

polymerase (RdRp) for the influenza virus to regulate replication (272), 

transcription(273–275) and segment-specific genome packaging (80). There was a 

large variation on the 4th nucleotide (C4/U4) at the 5’ termini of all segments except 

segment 2 and 6 (Figure 3.11). This can be explained by its possible regulatory role in 

viral replication (276,277). 
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Figure 3.11 Conservation percentage charts for each influenza A virus segment based on results of the multiple 
sequence alignment. All eight segments were aligned for all strain sequences retrieved. Results were exported 
and charts were made using Microsoft Excel (2010) program. The X-axis stands for nucleotide position and the 
Y-axis represents the conservation percentage for each nucleotide. 
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Highly conserved short regions were extracted by manually screening the 

consensus sequences from multiple sequence alignment results of each segment for 

regions equal to or longer than10 bp, with each nucleotide having a conservation 

percentage higher than 99%. Several regions were identified on segment 3, 5 and 7 as 

shown in Table 3.3. Five conserved regions were identified on segment 5, six on 

segment 7 and five on segment 3. Some of the results obtained correspond to previous 

observations on codon conservation (278) and functional motif identification (279) 

3.2.4 Design of siRNAs 

To avoid viral escape, siRNAs were designed based on the short conserved 

regions identified on segments 3, 5 and 7. Five siRNAs (NP-1510, NP-1505, NP-452, 

M-35 and PA-700) targeting three segments (3, 5 and 7) were designed based on the 

conserved regions identified on those segments. All of the targeted sequences were 

blasted against chicken and human expressed sequence tag (EST) database 

(www.ncbi.nlm.nih.gov/BLAST/) in GenBank. No shared targets were identified in 

either human or chicken. The locations of all the targets are shown in Figure 3.12. All 

of the targets fell within coding regions.  

According to the nearest neighborhood methods (280), the thermodynamic 

properties for each designed siRNA were calculated by summing up the nearest-
neighbor ∆! 037 value of the first four nucleotides at each strand’s 5’ termini (Table 

3.4). All five conventional siRNAs were found to have thermodynamically 

unfavorable antisense strands (a more stable 5’ termini on the antisense strand). 

Conventional 19 bp with 3’ dTdT overhang designs along with their thermodynamic 
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Table 3.3 Regions of <99%(include 99%) conservation in <10bp continuous 
sequences in three highest conserved segments 

Segment 5 Segment 7 Segment 3 

5-14 32-54 5-14 

17-27 74-93 707-732 

55-71 162-174 2114-2130 

1510-1523 180-192 2141-2157 

1556-1566 224-258 2205-2226 

  1007-1029   
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Figure 3.12 Schematic graph depicting the target locations of designed siRNAs 
on each segment of influenza  
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Table 3.4 Thermodynamic stability calculation for six conventionally designed 
siRNAs. The Gibbs free energy (ΔG) of 4nt at each end (5’end and 
3’end) were calculated by using the nearest-neighbor method (280). The 
top strand is the sense strand and the bottom strand is the antisense 
strand. ΔΔG (A-S) stands for the differences between 5’ and 3’ ΔG of 
sense strand. The siRNAs with positive ΔΔG have a more stable 5’ end 
of sense strand and the siRNAs with negative ΔΔG have a more stable 5’ 
end of antisense strand. 

 

   
ΔΔG (A-S) Tm 

5'end NP-1496 3'end   

 
                      GGAUCUUAUUUCUUCGGAG[dTdT] 

 
  

ΔG=-10.4 [dTdT]CCUAGAAUAAAGAAGCCUC ΔG=-10.1 0.3 56.67oC 

 
NP-1510 

 
  

 
                      UUCGGAGACAAUGCAGAGG[dTdT] 

 
  

ΔG=-6.6  [dTdT]AAGCCUCUGUUACGUCUCC ΔG=-8.8 -2.2 62.4 oC 

 
NP-1505 

 
  

 
                      AUUUCUUCGGAGACAAUGC[dTdT] 

 
  

ΔG=-9.9 [dTdT]UAAAGAAGCCUCUGUUACG ΔG=-10.4 -0.5 57.5 oC 

 
NP-452 

 
  

 ΔG=-8.2  
                     UGAUGAUCUGGCAUUCCAA[dTdT] 

 [dTdT]ACUACUAGACCGUAAGGUU                  ΔG=-9.3 -1.1 60 oC 

 
M-35 

 
  

 ΔG= - 6.8  
                      CUAACCGAGGUCGAAACGU[dTdT] 

[dTdT]GAUUGGCUCCAGCUUUGCA  ΔG= -8.1 -1.3 64 oC 

 
PA-700 

 
  

ΔG= -7.9  
                     UAGAGCCUAUGUGGAUGGA[dTdT] 

[dTdT]AUCUCGGAUACACCUACCU  ΔG= -9.3 -1.4 62 oC 
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properties are shown in Table 3.4. The 5’ termini thermodynamic stability of each 

strand was calculated. As expected, the positive control NP-1496, which was designed 

and demonstrated to have high effectiveness in inhibition of influenza virus by Ge et 

al. (163), has a relatively lower thermodynamic stability for the 5’ antisense strand 

compared to the 5’ sense strand, although the thermodynamic stability is quite close 

for the two strands (ΔΔG=0.3). However, for the five designs we made targeting other 

conserved regions on segment 5 (NP-1505, NP-1510 and NP-452), segment 3 (PA-

700) and segment 7 (M-35), none of them showed such a preferred thermodynamic 

stability for the antisense strand (5’ΔG < 3’ ΔG). 

Based on a conventional 19-bp symmetric siRNA structure, two novel designs, 

one with the dTdT overhang removed from the 3’ terminus of the sense strand and the 

other with two nucleotides removed from the 5’terminus of the sense strand were 

applied to NP-1505, NP-1510 as well as a previously demonstrated highly potent 

siRNA, NP-1496. More novel designs, including the introduction of mismatches (AC 

mismatch, AG mismatch and UG mismatch), a bulge into the 3’ terminus of sense 

strand, a nucleotide deletion from the 5’ terminus of the sense strand and a dumbbell 

design, were applied to NP-1505. Also, a UG mismatch and AC mismatch were 

appied to three siRNA NP-452, PA-700 and M-35 (Table 3.5). 
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Table 3.5 siRNAs synthesized in this project 

Name Sequences 

anti-GFP 
           5'-GCAGCACGACUUCUUCAAG[dTdT]-3' 
3'-[dTdT]CGTCGTGCTGAAGAAGTTC-5' 

NP-1496* 
       5'-GGAUCUUAUUUCUUCGGAG[dTdT]-3' 
3'-[dTdT]CCUAGAAUAAAGAAGCCUC-5' 

NP-1505 
        5’-AUUUCUUCGGAGACAAUGC[dTdT]-3’ 
3’-[dTdT]UAAAGAAGCCUCUGUUACG-5’ 

NP-1510 
           5’-UUCGGAGACAAUGCAGAGG[dTdT]-3’ 
3’-[dTdT]AAGCCUCUGUUACGUCUCC-5’ 

NP-1496 AS 
                 5’-AUCUUAUUUCUUCGGAG[dTdT]-3’ 
3’-[dTdT]CCUAGAAUAAAGAAGCCUC-5’ 

NP-1496 NH 
            5’- GGAUCUUAUUUCUUCGGAG-3’ 
  3’-[dTdT]CCUAGAAUAAAGAAGCCUC-5’ 

NP-1505 AS 
                 5’-UUCUUCGGAGACAAUGC[dTdT]-3’ 
3’-[dTdT]UAAAGAAGCCUCUGUUACG-5’ 

NP-1505 NH 
            5’-AUUUCUUCGGAGACAAUGC-3’ 
3’-[dTdT]UAAAGAAGCCUCUGUUACG-5 

NP-1510 AS 
                 5’-CGGAGACAAUGCAGAGG[dTdT]-3’ 
3’-[dTdT]AAGCCUCUGUUACGUCUCC-5’ 

NP-1510 NH 
            5’-UUCGGAGACAAUGCAGAGG-3’ 
3’-[dTdT]AAGCCUCUGUUACGUCUCC-5’ 

NP-1505 sisi 
           5’-AUUUCUUCGG-AGACAAUGC[dTdT]-3’** 
3’-[dTdT]UAAAGAAGCC UCUGUUACG-3’ 

NP-1505 AG 
mis 

            5’-AUUUCUUCGGAGACAAUGA[dTdT]-3’ 
3’-[dTdT]UAAAGAAGCCUCUGUUACG-5’ 

NP-1505 UG 
mis 

           5’-AUUUCUUCGGAGACAAUGU[dTdT]-3’ 
3’-[dTdT]UAAAGAAGCCUCUGUUACG-5’ 

NP-1505 AC 
mis 

           5’-AUUUCUUCGGAGACAAUAC[dTdT]-3’ 
3’-[dTdT]UAAAGAAGCCUCUGUUACG-5’ 

NP-1505 bulge 
            5’-AUUUCUUCGGAGACAAUGAC[dTdT]-3’ 
3’-[dTdT]UAAAGAAGCCUCUGUUACG-5’ 

NP-1505 
deletion 

            5’-AUUUCUUCGGAGACAAU-3’ 
3’-[dTdT]UAAAGAAGCCUCUGUUACG-5’ 

NP-1505 
dumbbell  
NP-452       5’- UGAUGAUCUGGCAUUCCAA[dTdT] 

AUAUUUCUUCG-3’ 5’-GAGACAAUGCAGAU 
A U 

A G G 
A 

C 
UAUAAAGAAGC          CUCUGUUACGUCUA 

U C A 
A 

G A 
G  
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* NP-1496 sequence was obtained from Ge et al. (2003) (163) 
**sisiRNA has a cleavage at the sense strand. Slash means where the cleavage site is.  

  

[dTdT]ACUACUAGACCGUAAGGUU 
 

  

PA-700 
           UAGAGCCUAUGUGGAUGGA[dTdT] 
[dTdT]AUCUCGGAUACACCUACCU 

M-35 
            CUAACCGAGGUCGAAACGU[dTdT] 
[dTdT]GAUUGGCUCCAGCUUUGCA 

NP-452 UG mis 
           UGAUGAUCUGGCAUUCUAA[dTdT] 
[dTdT]ACUACUAGACCGUAAGGUU 

NP-452 deletion 
           UGAUGAUCUGGCAUUCC 
[dTdT]ACUACUAGACCGUAAGGUU 

PA-700 AC mis 
            UAGAGCCUAUGUGGAUGAA[dTdT] 
[dTdT]AUCUCGGAUACACCUACCU 

PA-700 deletion 
            UAGAGCCUAUGUGGAUG 
[dTdT]AUCUCGGAUACACCUACCU 

M-35 AC  
mis 

            CUAACCGAGGUCGAAACAU[dTdT] 
[dTdT]GAUUGGCUCCAGCUUUGCA 

M-35  
deletion 

            CUAACCGAGGUCGAAAC 
[dTdT]GAUUGGCUCCAGCUUUGCA 
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3.2.5 Construction of reporter plasmids  

For ease in testing siRNA efficiency, two types of reporter plasmids were 

constructed: Plasmids expressing luciferase-nucleoprotein fusion transcript and vLuc 

reporter plasmid developed in Chapter 3.1 used as indicator for influenza replication 

activity. Fusion transcript expressing recombinant proteins were constructed based on 

the pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega Inc.). The 

plasmid map of pmirGLO is shown in Figure 3.13. The full-length nucleoprotein (NP) 

gene from influenza A/PR/8/34 (H1N1) was cloned into the XhoI site on pmirGLO 

plasmid at the 3’-untranslated region (UTR) of the luciferase gene. First strand cDNAs 

of all viral mRNAs were obtained by reverse transcription of extracted viral RNA 

using primer RT-PR8, a non-specific oligo-dT primer tagged with XhoI restriction site 

(Appendix). Second strand was then PCR amplified using an NP-specific forward 

cloning primer Luc-NP/PN-F with overlapping sequence at 5’end of NP gene and a 

reverse cloning primer Luc-NP/PN-R similar to RT-PR8, both of which were tagged 

with XhoI restriction sites (Appendix).  

Double stranded full-length NP cDNA was digested by XhoI following 

manufacturer’s protocols and ligated to XhoI digested pmirGLO plasmid by T4 ligase 

as described in Chapter 2.2. The presence and orientation of the NP gene insertion 

were checked by colony PCR using Luc-test-F1 and Luc-test-R1 for the sense 

orientation and Luc-test-F2 and Luc-test-R2 for the antisense orientation. The 

completed plasmids, Luc-NP (sense insertion of NP) and Luc-PN (antisense insertion 

of NP), were confirmed by sequencing (Figure 3.13). The expression level of firefly 

luciferase is the indicator of miRNA/siRNA targeting efficiency. 
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Figure 3.13 Schematic diagram showing pmirGLO plasmid map and its 
expression of luciferase-nucleoprotein fusion transcripts. The plasmid 
map was drawn using SnapGene® software plasmid map software (from 
GSL Biotech; available at snapgene.com). The pmirGLO contains two 
luciferase gene, one primary reporter gene, firefly luciferase gene (luc2) 
and one control reporter gene, Renilla luciferase gene (hRluc-neo) for 
normalization and selection. The nucleoprotein (NP) gene (in sense or 
antisense orientation) at the XhoI site (marked with red box in the graph) 
was cloned from influenza A/PR/8/34(H1N1) strain. The recombinant 
plasmid can produce a luciferase-sense NP or luciferase-antisense NP 
fusion transcript.   
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3.2.6 Optimization of siRNA designs and an examination of the targeting 
efficiency of reporter plasmids Luc-NP and Luc-PN 

Three conventionally-designed siRNAs, NP-1496, NP-1505 and NP-1510 

targeting three overlapped regions at the 3’ end of the nucleoprotein coding region, 

were examined on plasmids Luc-NP and Luc-PN, which produced fusion transcripts 

with the full-length nucleoprotein (NP) cDNA cloned at the 3’ untranslated region 

(UTR) of a luciferase gene in either sense (Luc-NP) or antisense orientation (Luc-PN). 

These two reporters allowed us to monitor both ‘desired’ silencing (by the antisense 

strand of the siRNA) and ‘off-target’ silencing of fusion transcript (by the passenger 

strand) by measuring luciferase gene expression levels. A anti-GFP siRNA served as a 

negative control. It does not have any predicted target on either nucleoprotein or 

luciferase gene. Twenty pmol of anti-GFP, NP-1496, NP-1505 or NP-1510 were co-

transfected individually with 100 ng Luc-NP/Luc-PN into HEK293 cells into a 96-

well plate. Cells were also mock transfected with LipofectamineTM 2000 as a cell 

toxicity control. Luc-NP/Luc-PN were also transfected alone into HEK293 cells as a 

control for non-specific silencing by siRNAs. After 48-hr incubation, cells were lysed 

for the luciferase assay. Results are shown in Figure 3.14. As a negative control, cells 

co-transfected with the negative control anti-GFP siRNA and with Luc-NP/Luc-PN 

exhibited no significant reduction of luciferase level compared to cells transfected 

with Luc-NP/Luc-PN only. This indicated that there were no non-specific siRNA 

effects on luciferase activity. For the three conventional-designed siRNAs, although 

they share 30%-70% sequence similarity, due to their different thermodynamic 

stability profiles, each exhibited large differential inhibition effect on luciferase 

production by plasmid Luc-NP.  
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Figure  3.14 Luciferase assay for conventional siRNA designs on plasmid Luc-NP 
for antisense/guide strand activity) and Luc-PN for sense/passenger 
strand activity. HEK293 cells were cotransfected with Luc-NP (a) or 
Luc-PN (b) and conventional-designed siRNAs. Luciferase activity was 
measured after 48 hr post transfection. The error bars represent standard 
error (N=4 replicates). The value for anti-GFP was considered 100%. 
Plasmid only, plasmid Luc-NP/Luc-PN was transfected alone into cells; 
anti-GFP, reporter plasmid was co-transfected with anti-GFP siRNA. 20 
pmol/well siRNAs and 100 ng reporter plasmids Luc-NP/Luc -PN were 
used in all experiments. 
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The positive control NP-1496 showed high efficacy with a >90% reduction of 

the luciferase signal compared to only ~40% and ~50% reduction by siRNAs NP-1505 

and NP-1510 on Luc-NP. On the other hand, for the sense strand targeting efficiency 

examined by Luc-PN, all of the three designs exhibited similarly high potency with 

>90% luciferase reduction. This might be explained by the close thermodynamic 

stability of NP-1496 and the reversed thermodynamic asymmetry by NP-1505 and 

NP-1510. Two termini with close thermodynamic stability could possibly make each 

strand equivalently potent in silencing while the reversed thermodynamic asymmetry 

of siRNAs might render the sense strand more potent in silencing. Based on previous 

researches on novel designs of siRNAs, preliminary design optimizations were applied 

to NP-1510 and NP-1505. Asymmetric siRNA designs with sense strand having two 

nucleotides trimmed from 5’ end (AS) or with sense strand having 3’ overhang 

removal (NH) were made for targeting sites NP-1505, NP-1510 as well as NP-1496 

for the control purpose. Six novel siRNA designs are shown in Table 3.5 and were 

tested similarly on Luc-NP/Luc-PN plasmids. Results were shown in Figure 3.15. For 

highly active NP-1496, both asymmetric designs (AS and NH) led to 2-3 fold 

decreased activity of the antisense strand as well as for the passenger strand (2-fold for 

NH design) (Figure 3.15 a). For poorly active NP-1505 both asymmetric designs led to 

an increased activity of antisense strand (1.5 fold for AS, and 2.2 fold for NH design; 

p<0.05). Little changes were observed for sense strand (seen in Figure 3.15 b). For 

poorly active NP-1510 both asymmetric designs led to increased activity of the 

antisense strand (~2-fold, p<0.05), while 3-fold decreased activity of sense strand with 

the AS design (p<0.05) (seen in Figure 3.15 c). 
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Figure 3.15 Luciferase assay test for silencing activity of conventional and novel 
designs of siRNA NP-1496, NP-1505 and NP-1510. HEK293 cells were 
co-transfected with Luc-NP/Luc-PN and siRNAs targeting three 
overlapping sites with different novel designs, NP-1496 (a), NP-1505 (b) 
and NP-1510 (c). Luciferase activity was measured after 48 hr post 
transfection. The error bars represent standard error (N=4 replicates). The 
luciferase activity from anti-GFP treated cells was considered 100%. 
Plasmid only, plasmid Luc-NP/Luc-PN was transfected alone; anti-GFP, 
plasmids was co-transfected with anti-GFP siRNA; Grey bars, plasmids 
were cotransfected with conventional designs; NP-1496/1505/1510 AS, 
plasmids was co-transfected with siRNA designed with two nucleotides 
trimmed from 5’end of sense strand based on the conventional design; 
NP-1496/1505/1510 NH, siRNA design with 3’ overhang removed from 
sense strand based on the conventional design. Samples with different 
letters (A, B, C) were statistically different using Tukey’s test (p<0.05).  

.!

0.00%!
20.00%!
40.00%!
60.00%!
80.00%!

100.00%!
120.00%!

Plasmid 
only!

anti-GFP! NP1496! NP1496 
AS!

NP-1496 
NH!

Lu
ci

fe
ra

se
 A

ct
iv

ity
"

Luc-NP"
a.!

A! A

C!

B! C!

0.00%!
20.00%!
40.00%!
60.00%!
80.00%!

100.00%!
120.00%!

anti-GFP! NP-1505! NP-1505 AS! NP-1505 
NH!

Lu
ci

fe
ra

se
  A

ct
iv

ity
"

Luc-NP"b.!
A!

B!
C!

D!

0.00%!
20.00%!
40.00%!
60.00%!
80.00%!

100.00%!
120.00%!

Plasmid 
only!

anti-GFP! NP1496! NP1496 
AS!

NP-1496 
NH!

Luc-PN"A! A!

B!
B!

B!

0.00%!
20.00%!
40.00%!
60.00%!
80.00%!

100.00%!
120.00%!

anti-GFP! NP-1505! NP-1505 AS! NP-1505 
NH!

Luc-PN"

B!
B!

B!

0.00%!
20.00%!
40.00%!
60.00%!
80.00%!

100.00%!
120.00%!

anti-GFP! NP-1510! NP-1510 AS! NP-1510 
NH!

Lu
ci

fe
ra

se
 A

ct
iv

ity
"

Luc-NP"c.!
A!

B!

C!
C!

0.00%!
20.00%!
40.00%!
60.00%!
80.00%!

100.00%!
120.00%!

anti-GFP! NP-1510! NP-1510 AS! NP-1510 
NH!

Luc-PN"A!

C!
B!

C!

A!



 

101 101 

This might mean that for highly active siRNAs (NP-1496) any modifications 

might be deleterious, while for siRNAs with reversed thermodynamic stability profiles 

(stable 5’end and unstable 3’end of sense strand) and poor activity of antisense strand, 

it is possible to increase the activity of the desired antisense strand at least 2 fold and 

to decrease the ‘off-target’ effects of the passenger strand by using asymmetric 

designs. Similar results were reported by Hirohiko et al.(258), where it was found that 

the introduction of mismatches at the 3’end of siRNA duplexes enhanced siRNA 

silencing with moderate RNAi activity but not siRNA with strong RNAi activity. Still 

even after optimization NP-1505 and NP-1510 siRNAs did not reach the activity of 

the highly effective NP-1496.  

3.2.7 Further optimization of siRNA NP-1505 by novel designs 

The most poorly active antisense strand, NP-1505 was chosen for further 

optimization: AG, UG and AC mismatches, a bulge or a 5’ end deletion (2 nt and 

overhang) were introduced into 3’ sense strand in order to destabilize the 5’ antisense 

strand. Small internal segmented siRNAs (sisi) NP-1505 was designed carrying a 

cleavage at the sense strand between the 10-11bp in order to reduce the off-target 

effect from the passenger strand. The novel NP-1505 dumbbell-shaped siRNAs was 

designed similarly to NP-1505 sisi pre-cleavage at 9-10bp but it also possess an 

elongated stem and two 9-nt loops at each end to stabilize the siRNA cleaved structure 

(Table 3.5). It was designed based upon Abe et al.’s study (264) that showed such a 

shaped siRNA could be efficiently processed by Dicer with prolonged RNAi activity. 

Then we tested all the NP-1505 novel designs along with the asymmetric designs and 

conventional NP-1505 designs on Luc-NP and Luc-PN constructs using anti-GFP as a 

negative control and NP-1496 as positive control. Experiments were done as described 
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above. The results (Figure 3.16) showed that, not surprisingly, NP-1505 with the 

sisiRNA design was ineffective. It might be the annealing difficulties for small 

segmented RNAs or their instability in cell culture, which corresponds to the previous 

experiments that showed sisiRNA molecules, without any modifications, could be 

completely degraded when incubated with 10% FCS (263). 

Except for the sisiRNAs, all of the novel designs showed significant 

improvement in antisense strand activity (p<0.05), about 3-6.7 fold when compared to 

conventional NP-1505 design and about 1.5-3.7 fold significant increase (p<0.05) 

when compared to the asymmetric NP-1505. Moreover, some of the designs, NP-1505 

dumbbell, UG mismatch, AG mismatch and deletion, exhibited comparable 

effectiveness to the positive control NP-1496 according to the Tukey’s statistical test 

(Figure 3.16). However, for the sense strand targeting test, when compared to the 

conventional NP-1505, only the NP-1505 deletion design significantly reduced 

activity of the sense strand (6-fold, p<0.05) and the NP-1505 dumbbell design seems 

to be reduced by a 2-fold (p>0.05). This probably suggests that the only NP-1505 

deletion design successfully reversed the effect of the thermodynamic asymmetry at 

each end with a highly active antisense strand and a less active sense strand. However, 

the other novel designs improved antisense strand activity without compromising 

sense strand activity. Interestingly, the dumbbell designs with pre-cleavage did not 

eliminate the sense strand’s ‘off-target’ as effect predicted in Bramsen et al.’s work 

(263). This might be due to the elongated stem (23 bp) that made each of the 

segmented sense strand active again.  
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Figure 3.16 Luciferase assay test for silencing activity of all NP-1505 siRNA 
novel designs on plasmid Luc-NP and Luc-PN. HEK293 cells were 
cotransfected with the NP-1505 novel designs and Luc-NP(a) or Luc-
PN(b) and cells were lysed at 48 hpi for luciferase assay. The error bars 
represent standard error (N=4 replicates and 3 individual tests). The 
luciferase activity from anti-GFP treated cells was considered 100%. 
Anti-GFP, reporter plasmid was co-transfected with anti-GFP siRNA; 
sisi-1505, NP-1505 siRNA design with a cleavage at 10-11nt at the sense 
strand; Deletion, with 2nt deletion at the 3’end of the sense strand and no 
overhang; Dumbbell, novel NP-1505 design annealed from a single RNA 
strand; Bugle, design with an extra A nucleotide between 1st and 2nd 
nucleotide of sense strand; AC, design with AC mismatch at the 3’ sense 
strand; AG, design with AG mismatch at the 3’ sense strand; UG, design 
with a UG mismatch at the 3’sense strand. Grey bars, NP-1505 
conventional design. Statistical analysis was done by Tukey’s test. 
Different characters represent significant difference between different 
siRNA treatments (p<0.05). 
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3.2.8 Dose response study for NP-1505 novel designs  

As shown above, different novel designs have improved the NP-1505 antisense 

strand targeting efficiency. All novel designs, except NP-1505 sisi, were chosen for a 

dose response study. To determine the most effective dose of each novel-designed 

siRNAs conferring maximum antisense strand activity without over-saturation of 

RISC complex and toxicity to cells, a dose response study for novel designs was 

conducted using Luc-NP as an indicator. Experiments were conducted as described 

above. Two to ten pmol, 2 pmol or 20 pmol of anti-GFP, novel NP-1505 or positive 

control NP-1496 siRNAs were cotransfected with plasmid Luc-NP individually into a 

96-well plate containing 150 µL medium with final concentrations as 0.001 µM, 0.01 

µM and 0.1 µM of siRNAs. Similar to the above experimental procedures, cells were 

lysed after a 48-hr incubation and luciferase activity was determined. Transfected cells 

were observed before lysis and no significant cell toxicity effect was observed 

compared to the mock-transfected cells. Results showed that (Figure 3.17). 

The 0.1 µM siRNA appear to be the most effective dose for all of the novel designs. 

All novel designs achieved maximum inhibition of luciferase production and no 

obvious toxicity for cells were observed for HEK293 cells under microscope after 48-

hr incubation at this dosage. 

Besides, it is clear to see that different designs perform differently under 

dosage changes. Conventional NP-1505, the novel NP-1505 AS, NP-1505 NH, NP-

1505 Bulge and the NP-1505 UG mis designs completely lost their silencing activity 

for antisense strand when the dosage was dropped 10-fold to 0.01 µM, while NP-1505 

AC, NP-1505 Dumbbell, NP-1505 Deletion, NP-1505 AG and the positive control 

NP-1496 still effectively inhibited luciferase expression on Luc-NP by ~10% -50%. 
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Figure 3.17 Dose response study based on luciferase test on Luc-NP for different 
novel designs of NP-1505. Luc-NP was co-transfected with chosen NP-
1505 novel designs at different concentrations (0.1µM, 0.01µM and 
0.001µM). Luciferase assay was conducted 48 hr post transfection. Error 
bars represent standard error (N=4 replicates).  
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When the dosage decreased further to 0.001 µM, all of the designs lost their silencing 

activities against Luc-NP. This indicates that the antisense strand is not effective at 

low dosages. 

3.2.9 Kinetic study of anti-influenza NP-1496 siRNA using vLuc reporter 
construct 

The vLuc reporter constructs were tested as a tool to evaluate in vitro silencing 

kinetics of siRNAs. The NP-1496 siRNA targeting the NP segment (Ge et al., 2003) 

was chosen for test. The vLuc reporter demonstrated that NP-1496 siRNA 

significantly decreased the influenza RdRp activity by around 335 fold for 5 pmoles 

(p<0.05) and 862 fold for 10 pmoles (p<0.05) of siRNA by 24 hpi compared to anti-

GFP treatment (Figure 3.18). There were no significant differences between 5 pmoles 

and 10 pmoles siRNA treatments (p>0.05).  

3.2.10 Inhibition of actual influenza virus replication by novel siRNAs 

To study the actual inhibition of siRNAs on influenza virus,  

The reporter vLuc developed was utilized as an indicator for influenza virus 

replication. The experiments were conducted by cotransfecting vLuc along with 

different novel designs into HEK293 cells in a 96-well plate. Cells were then infected 

with A/PR/8/34 (H1N1) strain at a MOI of 0.1 18h post transfection. At different time 

post infection, cells were lysed and assayed for luciferase activity.  
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Figure 3.18 Kinetic study of anti-influenza NP-1496 siRNA using vLuc reporter 
construct. HEK293 cells were reverse co-transfected with vLuc 
constructs and NP-1496 or anti-GFP siRNA (5 or 10 pmoles per well) in 
96 well plate and infected with A/Puerto Rico/8/1934 at M.O.I = 0.01 at 
18 hr post infection. Cells were lysed at different time post infection and 
luciferase activity was determined. Relative inhibition of influenza RNA 
polymerase was determined by dividing activity of NP-1496 by activity 
of anti-GFP siRNA treated cells. Each treatment was done in triplicates 
and statistical analysis was done by Student t-test. Indicate significant 
differences (p<0.05) between NP-1496 and anti-GFP treated cells: *, 5 
pmoles per well; #, 10 pmoles per well.  
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Results were shown as Figure 3.19. Anti-GFP did not reduced luciferase 

activity, indicating that there were non-specific inhibition effects on influenza virus 

replication. Clearly, all designs showed different trends in inhibiting influenza though 

they demonstrated strong inhibition of luciferase activity of the Luc-NP plasmid. In 

general, most of the novel designs did not show high silencing activity. NP-1505 NH 

and bulge, which conferred high activity on Luc-NP silencing, had no significant 

inhibition effect on influenza virus replication. NP-1505 AC, UG mismatch and 

deletion had reduced inhibition potency of influenza replication compared to that on 

Luc-NP. On the other hand, the dumbbell shape designed NP-1505 even showed 

higher potency than it had on Luc-NP in the prior test. Notably, NP-1505 Dumbbell 

has a much more stable structure than the other novel designs. This suggests that 

during influenza replication, siRNAs with high potency might lose efficacy. Although 

all of the designs target the same region on the same segment and showed similar 

potency in silencing, other factors might affect their inhibitory effect on influenza 

replication  
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Figure 3.19  Luciferase assay test of conventional/novel designed siRNA NP-1505 
inhibitory effect on actual influenza virus using reporter plasmid 
vLuc as an indicator for activity of viral replication.  HEK293 cells 
were cotransfected with novel designs of NP-1505 and vLuc reporter 
plasmid. 18 hr after transfection, cells were infected with influenza 
PR/8/34 (H1N1) at MOI = 0.1. 24 hr. Error bars represent standard error 
(N=4 replicates). Statistical analysis was done by Tukey’s test. Different 
characters represent significant difference between different siRNA 
treatments (p<0.05).  
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3.2.11 Selection and design optimization of potent siRNAs targeting other 
conserved regions 

Based on the performance in the antisense strand activity and inhibition of 

actual influenza virus replication of novel designs for siRNA NP-1505 and the ease of 

application, the three best designs, AC, UG mismatch and deletion were applied to 

three other conserved sites: NP-452, PA-700 and M-35, all of which had the 

unfavorable thermodynamic asymmetries as described in Table 3.4. Based on the 

sequence differences, different designs were applied. An AC mismatch was applied to 

the second nucleotide of the PA-700 5’ sense strand and the second nucleotide of M-

35 5’ sense strand, while a UG mismatch was applied to the third nucleotide of the 

NP-452 5’ sense strand. Deletion designs were made universally for all three sites by 

removing two nucleotides along with the dTdT overhangs from the 5’ sense strand. In 

total six novel designs along with their original conventional designs were tested for 

their inhibitory effect on influenza replication. NP-452 and its derivatives were also 

tested with the Luc-NP plasmid (data not shown).  

To test their efficiency, vLuc was co-transfected individually with the newly 

designs siRNAs mentioned above as well as with the negative control anti-GFP into 

HEK293 cells and then cells were infected with the A/PR/8/34 (H1N1) strain at an 

MOI of 0.1 18-hr post transfection. Finally, 24-hr post infection, cells were lysed and 

evaluated for luciferase assay. The luciferase expression level indicated the influenza 

replication activity. As shown in Figure 3.20, different effects were observed for the 

three individual targets. For NP-452, it is noteworthy that with a relatively unfavorable 

thermodynamic asymmetry (Table 3.4), the conventional siRNA NP-452 showed 

relatively high silencing activity with ~80% inhibition on Luc-NP (Figure 3.20) and 

~70% inhibition on influenza virus replication in terms of luciferase expression from 
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Figure 3.20 Luciferase assay test of conventional/novel designed siRNA NP-452, 
PA-700 and M-35’s inhibitory effect on actual influenza virus using 
reporter plasmid vLuc as an indicator for activity of viral 
replication. HEK293 cells were cotransfected with novel designs of NP-
452/PA-700/M-35 and vLuc reporter plasmid. 18 hr after transfection, 
cells were infected with influenza PR/8/34 (H1N1) at MOI = 0.1. 24 hr 
1error bars represent standard error (N=4 replicates). Statistical analysis 
was done by Tukey’s test. Different characters represent significant 
difference between different siRNA treatments (p<0.05).
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vLuc plasmid. Neither of the novel designs managed to improve its silencing activities 

but rather be deleterious. For PA-700, similarly, both novel designs failed to improve 

its silencing activities to a significant level. Finally for M-23, compared to the 

conventional M-35, the AC mismatch design showed significant silencing by 

increasing inhibition of influenza virus in terms of luciferase expression to 15%, while 

the deletion design did not show any significant change in activity. In summary, the 

six best designs with different modifications that both had good silencing efficacy on 

Luc-NP and inhibition of influenza replication were selected (Table 3.6).  

3.2.12 Discussion 

We have designed several siRNAs based on conserved regions on the influenza 

virus genome and improved their silencing efficacy through various novel designs. 

Applications of almost all these novel designs to the target sites NP-1505 showed an 

improved knockdown activity for siRNA antisense strand and enhanced inhibitory 

effect on influenza virus replications compared to the conventional designs. The most 

potent designs also showed comparable efficiency to the positive control siRNA NP-

1496. Although the followed applications of selected novel designs on NP-452, PA-

700 and M-35 showed differential effects on inhibition of influenza virus, compared to 

conventional designs, we still managed to select relatively potent siRNA NP-452 and 

siRNA M-35 AC mis.  
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Table 3.6 Summary of best designs and their inhibitory effect on both Luc-NP 
and actual influenza virus 

Sites Modifications Luc-NP Inhibition of Influenza virus 
infection based on vLuc 

NP-1496 None 7% 8% 

NP-1505 AC mismatch 23.60% 62% 

NP-1505 UG 18% 86% 

NP-1505 Dumbbell 23% 14% 

NP-452 None 24% 27% 

M-23 AC mismatch  25% 
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Several conventional siRNAs or expressed shRNAs were developed previously 

targeting nucleoprotein segment (163,165,257,281), components of the virus RNA 

polymerase (163,257) or matrix protein (166,282). These all showed effective 

inhibition on influenza virus replication both in vitro or in vivo. Among these 

experiments, only in Ge et al.’s experiment were siRNAs designed against conserved 

regions across multiple strains. All the other rationally designed siRNAs were based 

on sequence from only one or two specific strains. In our experiment, we explored the 

most updated influenza virus sequence database, including recently isolated strains. In 

our studies we showed that regardless of the rational design rules for siRNAs, the 

potency of siRNAs with sequence restricted within the conserved regions of influenza 

virus could be improved by novel sequence or structural designs. Highly conserved 

regions were located at the coding regions on three segments (3, 5 and 7), which were 

also selected for siRNAs development in previous studies. Ge et al. (163) suggested 

the nucleoprotein or the component of RNA polymerase as potent inhibitors of 

influenza virus due to their essential roles in influenza virus replication and their broad 

inhibition effect on all viral RNA production from other segments, unlike siRNAs that 

targeted segment 7, which can only cause M-specific mRNA degradation. However, 

we and others (166,282) showed that siRNAs targeting segment 7 exibited potential 

therapeutic application for influenza virus. Hui et al. showed that lentivirus-delivered 

shRNA M-331, targeting the matrix gene, could be a robust inhibitor for influenza 

virus and Sui et al.’s also found that shRNA targeting the M2 ion channel could cause 

broad inhibition on viral RNA production. If efficient delivery methods was the 

possible contributing factors above, in our study, we found that the matrix protein-

targeted siRNA M-35 with novel 5’ AC mismatches designs conferred effective 
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inhibition on influenza virus with transient transfection. Moreover, the efficiency of 

siRNA M-35 AC mis was assessed by luciferase expression level from vLuc reporter 

plasmids, which served as an indicator for influenza replication activity. This means 

that inhibiting matrix protein production could interfere with influenza replication 

activity. Previous studies showed that as a structural protein, M1 also plays important 

roles in multiple influenza virus steps. It participates in blocking viral mRNA 

transcription (283) nuclear export of vRNPs (284), viral assembly and budding 

(285,286). So the reduced matrix protein production could possibly affect the 

packaging and release of new vRNPs and resulted in reduction of the new vRNPs 

replication activity.  

Previous studies showed siRNAs with novel designs, such as a shortened sense 

strand, acquired efficacious antisense strand silencing correlated with reduced off-

target effect of the sense strand (266,267,287,288). However, we did not observe 

similar effects for novel designs NP-1505 NH, bulge and three 5’ mismatch designs. 

One of the mechanisms proposed for the increased antisense strand targeting activity 

by structural asymmetric designs was the increased RISC loading efficiency for the 

antisense strand by eliminating loading of the sense strand (287). It seems to be not the 

case for these novel designs. Moreover, the sense strand-mediated ’off-target’ effect 

brought by the sense strand might be manipulated as a positive factor for anti-

influenza studies. Among the three strands produced during influenza virus 

replication, mRNA has been suggested as the direct target for siRNAs in Ge et al’s 

study (163). vRNA, on the other hand, usually exists in the from of vRNPs in the 

cytoplasm and is wrapped by the nucleoproteins. This made vRNA hard to get access 

to for targeting. Ge et al. (214) showed that phosphorodiamidate morpholino 
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oligomers (PMO) targeting the terminal regions of NP vRNA or cRNA could also 

inhibit influenza virus efficiently, which suggests that the nucleic acid analogs could 

access to the vRNA possibly by entering the nucleus. Similarly, for siRNAs, if one 

strand had been transported into nucleus, it would have the same effect on influenza 

virus. So this ‘off-target’ effect brought by sense strand might not necessarily be a 

detrimental effect. siRNAs with both strands highly active might be more efficient in 

inhibiting influenza virus replication. 

Notably, some of the novel designs improved siRNA silencing also in a 

sequence-dependent manner. Although two modulations (mismatch and sequence 

deletion) both managed to enhance the RNAi activity of the NP-1505 siRNA duplex, 

they seem to affect the silencing activity of siRNAs at three target sites, NP-452, PA-

700 and M-35 differentially. First, NP-452, although conferring thermodynamic 

unfavorable stability (Table 3.4) still exhibited high activity with ~80% inhibition on 

influenza virus replication (Figure 3.20). Looking at the five siRNA duplexes with 

unfavorable thermodynamic stabilities, only NP-452 had two consecutive AU base 

pairs on the 5’ antisense strand and this might further enhance its antisense strand’s 

potency according to previously identified rules in distribution of 5’ end A/U and G/C 

content with two strands (289). Besides, as described in the rational design rules (148), 

terminal stability is not the only determinant for RNAi activity of siRNA duplexes. So 

overall it is possible that the two novel NP-452 siRNAs did not enhance its RNAi 

activity as expected, which was also observed for NP-1496. It is hard to explain how 

the same mismatches (UG/AC) and deletions that significantly improved siRNA NP-

1505 silencing activity did not show similar effects on target sites PA-700 and M-35. 

Since the effect on thermodynamic stability by RNA single mismatch is sequence and 
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position (290), it is possible that the AC mismatch on siRNA PA-700 did not 

destabilize the 5’ antisense strand enough to be compared to the 5’ sense strand. For 

the deletion design, neither M-35 deletion nor PA-700 deletion showed enhanced 

inhibition effects as observed for NP-1505. Previous studies reported that siRNA with 

a trimmed sense strand had a reduced off-target effect (266,287) and improved 

potency (287) by producing a structural asymmetry for siRNAs. However this 

observation also seems to be sequence dependent. An examination of the 3’ sense 

strand of the deletion design in NP-1505, PA-700 and M-35 revealed that there was a 

AU pair in NP-1505 but a GC pair in PA-700 and M-35 and this novel design failed to 

reverse the unfavorable thermodynamic profile just through trimming of 5’ sense 

strand. Two potent siRNAs, siRNA NP-452 and siRNA M-35 mis were constructed 

and evaluated in this study, 

3.3 Developing Amplifiable MicroRNAs During Influenza A Virus Replication 

3.3.1 Introduction 

RNAi triggers include chemically synthesized siRNAs and vector-expressed 

short-hairpin RNAs and microRNAs. shRNAs were originally designed based on the  

assumption that endogenous miRNAs form a stem-loop structure and are processed 

alone by Dicer alone in the cytoplasm (116,291). As the biogenesis process of 

endogenous microRNAs in animal cells was better studied, it was found that 

endogenous miRNAs were usually transcribed by RNA Polymerase II into a longer 

transcript  

In light of the natural processing of microRNAs, artificial microRNAs were 

developed in the form of a naturally occurred primary miRNA structure (142). Silva et 
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al. have also shown that artificial miRNAs are much more efficient in producing 

mature miRNAs by Dicer cleavage than shRNAs (142). The expression of artificial 

microRNAs can be either driven by RNA polymerase III (pol III) or polymerase II 

(pol II) on DNA-based plasmids or viral vectors. These are commonly based on 

adeno-associated viruses and lentiviruses (292). H1 and U6 (small nuclear RNA 

promoters), are the two most common pol III promoters used to express miRNAs as 

well as shRNAs (136,142). The H1 or U6-driven expression of artificial microRNAs 

usually produces a single transcript with a defined 5’ start site and a 3’ terminal end 

with a stretch of 4-5 uridines (293,294). On the other hand, pol II-driven expression 

could produce a 5’ capped and 3’ polyadenylated transcript, which has a structure 

closely resembling the naturally occurred miRNAs. Furthermore, the pol II promoter 

can also be utilized to express polycistronic miRNAs targeting different sites for 

combinatorial RNAi treatment. 

To achieve sustainable inhibition of influenza virus growth in cell lines and 

animal models, several studies utilized vector-expressing shRNAs (166,282,295) or 

miRNAs (146) delivered via plasmid DNA or viral vectors. These constructs 

conferred with comparable inhibitory effects on influenza virus replication with that of 

chemically synthesized siRNAs (163). In one recent study, Chen et al. (2011) 

successfully developed a lentiviral vector expressing three tandem miRNAs targeting 

PB1, PA and NP under the control of a pol II promoter, which showed significantly 

higher efficiency in inhibiting influenza virus growth compared to the vector 

expressing anti-NP miRNA alone. However, pol II and pol III can only drive 

constitutive expression of miRNAs. Long-term constitutive expression of RNAi 

molecules might post risks to specific cellular functions and animal health. These 
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include off-target effect on host genes due to partial sequence complementarity 

(202,203), inhibition of endogenous miRNA production (205) due to RNAi system 

and induction of interferon and inflammatory response (201). To reduce these risk 

factors, one of corresponding strategies is to develop inducible promoters that could 

limit the RNAi molecule expression only in presence of virus infections. Several 

recent studies against some other viruses have made progress in developing inducible 

RNAi. Strayers et al. tried to construct inducible siRNA expression system against 

HCV by cloning the HIV-1 LTR upstream of anti-HCV RNAi. During infection, the 

HCV infection induced NF-κB expression could in turn stimulate LTR and trigger the 

expression of anti-HCV RNAi (206). Another example is a HIV-1 TAT inducible anti-

rev RNAi expression system under the control of the HIV-1 LTR-like promoter. The 

expression of TAT could induce the corresponding production of anti-rev RNAi in a 

negative feedback mechanism.  

Previously, we and others (68,69,296) have developed reporter constructs 

expressing influenza virus mini-genome segment with viral protein coding regions 

replaced by reporter proteins. It was demonstrated that the constructs could have 

inducible expression of reporter proteins upon influenza virus infection via recognition 

by influenza virus polymerase. Besides, several recent studies have shown that 

recombinant influenza A viruses carrying microRNA expression cassette are capable 

of expressing functional microRNAs targeting different host genes (297–299). This 

provides possibilities for development of inducible anti-influenza virus RNAi.  
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3.3.2 Design and construct of anti-influenza microRNA based on siRNA NP-
1496 

To construct virus-inducible artificial microRNA expression construct, we first 

tried to design efficient artificial microRNA targeting influenza virus. We employed 

the sequence of NP-1496, the highly efficient anti-influenza virus siRNA as a positive 

control to develop the anti-influenza virus artificial microRNA. The design was made 

according to the protocol given by Hannon’s lab (300) and shown in Figure 3.21. The 

corresponding DNA oligo miR-30-NP-1496 was synthesized by Integrated DNA 

Technologies Inc. Sequence is shown in Appendix.  

The artificial microRNA was first cloned into the pCAG-mir30 plasmid, which 

contains the miR-30 5’ and 3’ flanking sequences at multiple cloning site and tested 

for efficacy on inhibition of influenza virus replication under the control of the CAG 

promoter, a constitutive RNA polymerase II promoter. In order to construct human 

miR-30 based artificial microRNA NP-1496 target, the artificial microRNA cassette 

was PCR amplified from the DNA oligo miR-30-NP-1496 as shown in Figure 3.21, 

using two primers tagged with XhoI and EcoRI multiple cloning site. After restriction 

enzyme digestion, the PCR amplicon was ligated into pCAG-mir30 plasmid in the 

multiple cloning sites. The finished construct pCAG-mir30-NP-1496 was confirmed 

by sequencing.  

To test the silencing efficiency of the artificial miR-30-NP-1496 against NP 

segment, the pCAG-mir30-NP-1496 was cotransfected with Luc-NP developed in 

Chapter 3.2 in HEK293 cells. After 48hr post transfection, cells were lysed and 

subjected to luciferase assay. As shown in Figure 3.22, compared to cells transfected 

with Luc-NP alone, cells cotransfected with pCAG-mir30-NP-1496 expressing 

artificial microRNA and Luc-NP indeed showed ~30% reduction in luciferase activity.  



 

122 122 

 

Figure 3.21 Schematic graph design of artificial microRNA based on siRNA NP-
1496 targeting influenza. This plasmid map was originally constructed 
by Matsuda and Cepko (301) The sequence of artificial microRNA 
design (a) was based on siRNA NP-1496 and human miR-30 backbone. 
The top strand shown in blue is NP-1496 sense strand, the bottom strand 
is the antisense strand. The plasmid map for pCAG-mir30 is shown in 
(b). pCAG-mir30 carries a human mir-30 backbone. Artificial microRNA 
could be cloned between the XhoI and EcoRI site as described by 
Paddison et al.(300).  

NP-1505 Dumbbell 

 
 

 
 
Table 6. Design of mir30 embedded shRNA NP-1496.  
Three designs are with different target sequences of the NP-1496. 97mer has longer mir30 stem; 79mer has 
shorter mir30 stem; 79merPR8 has same mir30 stem as 79mer yet longer target sequence of influenza A 
virus PR8 strain. Italic character represents NP-1496 target sequence. 
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Figure 3.22 Inhibition of Luc-NP luciferase activity by artificial microRNA 
targeting influenza NP segment based on human mir-30 backbone. 
HEK293 cells were cotransfected with pCAG-mir30-NP01496 and Luc-
NP or Luc-NP alone. Cells were lysed and subjected for luciferase assay 
after 24 hr post infection. Luciferase activity was normalized to cells 
transfected with Luc-NP alone.  
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However, this reduction is not potent as the previous developed NP-1496 sequence-

based shRNAs and siRNAs. 

3.3.3 Construct of virus-inducible artificial microRNA (vMicroRNA) 

Chen et al. developed several artificial microRNAs based on chicken gga-mir-

126 as backbone. Among these, two artificial microRNAs with single or multiple 

miRNAs exhibited potent inhibitory effect on luciferase construct and also influenza 

virus growth. As shown in Figure 3.23, pLB2-NP expresses a single miRNA targeting 

NP protein and pLB2-PB1-NP-PA expresses three tandem miRNAs that target PB1, 

NP and PA protein. We decided to select these two artificial microRNAs as backbone 

for vMicroRNAs. The vMicroRNA would be cloned with 5’ and 3’ flanked influenza 

virus vRNA promoter sequence into the pHH21 vector. In pHH21, the expression is 

under control of the RNA polymerase I promoter, which produces transcripts with 

defined 5’ and 3’ termini. 

The proposed model for the infection-induced artificial microRNA expression 

is as followed. Once the construct was transfected inside of cells, upon influenza 

infection, with the assistance of nucleoprotein (NP), the viral polymerase protein (PA, 

PB1 and PA) could recognize the vRNA promoter located on the 5’ and 3’ flank of the 

artificial microRNA and amplify or transcribe the entire modified artificial 

microRNA. The amplified artificial microRNA could be recognized by Drosha inside 

nucleus and be processed into pre-miRNA followed by transportation into cytoplasm 

and Dicer cleavage (Figure 3.24). The processed miRNA duplex would then 

participate in the subsequent RNAi pathway. On the other hand, there might be three 

RNA species (vRNA, cRNA and mRNA) produced from the inducible artificial 

microRNA construct due to the replication and transcription activity of the viral  
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Figure 3.23 Schematic diagram depicting artificial microRNA with single 
miRNA or multiple miRNA The diagram was adapted from Chen et 
al.2011 (146))  The sequence of artificial gga-miR-126 expressing anti-
influenza NP is shown in (a). The bottom strand marked with blue color 
stands for the antisense strand targeting NP segment. Schematic diagram 
of two artificial microRNA expressed by pLB2-NP and pLB-PB1-NP-PA 
is shown in (b). The pLB2-NP expresses single miRNA (NP) and the 
pLB2-PB1-NP-PA expresses three tandem miRNAs (PB1-NP-PA). They 
were PCR amplified for construct of viral inducible artificial 
microRNAs.   

Design of miR126-NP & miR126- PB1-NP-PA


Figure 4. Inhibition of luciferase activity by multiple anti-influenza miRNAs expressed from chicken miR126-based lentiviral
vectors. (a) Schematic diagram of lentiviral vectors expressing one, two or three anti-influenza miRNAs. pLB2, lentiviral vector backbone; pLB2-NP,
pLB2-PB1-NP, and pLB2-PB1-NP-PA, lentiviral vectors expressing NP miRNA, NP and PB1 miRNAs, and NP, PB1 and PA miRNAs, respectively. (b)
Inhibition of luciferase activity by NP, PB1 or PA miRNAs in transient transfection assays. DF-1 cells were co-transfected with lentiviral vectors
(450 ng) and corresponding psicheck-2 reporter plasmids (50 ng). Luciferase activity was measured 48 hrs later. Shown are relative Renilla
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with the pLB2-PB1-NP-PA lentiviral vector and appropriate
reporter plasmids. Luciferase activity was inhibited by NP, PB1
and PA miRNAs by 70 to 95% (Figure 6a), suggesting that the
chicken miR126-based lentiviral vector is a general platform for
expressing artificial miRNAs. We also tested whether the
miR126-NP stem-loop can be properly processed when
transcribed from a RNA polymerase III promoter. Thus,
miR126-NP was cloned into the pLL3.7 lentiviral vector under

the transcriptional control of the U6 promoter. In addition, six
thymidines (T) were added to the 39 end of the hairpin as a
termination signal for the Pol III. The resulting lentiviral vector
pLL3.7-NP was co-transfected with the reporter plasmid into
DF-1 cells and the luciferase activity was inhibited by ,90%
(Figure 6b), similar to the pLB2-NP vector. Thus, the chicken
miR126-based stem-loop hairpin can also be transcribed and
processed from a Pol III promoter.

Figure 3. Inhibition of luciferase activity by NP miRNA expressed from chicken miRNA-based lentiviral vectors. (a) Structures and
sequences of the miR21-NP and miR126-NP. Mature miR21 or miR126 sequences were replaced with anti-influenza NP sequences (blue). (b)
Structures and sequences of miR21-NP-shRNA and miR126-NP-shRNA. Anti-influenza NP sequences were in blue. (c) Inhibition of luciferase activity by
NP miRNA expressed from lentiviral vectors from a and b. DF-1 cells were co-transfected with lentiviral vector and the corresponding reporter
plasmid, and luciferase activity was measured 48 hrs after transfection. Shown are average relative Renilla luciferase activities (n = 3). (d) Inhibition of
luciferase activity by stably expressed NP miRNA. DF-1 cells were infected with miR126-NP lentivirus (MOI = 0.1) and were selected with puromycin
until GFP-positive cells reached .95%. Cells were then transfected with reporter plasmid and luciferase activity was assayed 48 hrs later. Average
Renilla luciferase activity is shown (n = 3).
doi:10.1371/journal.pone.0022437.g003
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Figure 3.24 Schematic graph depicting the proposed model for virus-inducible 
expression of artificial microRNA. The artificial microRNA targeting 
influenza virus (red) is flanked by the influenza vRNA promoter. In the 
proposed model, during infection, the influenza promoter could be 
recognized by RNA polymerase and NP, amplified and processed by 
Drosha inside of the nucleus. The pre-miRNAs will be transported into 
cytoplasm and processed by Dicer for subsequent RNAi activity.   
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RNA polymerase (Figure 3.25). So the artificial microRNA might be processed by 

Drosha into pre-miRNAs in any of the three different species in plus or negative sense. 

In order to develop the most active artificial microRNA among the three RNA species, 

we decided to construct the artificial microRNAs as well as its reverse complementary 

counterpart flanked by the vRNA promoters in the pHH21 vector. The artificial 

microRNAs without flanking vRNA promoters were also constructed in the pHH21 

for control purposes. In that case, the artificial microRNA expression is driven by 

RNA polymerase I for constitutive expression.  

In total six vMicroRNA expression plasmids were constructed. The design was 

based on miR-126-NP sequence expressed by pLB2-NP plasmid and multiple 

microRNAs targeting NP, PB1 and PA, expressed by pLB2-PB1-NP-PA. Both 

plasmids were developed by Chen et al. (146) and kindly provided by Dr. Jianzhu 

Chen (Massachusetts Institute of Technology, MA). The schematic diagrams of those 

two plasmids were shown in Figure 3.23. Four vMicroRNA expression vector 

(pHH21-NPi(+)/NPi(-), pHH21-3i(+)/3i(-)) along with two controls without promoter 

sequences (pHH21-NPc and pHH21-3c) were constructed based on the two artificial 

microRNAs. Following similar procedures described in Chapter 3.2.5, to construct 

pHH21-NPc/NPi(+)/NPi(-) expressing artificial microRNA targeting NP,  the gga-

miR-126-NP was PCR amplified from pLB2-NP using cloning primers NPc-F/R, 

NPi(+)-F/R and NPi(-)-F/R accordingly, digested with BsmBI and ligated with pHH21 

plasmid pre-digested with BsmBI restriction enzyme. The pHH21-NPc was 

constructed expressing gga-miR-NP alone for control purposes. The pHH21-NPi(+) 

and pHH2-NPi(-) were constructed to express gga-miR-NP flanked by 5’ and 3’  
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Figure  3.25 Three possible RNA species produced from the inducible artificial 
microRNA construct. Once the vRNA promoter that flank the artificial 
microRNA is recognized by the viral RNA polymerase, it might be able 
to replicated into cRNA-microRNA transcript which is reverse 
complementary to the original transcript or transcribed into mRNA with 
3’- polyadenylation. Any of the three RNA species could possibly be 
processed by Drosha.  
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promoter of influenza A/WSN/33(H1N1) strain (same to that of vGFP and vLuc 

constructs in Chapter 3.2.5) with either directions. On the other hand, to construct 

pHH21-3c/3i(+)/3i(-) expressing three tandem microRNAs, the artificial microRNA 

was amplified from pLB2-NP-PB1-PA plasmid using cloning primers 3c-F/R, 3i(+)-

F/R and 3i(-)-F/R similarly as described above. pHH21-3c was constructed for control 

purposes for pHH21-3i(+) and pHH21-3i(-). The finished constructs were confirmed 

by sequencing.  

3.3.4 Time course and dose response study on vMicroRNA expression’s 
inhibition of influenza virus replication using vLuc as an indicator. 

To test the inhibition efficiency of vMicroRNAs against influenza viruses in 

response to their infection, time course and dose response study was conducted against 

influenza virus. The reporter plasmid vLuc developed in Chapter 3.1 was employed as 

an indicator for the influenza virus replication activity. Basically, the vMicroRNA 

constructs (pHH21-NPi(+)/NPi(-) and pHH21-3i(+)/pHH21-3i(-)) or the control 

constructs were cotransfected with vLuc into HEK293 cells and cells were then 

infected with influenza A PR/8/34 H1N1 strains at different MOIs (0.02, 0.1, 0.5). 

After different time (16, 24, 48 hr) post infections, cells were lysed and subjected to 

luciferase assay. The firefly luciferase activities were normalized to cells transfected 

with vLuc alone in each group of experiment. However, as described in Chapter 3.1, 

the vLuc plasmid also contains the influenza virus vRNA promoter and this might 

cause competitive inhibition of RNA polymerase in transcribing vMicroRNAs when 

there are not enough production of the polymerase. To test this possibility, we 

cotransfected the vGFP, another reporter plasmid that contains vRNA promoter 
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sequence constructed in Chapter 3.1, and vLuc into HEK293 cells and compared with 

cells transfected with vLuc alone.  

As shown in Figure 3.26, there was no significant difference in the luciferase 

activity between cells transfected with vLuc alone and cells cotransfected with the 

vLuc and vGFP which might have competitive use of RNA polymerase. This indicated 

that no competitive inhibition of RNA polymerase activity on one or another when 

cotransfected with two plasmids that both contain the influenza virus vRNA promoter 

when MOI was as low as 0.02. Besides, we also tested whether there was any off-

target effect by artificial microRNAs directly on the vLuc luciferase transcript, we 

cotransfected the artificial microRNA expression construct made above individually 

with pmirGLO plasmid DNA, which express the luciferase protein and no non-

specific inhibition on luciferase expression was identified (data not shown). 

As suggested in Chapter 3.1, the firefly luciferase produced from vLuc plasmid 

transcripts could reflect the activity of influenza replication. So the inhibitory effect on 

influenza virus replication by the constitutive miRNA or vMicroRNA expression 

construct could be compared from the level of luciferase activity. HEK293 cells were 

cotransfected with vLuc and six microRNA expressing plasmid constructed above, 

infected at three different MOIs (0.02, 0.1 and 0.5) and lysed at different time post 

infection. All final luciferase activity was normalized to the 16 hpi vLuc only control.  

As shown in Figure 3.27, according to the level of luciferase activity, cells 

transfected with constitutive multiple miRNA-expressing constructs (pHH21-3c) 

showed significant inhibitory effect on influenza virus reproduction at all MOIs, while 

cells transfected with constitutive single anti-NP miRNA-expressing construct did not 

have any inhibitory effect except at MOI = 0.5. To compare the inhibition effect on  
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Figure 3.26 Test of competitive inhibitory effect on RNA polymerase when cells 
were co-transfected with constructs that both contained influenza 
vRNA promoter. HEK293 cells were cotransfected with vLuc and vGFP 
(vLuc+vGFP) or vLuc alone (vLuc only) and infected with influenza A 
PR/8/34 H1N1 virus at MOI = 0.02. Cells were lysed for luciferase assay 
after 24 hr post infection (hpi).  
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Figure 3.27 Indirect inhibition of vLuc luciferase activity by vMicroRNAs 
construct. HEK-293 cells were cotransfected with 100 ng vLuc plasmid 
and 100 ng constitutive microRNA (pHH21-NPc/3c) or vMicroRNA 
(pHH21-NPi(+)/(-) and pHH21-3i(+)/(-)) expression constructs. After 
18hpi post transfection, cells were infected with influenza A PR/8/34 
H1N1 virus at MOI = 0.02 (a), MOI = 0.1 (b) and MOI = 0.5 (c). At 16 
hr, 24 hr and 48 hpi, cells were lysed for luciferase assay. The luciferase 
activities were all normalized to the activity of cells transfected with 
vLuc plasmid DNA alone (vLuc only) at 16 hpi (set as 1). Pairwise 
student t-test was made for statistical analysis of relative luciferase 
activity at 24 hpi. Luciferase level marked with no shared character 
stands for significant differences between each other (p < 0.05) 
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influenza virus replication by the constitutive expressing-miRNA and inducible 

vMicroRNA at 24 hpi, the pattern also varied between the construct with single anti-

NP miRNA and the one with multiple tandem miRNA. Cells transfected with 

constructs expressing inducible anti-NP exhibited equally potent inhibitory effect on 

influenza at high MOI (0.5) in both directions (+/-) when compared to cells transfected 

with pHH21-NPc. However, pHH21-NPi(-) transfected cells indeed showed more 

potent reduction (~1.7-fold, p<0.05) in virus reproduction compared to pHH21-NPc 

transfected cells when MOI dropped to 0.1 while pHH-21-NPi(+) transfected cells did 

not have any inhibition effect on virus reproduction compared to the vLuc only 

control. When MOI dropped further to 0.02 the inducible vMicroRNAs seem have 

more potent effect (~1.4-2 fold) but it is not significant. This suggested that at 

different MOIs, viruses manipulate the construct expression differently. Also, The two 

vMicroRNA constructs also exhibited differential inhibitory effect, with pHH21-NPi(-

) construct constantly having relative potent inhibition effect and possibly being 

amplified .at MOI = 0.1. On the other hand, for the construct expressing multiple 

miRNA in one cassette, the inducible vMicroRNA exhibited a different trend than. 

Cells transfected with pHH21-3i(+) constantly had a more potent inhibition effect 

(~1.4-2-fold) than the ones transfected with pHH21-3c on influenza at all MOIs 

although not significantly different. However, cells transfected with pHH21-3i(-) had 

less reduction on viral reproduction at MOI = 0.5 (p<0.5) and MOI = 0.1 compared to 

cells transfected with pHH21-3c, which trend is the opposite to the vMicroRNA with 

single anti-NP miRNA expressed.   
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3.3.5 Discussion 

Previously, we and others (146,166,282,295) have developed constitutively 

expressed shRNAs/miRNAs as well as transduced cells lines that showed sustainable 

potent inhibition of influenza virus replication. Here in this project, based on the 

previously developed chicken miR126-based artificial single miRNA or multiple 

miRNAs cassette against influenza virus, we tried to establish an artificial virus-

inducible microRNA (vMicroRNA) system by expressing them with flanked influenza 

virus promoter at each terminus. Based on the time course and dose response study for 

the six miRNA-expressing plasmids, it is suggested that the artificial vMicroRNA 

might be virally amplified and processed into functional miRNA that target influenza 

virus but in a dose-dependent fashion. As shown, reflected from the level of luciferase 

activity, cells transfected with constitutive multiple miRNA-expressing constructs 

(pHH21-3c) showed significant inhibitory effect on influenza virus reproduction at all 

MOIs, while cells transfected with constitutive single anti-NP miRNA-expressing 

construct did not have any inhibitory effect except at MOI = 0.5. This is similar to the 

results obtained by Chen et al. (146), where the multiple miRNA expression cassette 

exhibited a more potent (~2-fold) inhibition than the single miRNA expression 

cassette on influenza replication when expressed in cells, although in their study, the 

anti-NP miRNA expression is driven by a RNA polymerase II (146).  

To look at the overall trend and compare the virus inducible vMicroRNA and 

the constitutive microRNA expression on the inhibition of influenza virus 

reproduction at all three MOIs, it seems that in the plasmid expressing single 

microRNA anti-NP, the vMicroRNA with minus direction (pHH21-NPi(-)) exhibited 

constant potent inhibition  while among the plasmid expressing multiple microRNAs, 

the vMicroRNA with plus direction (pHH21-3i(+)) and the constitutive pHH21-3c had 
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equal potency on influenza inhibition. As we discussed in Chapter 0, cloning 

vMicroRNA in two different directions (+/-) is due to the possible recognition by 

Drosha at different RNA species produced by the pHH21 transcript (Figure 3.25). For 

the vMicroRNA (+), the active microRNA should be present in vRNA species, which 

is the direct transcript from pHH21, while for vMicroRNA (-), the active microRNA 

would be present in cRNA species and mRNA species, which needed a second step for 

replication/transcript. Due to that the cRNA species amplified by the influenza 

polymerase is very little compared to the other two RNA species (as described in 

Chapter 3.1.7), mRNA should be the major RNA species carrying the active anti-

influenza artificial miRNA. Moreover, indicated by previous studies of Varble et al. 

(302), the vRNA might not be a favored substrate by Drosha because it is usually 

encapsidated with nucleoproteins. So here, we hypothesized that the direct transcript 

from vMicroRNA (+), once it is recognized by influenza RNA polymerase, the further 

amplified vRNA species cannot be further recognized by Drosha. So hypothetically, 

their silencing efficacy should be equivalent to the corresponding constitutive 

expression plasmid pHH21-NPc or pHH21-3c. This explained the equal potency 

between those vMicroRNA(+)s and the constitutive miRNA expression plasmid. 

However, for vMicroRNA (-), which would have mRNA species carrying active 

miRNAs, only pHH21-NPi(-) exhibited increased potency at MOI=0.2 while pHH21-

3i(-) seemed to have an decreased potency at all MOIs. This might be explained by 

their secondary structures. As we could tell, the vMicroRNA expressing multiple 

artificial microRNAs had a more complex secondary structure compared to the 

vMicroRNA expressing single anti-NP miRNA, which might make the recognition by 

RNA polymerase for the vMicroRNAs much harder and the amplification might be 
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hindered. Overall, the opposite result suggested that the pHH21-NPi(-) might be 

amplified and its mRNA form were processed into miRNAs while neither of the 

vMicroRNA expressing multiple miRNAs were amplified.  

Besides, as we could tell from the result, the possibly amplified pHH21-NPi(-) 

did not exhibit a large increase in its inhibition effect ( ~2-fold). This might be due to 

a negative feedback by targeting NP. NP is an important protein involved in 

replication (303) and it is also required for the amplification of vMicroRNAs. To 

target NP might also destruct the vMicroRNA production by influenza RNA 

polymerase. To construct effective vMicroRNA, avoiding NP, PB1, PB2 and NP for 

targets might be necessary.  
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Chapter 4 

CONCLUSIONS AND FUTURE WORK 

Overall, we have successfully developed and evaluated vRNA and cRNA-

based reporter systems expressing GFP or luciferase for efficient anti-influenza RNAi 

screening and utilized the vLuc reporter throughout the entire project for the rapid 

detection of influenza virus replication. Second, we have designed and developed 

potent RNAi molecules targeting conserved regions in the NP, M and PA segment of 

the influenza A virus genome. Moreover, by employing a variety of novel siRNA 

designs, we have improved the efficiency of an siRNA targeting NP segment, NP-

1505, by 7-fold in antisense strand targeting and by 8-fold in inhibiting on influenza 

virus reproduction. We also applied those novel designs to siRNAs targeting different 

sites and finally obtained three highly potent siRNAs against conserved regions on 

different segments (NP, PA and M), which could be used for further siRNA cocktail 

studies.  

Finally, to sustainably inhibit on influenza virus in cell lines as well as animal 

models in the future, we tried to develop a virus-inducible artificial microRNA 

expression system by expressing a microRNA from a viral promoter. Time course and 

dose response studies suggested that the virus-inducible anti-NP artificial microRNA 

cloned in the negative sense might have been recognized by the viral RNA polymerase 

and been amplified by the RNA polymerase. The anti-NP artificial miRNA transcribed 

from pHH21-NPi(-) showed ~ a 2-fold increase in its inhibitory effect on influenza 

virus replication at a MOI of 0.1. Nevertheless, cells transfected with constructs 
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carrying multiple miRNAs did not demonstrate significantly improved inhibition of 

replication of influenza virus compared with constructs constitutively-expressing 

multiple miRNAs, This might be due to the secondary structure hindrances that 

prevented influenza RNA polymerase from recognizing the flanking promoter 

sequence.  

The future directions to utilize those efficient reporter plasmids could be 

development of transduced cell lines with vGFP/cGFP or vLuc/cLuc and utilize these 

cell lines for screening of antiviral agents without being affected by different 

transfection efficiency. We have shown the siRNA designs inhibition efficacy on 

influenza virus in cell culture using vLuc as indicator. Further examination of them for 

their in vivo inhibition effect of influenza virus by using the traditional influenza 

infectious assay or the RT-PCR quantitation of  viral mRNA production might be 

applied. SiRNA cocktails could also be developed for the prophylaxis and treatment of 

influenza virus infection in human or poultry. Furthermore, more work might need to 

be done on development of vMicroRNA constructs. The amplification and correct 

processing of miRNAs would need to be confirmed by molecular biology tools such 

as Real-Time PCR. The targets of the designed miRNAs also might need to be 

manipulated to avoid the negative feedback mechanism.  

 
 

 

 



 

141 141 

REFERENCES 

1.  Lamb RA, Krug RM. Orthomyxoviridae: the viruses and their replication. 
Fields virology: p. 1487--1531. Fields Virol 4th ed Philadelphia Lippincott 
Williams Wilkins. 2001;  

2.  CDC. Types of influenza viruses [Internet]. cdc.gov. 2014. Available from: 
http://www.cdc.gov/flu/about/viruses/types.htm 

3.  Alexander DJ. A review of avian influenza in different bird species. Veterinary 
Microbiology. 2000. p. 3–13.  

4.  OIE. AVIAN INFLUENZA. Manual of Diagnostic Tests and Vaccines for 
Terrestrial Animals 2013. 2012. p. 436–54.  

5.  Monne I, Fusaro A, Nelson MI, Bonfanti L, Mulatti P, Hughes J, et al. 
Emergence of a Highly Pathogenic Avian Influenza Virus from a Low 
Pathogenic Progenitor. J Virol. 2014;  

6.  Swayne DE, Pantin-Jackwood M. Pathogenicity of avian influenza viruses in 
poultry. Dev Biol (Basel). 2006;124:61–7.  

7.  Suarez DL, Schultz-Cherry S. Immunology of avian influenza virus: A review. 
Developmental and Comparative Immunology. 2000. p. 269–83.  

8.  Mohler JR. Fowl pest in the United States. J Am vet med Assoc. 1926;21:549–
59.  

9.  Lasley FA. Economics of avian influenza: control vs noncontrol. Avian Dis. 
JSTOR; 2003;390–9.  

10.  Capua I, Marangon S. Control of avian influenza in poultry. Emerg Infect Dis. 
2006;12:1319–24.  

11.  Alexander DJ, Dodet B, Vicari M. Ecology of avian influenza in domestic 
birds. Emerg Control Zoonotic Ortho-and Paramyxovirus Dis. John Libbey 
Eurotext; 2001;25–33.  



 

142 142 

12.  Villareal CL, Flores AO. The Mexican avian influenza (H5N2) outbreak. Avian 
Dis. JSTOR; 2003;18–22.  

13.  Naeem K. The Avian Influenza H7N3 Outbreak in South Central Asia. Avian 
Dis. JSTOR; 2003;31–5.  

14.  Shortridge KF. Poultry and the influenza H5N1 outbreak in Hong Kong, 1997: 
abridged chronology and virus isolation. Vaccine. Elsevier; 1999;17:S26–S29.  

15.  Suarez DL, Perdue ML, Cox N, Rowe T, Bender C, Huang J, et al. 
Comparisons of highly virulent H5N1 influenza A viruses isolated from 
humans and chickens from Hong Kong. J Virol. 1998;72:6678–88.  

16.  Capua I, Alexander DJ. Avian influenza: recent developments. Avian Pathol. 
2004 Aug;33(4):393–404.  

17.  Breiman RF, Nasidi A, Katz MA, Kariuki Njenga M, Vertefeuille J. 
Preparedness for highly pathogenic avian influenza pandemic in Africa. 
Emerging infectious diseases. 2007. p. 1453–8.  

18.  Banks J, Speidel E, Alexander DJ. Characterisation of an avian influenza A 
virus isolated from a human--is an intermediate host necessary for the 
emergence of pandemic influenza viruses? Arch Virol. 1998;143:781–7.  

19.  Kurtz J, Manvell RJ, Banks J. Avian influenza virus isolated from a woman 
with conjunctivitis. Lancet. 1996 Sep 28;348(9031):901–2.  

20.  Taylor HR, Turner AJ. A case report of fowl plague keratoconjunctivitis. The 
British journal of ophthalmology. 1977. p. 86–8.  

21.  Yuen KY, Chan PK, Peiris M, Tsang DN, Que TL, Shortridge KF, et al. 
Clinical features and rapid viral diagnosis of human disease associated with 
avian influenza A H5N1 virus. Lancet. 1998;351:467–71.  

22.  CDC. Avian Influenza A Virus Infections of Humans [Internet]. cdc.gov. 2008. 
Available from: http://www.cdc.gov/flu/avian/gen-info/avian-flu-humans.htm 

23.  Shi J, Deng G, Liu P, Zhou J, Guan L, Li W, et al. Isolation and 
characterization of H7N9 viruses from live poultry markets — Implication of 
the source of current H7N9 infection in humans. Chinese Sci Bull. 
2013;58:1857–63.  



 

143 143 

24.  WHO. Update on human cases of highly pathogenic avian influenza A (H5N1) 
virus infection, 2011. Wkly Epidemiol Rec. 2011;(13):117–28.  

25.  WHO. Overview of the emergence and characteristics of the avian influenza A ( 
H7N9 ) virus. WHO report. 2013 p. 1–38.  

26.  CDC. Avian Influenza A Virus Infections in Humans [Internet]. cdc.gov. 2014. 
Available from: http://www.cdc.gov/flu/avianflu/avian-in-humans.htm 

27.  Wang H, Feng Z, Shu Y, Yu H, Zhou L, Zu R, et al. Probable limited person-
to-person transmission of highly pathogenic avian influenza A (H5N1) virus in 
China. Lancet. 2008;371:1427–34.  

28.  Kandun IN, Wibisono H, Sedyaningsih ER, Yusharmen, Hadisoedarsuno W, 
Purba W, et al. Three Indonesian clusters of H5N1 virus infection in 2005. N 
Engl J Med. 2006;355:2186–94.  

29.  Ungchusak K, Auewarakul P, Dowell SF, Kitphati R, Auwanit W, 
Puthavathana P, et al. Probable person-to-person transmission of avian 
influenza A (H5N1). The New England journal of medicine. 2005. p. 333–40.  

30.  Zhang Y, Zhang Q, Kong H, Jiang Y, Gao Y, Deng G, et al. H5N1 hybrid 
viruses bearing 2009/H1N1 virus genes transmit in guinea pigs by respiratory 
droplet. Science. 2013;340:1459–63.  

31.  Herfst S, Schrauwen EJA, Linster M, Chutinimitkul S, de Wit E, Munster VJ, et 
al. Airborne Transmission of Influenza A/H5N1 Virus Between Ferrets. 
Science. 2012. p. 1534–41.  

32.  Imai M, Watanabe T, Hatta M, Das SC, Ozawa M, Shinya K, et al. 
Experimental adaptation of an influenza H5 HA confers respiratory droplet 
transmission to a reassortant H5 HA/H1N1 virus in ferrets. Nature. 2012.  

33.  FDA. Influenza A (H5N1) Virus Monovalent Vaccine, Adjuvanted, 
manufactured by ID Biomedical Corporation - Questions and Answers 
[Internet]. fda.gov. 2013. Available from: 
http://www.fda.gov/biologicsbloodvaccines/safetyavailability/vaccinesafety/uc
m376465.htm 

34.  FDA. H5N1 Influenza Virus Vaccine, manufactured by Sanofi Pasteur, Inc. 
Questions and Answers [Internet]. fda.gov. 2007. Available from: 
http://www.fda.gov/biologicsbloodvaccines/vaccines/questionsaboutvaccines/u
cm080753.htm#effects 



 

144 144 

35.  CSL. CSL Receives TGA Approval to Register Panvax®, Avian Flu Vaccine 
[Internet]. csl.com.au. 2008. Available from: 
http://www.csl.com.au/s1/cs/auhq/1196562650160/news/1211307236036/prdet
ail.htm 

36.  OIE. The global strategy for prevention and control of H5N1 highly pathogenic 
avian influenza. Food & Agriculture Org.; 2007.  

37.  USDA. AVIAN INFLUENZA. 2012;(May):1–19.  

38.  FAO. FAO Recommendations on the Prevention , Control and Eradication of 
Highly Pathogenic Avian Influenza ( HPAI ) in Asia ( proposed with the 
support of the OIE ). FAO Position Pap. 2004;(September).  

39.  Chen W, Calvo PA, Malide D, Gibbs J, Schubert U, Bacik I, et al. A novel 
influenza A virus mitochondrial protein that induces cell death. Nat Med. 
2001;7:1306–12.  

40.  Krumbholz A, Philipps A, Oehring H, Schwarzer K, Eitner A, Wutzler P, et al. 
Current knowledge on PB1-F2 of influenza A viruses. Med Microbiol 
Immunol. 2011;200:69–75.  

41.  Wise HM, Hutchinson EC, Jagger BW, Stuart AD, Kang ZH, Robb N, et al. 
Identification of a novel splice variant form of the influenza A virus M2 ion 
channel with an antigenically distinct ectodomain. PLoS Pathog. 2012/11/08 ed. 
2012;8(11):e1002998.  

42.  Jagger BW, Wise HM, Kash JC, Walters K-A, Wills NM, Xiao Y-L, et al. An 
Overlapping Protein-Coding Region in Influenza A Virus Segment 3 Modulates 
the Host Response. Science. 2012. p. 199–204.  

43.  Tumpey TM, Alvarez R, Swayne DE, Suarez DL. Diagnostic approach for 
differentiating infected from vaccinated poultry on the basis of antibodies to 
NS1, the nonstructural protein of influenza A virus. J Clin Microbiol. 
2005;43:676–83.  

44.  Richardson JC, Akkina RK. NS2 protein of influenza virus is found in purified 
virus and phosphorylated in infected cells. Arch Virol. 1991;116:69–80.  

45.  Honda A, Mukaigawa J, Yokoiyama A, Kato A, Ueda S, Nagata K, et al. 
Purification and molecular structure of RNA polymerase from influenza virus 
A/PR8. J Biochem. 1990;107:624–8.  



 

145 145 

46.  Moscona A. Neuraminidase inhibitors for influenza. N Engl J Med. 
2005;353:1363–73.  

47.  Holsinger LJ, Nichani D, Pinto LH, Lamb RA. Influenza A virus M2 ion 
channel protein: a structure-function analysis. J Virol. 1994;68:1551–63.  

48.  CDC. Antiviral Drug Resistance among Influenza Viruses [Internet]. cdc.gov. 
2014. Available from: http://www.cdc.gov/flu/professionals/antivirals/antiviral-
drug-resistance.htm#adamantanes 

49.  Ruigrok RW, Barge A, Durrer P, Brunner J, Ma K, Whittaker GR. Membrane 
interaction of influenza virus M1 protein. Virology. 2000;267:289–98.  

50.  Briedis DJ. Influenza Virus. Fundamentals of molecular virology. 2nd ed. John 
Wiley & Sons, Inc.; 2011.  

51.  Horimoto T, Kawaoka Y. Influenza: lessons from past pandemics, warnings 
from current incidents. Nat Rev Microbiol. 2005;3:591–600.  

52.  Flick R, Hobom G. Interaction of influenza virus polymerase with viral RNA in 
the “corkscrew” conformation. J Gen Virol. 1999;80 ( Pt 10:2565–72.  

53.  Hsu MT, Parvin JD, Gupta S, Krystal M, Palese P. Genomic RNAs of influenza 
viruses are held in a circular conformation in virions and in infected cells by a 
terminal panhandle. Proc Natl Acad Sci U S A. 1987;84:8140–4.  

54.  Rogers GN, Paulson JC. Receptor determinants of human and animal influenza 
virus isolates: differences in receptor specificity of the H3 hemagglutinin based 
on species of origin. Virology. 1983;127:361–73.  

55.  Connor RJ, Kawaoka Y, Webster RG, Paulson JC. Receptor specificity in 
human, avian, and equine H2 and H3 influenza virus isolates. Virology. 
1994;205:17–23.  

56.  Hernandez LD, Hoffman LR, Wolfsberg TG, White JM. Virus-cell and cell-cell 
fusion. Annu Rev Cell Dev Biol. 1996;12:627–61.  

57.  Pinto LH, Holsinger LJ, Lamb RA. Influenza virus M2 protein has ion channel 
activity. Cell. 1992;69:517–28.  

58.  Schroeder C, Ford CM, Wharton SA, Hay AJ. Functional reconstitution in lipid 
vesicles of influenza virus M2 protein expressed by baculovirus: evidence for 
proton transfer activity. J Gen Virol. 1994;75 ( Pt 12:3477–84.  



 

146 146 

59.  Herz C, Stavnezer E, Krug RM, Gurney T. Influenza virus, an RNA virus, 
synthesizes its messenger RNA in the nucleus of infected cells. Cell. 1981 
Nov;26(3):391–400.  

60.  Honda A, Ishihama A. Transcription and replication of influenza virus genome. 
Nippon rinsho Japanese J Clin Med. 1997;55:2555–61.  

61.  Neumann G, Noda T, Kawaoka Y. Emergence and pandemic potential of 
swine-origin H1N1 influenza virus. Nature. 2009;459:931–9.  

62.  Flick R, Neumann G, Hoffmann E. Promoter elements in the influenza vRNA 
terminal structure . 1996;1046–57.  

63.  Jorba N, Coloma R, Ortín J, Ortin J, Cantoblanco C De. Genetic trans-
complementation establishes a new model for influenza virus RNA 
transcription and replication. PLoS Pathog. 2009/05/30 ed. 2009 
May;5(5):e1000462.  

64.  Domingo E, Holland JJ. RNA virus mutations and fitness for survival. Annu 
Rev Microbiol. 1997;51:151–78.  

65.  Cattoli G, Milani A, Temperton N, Zecchin B, Buratin A, Molesti E, et al. 
Antigenic Drift in H5N1 Avian Influenza Virus in Poultry Is Driven by 
Mutations in Major Antigenic Sites of the Hemagglutinin Molecule Analogous 
to Those for Human Influenza Virus. J Virol. 2011;85:8718–24.  

66.  Dias A, Bouvier D, Crépin T, McCarthy AA, Hart DJ, Baudin F, et al. The cap-
snatching endonuclease of influenza virus polymerase resides in the PA subunit. 
Nature. 2009;458(7240):914–8.  

67.  Robertson JS, Schubert M, Lazzarini RA. Polyadenylation Sites for Influenza 
Virus mRNA. 1981;38(1):157–63.  

68.  Zhu W, Zhou J, Qin K, Du N, Liu L, Yu Z, et al. A reporter system for assaying 
influenza virus RNP functionality based on secreted Gaussia luciferase activity. 
Virol J. 2011/01/22 ed. 2011;8:29.  

69.  Lutz A, Dyall J, Olivo PD, Pekosz A. Virus-inducible reporter genes as a tool 
for detecting and quantifying influenza A virus replication. J Virol Methods. 
2005/04/26 ed. 2005;126(1-2):13–20.  



 

147 147 

70.  Krammer F, Pontiller J, Tauer C, Palmberger D, Maccani A, Baumann M, et al. 
Evaluation of the influenza A replicon for transient expression of recombinant 
proteins in mammalian cells. PLoS One. 2010;5.  

71.  Li Y, Larrimer A, Curtiss T, Kim J, Jones A, Baird-Tomlinson H, et al. 
Influenza virus assays based on virus-inducible reporter cell lines. Influenza 
Other Respi Viruses. 2009;3:241–51.  

72.  Rechter S, König T, Auerochs S, Thulke S, Walter H, Dörnenburg H, et al. 
Antiviral activity of Arthrospira-derived spirulan-like substances. Antiviral Res. 
2006;72:197–206.  

73.  Su C-Y, Cheng T-JR, Lin M-I, Wang S-Y, Huang W-I, Lin-Chu S-Y, et al. 
High-throughput identification of compounds targeting influenza RNA-
dependent RNA polymerase activity. Proc Natl Acad Sci U S A. 
2010;107:19151–6.  

74.  Naito T, Momose F, Kawaguchi A, Nagata K. Involvement of Hsp90 in 
assembly and nuclear import of influenza virus RNA polymerase subunits. J 
Virol. 2007;81:1339–49.  

75.  Doms RW, Lamb RA, Rose JK, Helenius A. Folding and assembly of viral 
membrane proteins. Virology. 1993;193:545–62.  

76.  Cros JF, Palese P. Trafficking of viral genomic RNA into and out of the 
nucleus: Influenza, Thogoto and Borna disease viruses. Virus Research. 2003. 
p. 3–12.  

77.  Amorim MJ, Bruce EA, Read EKC, Foeglein A, Mahen R, Stuart AD, et al. A 
Rab11- and microtubule-dependent mechanism for cytoplasmic transport of 
influenza A virus viral RNA. J Virol. 2011;85:4143–56.  

78.  Noda T, Kawaoka Y. Packaging of influenza virus genome: robustness of 
selection. Proc Natl Acad Sci U S A. 2012 Jun 5;109(23):8797–8.  

79.  Fujii Y, Goto H, Watanabe T, Yoshida T, Kawaoka Y. Selective incorporation 
of influenza virus RNA segments into virions. Proc Natl Acad Sci U S A. 
2003;100:2002–7.  

80.  Goto H, Muramoto Y, Noda T, Kawaoka Y. The genome-packaging signal of 
the influenza A virus genome comprises a genome incorporation signal and a 
genome-bundling signal. J Virol. 2013 Nov;87(21):11316–22.  



 

148 148 

81.  Stieneke-Gröber A, Vey M, Angliker H, Shaw E, Thomas G, Roberts C, et al. 
Influenza virus hemagglutinin with multibasic cleavage site is activated by 
furin, a subtilisin-like endoprotease. EMBO J. 1992;11:2407–14.  

82.  Bertram S, Glowacka I, Steffen I, Kühl A, Pöhlmann S. Novel insights into 
proteolytic cleavage of influenza virus hemagglutinin. Rev Med Virol. 
2010;20:298–310.  

83.  Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and 
specific genetic interference by double-stranded RNA in Caenorhabditis 
elegans. Nature. 1998;391:806–11.  

84.  Jorgensen R. Altered gene expression in plants due to trans interactions 
between homologous genes. Trends Biotechnol. 1990;8:340–4.  

85.  Pandit NN, Russo VE. Reversible inactivation of a foreign gene, hph, during 
the asexual cycle in Neurospora crassa transformants. Mol Gen Genet. 
1992;234:412–22.  

86.  Romano N, Macino G. Quelling: transient inactivation of gene expression in 
Neurospora crassa by transformation with homologous sequences. Mol 
Microbiol. 1992;6:3343–53.  

87.  Kennerdell JR, Carthew RW. Use of dsRNA-mediated genetic interference to 
demonstrate that frizzled and frizzled 2 act in the wingless pathway. Cell. 
1998;95:1017–26.  

88.  Ngô H, Tschudi C, Gull K, Ullu E. Double-stranded RNA induces mRNA 
degradation in Trypanosoma brucei. Proc Natl Acad Sci U S A. 
1998;95:14687–92.  

89.  Elbashir SM, Harborth J, Lendeckel W. Duplexes of 21 ± nucleotide RNAs 
mediate RNA interference in cultured mammalian cells. Nature. 2001;411:1–5.  

90.  Voinnet O. RNA silencing as a plant immune system against viruses. Trends in 
Genetics. 2001. p. 449–59.  

91.  Li H, Li WX, Ding SW. Induction and suppression of RNA silencing by an 
animal virus. Science. 2002;296:1319–21.  

92.  Fire A. RNA-triggered gene silencing. Trends in Genetics. 1999. p. 358–63.  



 

149 149 

93.  Manche L, Green SR, Schmedt C, Mathews MB. Interactions between double-
stranded RNA regulators and the protein kinase DAI. Mol Cell Biol. 
1992;12:5238–48.  

94.  Bandyopadhyay S, Ghosh A, Sarkar SN, Sen GC. Production and purification 
of recombinant 2’-5' oligoadenylate synthetase and its mutants using the 
baculovirus system. Biochemistry. 1998;37:3824–30.  

95.  Cullen BR. Is RNA interference involved in intrinsic antiviral immunity in 
mammals? Nat Immunol. 2006;7:563–7.  

96.  Bennasser Y, Le SY, Benkirane M, Jeang KT. Evidence that HIV-1 encodes an 
siRNA and a suppressor of RNA silencing. Immunity. 2005;22:607–19.  

97.  Lu R, Folimonov A, Shintaku M, Li W-X, Falk BW, Dawson WO, et al. Three 
distinct suppressors of RNA silencing encoded by a 20-kb viral RNA genome. 
Proc Natl Acad Sci U S A. 2004;101:15742–7.  

98.  Sullivan CS, Ganem D. A virus-encoded inhibitor that blocks RNA interference 
in mammalian cells. J Virol. 2005;79:7371–9.  

99.  Hemmes H, Kaaij L, Lohuis D, Prins M, Goldbach R, Schnettler E. Binding of 
small interfering RNA molecules is crucial for RNA interference suppressor 
activity of rice hoja blanca virus NS3 in plants. J Gen Virol. 2009;90:1762–6.  

100.  Li Y, Lu J, Han Y, Fan X, Ding S-W. RNA interference functions as an 
antiviral immunity mechanism in mammals. Science. 2013 Oct 
11;342(6155):231–4.  

101.  Maillard P V, Ciaudo C, Marchais a, Li Y, Jay F, Ding SW, et al. Antiviral 
RNA interference in mammalian cells. Science. 2013 Oct 11;342(6155):235–8.  

102.  Hutvágner G, Zamore PD. RNAi: Nature abhors a double-strand. Current 
Opinion in Genetics and Development. 2002. p. 225–32.  

103.  Ketting RF, Fischer SE, Bernstein E, Sijen T, Hannon GJ, Plasterk RH. Dicer 
functions in RNA interference and in synthesis of small RNA involved in 
developmental timing in C. elegans. Genes Dev. 2001;15:2654–9.  

104.  Bernstein E, Caudy AA, Hammond SM, Hannon GJ. Role for a bidentate 
ribonuclease in the initiation step of RNA interference. Nature. 2001;409:363–
6.  



 

150 150 

105.  Filippov V, Solovyev V, Filippova M, Gill SS. A novel type of RNase III 
family proteins in eukaryotes. Gene. 2000;245:213–21.  

106.  Bayne EH, Allshire RC. RNA-directed transcriptional gene silencing in 
mammals. Trends Genet. 2005 Jul;21(7):370–3.  

107.  De Fougerolles A, Vornlocher H-P, Maraganore J, Lieberman J. Interfering 
with disease: a progress report on siRNA-based therapeutics. Nat Rev Drug 
Discov. 2007;6:443–53.  

108.  Zamore PD, Tuschl T, Sharp PA, Bartel DP. RNAi: double-stranded RNA 
directs the ATP-dependent cleavage of mRNA at 21 to 23 nucleotide intervals. 
Cell. 2000;101:25–33.  

109.  Nykänen A, Haley B, Zamore PD. ATP requirements and small interfering 
RNA structure in the RNA interference pathway. Cell. 2001;107:309–21.  

110.  Schwarz DS, Hutvágner G, Du T, Xu Z, Aronin N, Zamore PD, et al. 
Asymmetry in the assembly of the RNAi enzyme complex. Cell. 2003/10/22 ed. 
2003 Oct 17;115(2):199–208.  

111.  Tomari Y, Matranga C, Haley B, Martinez N, Zamore PD. A protein sensor for 
siRNA asymmetry. Science (80- ). 2004/11/20 ed. 2004;306(5700):1377–80.  

112.  Rand TA, Petersen S, Du F, Wang X. Argonaute2 cleaves the anti-guide strand 
of siRNA during RISC activation. Cell. 2005;123:621–9.  

113.  Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, et al. The nuclear RNase III 
Drosha initiates microRNA processing. Nature. 2003;425:415–9.  

114.  Lee Y, Jeon K, Lee J-T, Kim S, Kim VN. MicroRNA maturation: stepwise 
processing and subcellular localization. EMBO J. 2002;21:4663–70.  

115.  Yi R, Qin Y, Macara IG, Cullen BR. Exportin-5 mediates the nuclear export of 
pre-microRNAs and short hairpin RNAs. Genes Dev. 2003;17:3011–6.  

116.  Hutvágner G, McLachlan J, Pasquinelli AE, Bálint E, Tuschl T, Zamore PD. A 
cellular function for the RNA-interference enzyme Dicer in the maturation of 
the let-7 small temporal RNA. Science. 2001;293:834–8.  

117.  Aravin AA, Lagos-Quintana M, Yalcin A, Zavolan M, Marks D, Snyder B, et 
al. The small RNA profile during Drosophila melanogaster development. 
Developmental Cell. 2003. p. 337–50.  



 

151 151 

118.  Thomson JM, Parker J, Perou CM, Hammond SM. A custom microarray 
platform for analysis of microRNA gene expression. Nat Methods. 2004;1:47–
53.  

119.  Song J-J, Liu J, Tolia NH, Schneiderman J, Smith SK, Martienssen RA, et al. 
The crystal structure of the Argonaute2 PAZ domain reveals an RNA binding 
motif in RNAi effector complexes. Nat Struct Biol. 2003;10:1026–32.  

120.  Liu J, Valencia-Sanchez MA, Hannon GJ, Parker R. MicroRNA-dependent 
localization of targeted mRNAs to mammalian P-bodies. Nat Cell Biol. 
2005;7:719–23.  

121.  Sen GL, Blau HM. Argonaute 2/RISC resides in sites of mammalian mRNA 
decay known as cytoplasmic bodies. Nat Cell Biol. 2005;7:633–6.  

122.  Kawasaki H, Taira K. Induction of DNA methylation and gene silencing by 
short interfering RNAs in human cells. Nature. 2004;431:211–7.  

123.  Morris K V, Chan SW-L, Jacobsen SE, Looney DJ. Small interfering RNA-
induced transcriptional gene silencing in human cells. Science. 2004;305:1289–
92.  

124.  Mette MF, Aufsatz W, van der Winden J, Matzke MA, Matzke AJ. 
Transcriptional silencing and promoter methylation triggered by double-
stranded RNA. EMBO J. 2000;19:5194–201.  

125.  Wassenegger M, Heimes S, Riedel L, Sänger HL. RNA-directed de novo 
methylation of genomic sequences in plants. Cell. 1994;76:567–76.  

126.  Verdel A, Jia S, Gerber S, Sugiyama T, Gygi S, Grewal SIS, et al. RNAi-
mediated targeting of heterochromatin by the RITS complex. Science. 
2004;303:672–6.  

127.  Echeverri CJ, Perrimon N. High-throughput RNAi screening in cultured cells: a 
user’s guide. Nat Rev Genet. 2006;7:373–84.  

128.  Rolle K, Nowak S, Wyszko E, Nowak M, Zukiel R, Piestrzeniewicz R, et al. 
Promising human brain tumors therapy with interference RNA intervention 
(iRNAi). Cancer Biol Ther. 2010;9:396–406.  

129.  Shen J, Samul R, Silva RL, Akiyama H, Liu H, Saishin Y, et al. Suppression of 
ocular neovascularization with siRNA targeting VEGF receptor 1. Gene Ther. 
2006;13:225–34.  



 

152 152 

130.  Rossi JJ. RNAi as a treatment for HIV-1 infection. Biotechniques. 
2006;Suppl:25–9.  

131.  Morrissey D V, Lockridge JA, Shaw L, Blanchard K, Jensen K, Breen W, et al. 
Potent and persistent in vivo anti-HBV activity of chemically modified siRNAs. 
Nat Biotechnol. 2005;23:1002–7.  

132.  Bitko V, Musiyenko A, Shulyayeva O, Barik S. Inhibition of respiratory viruses 
by nasally administered siRNA. Nat Med. 2005;11:50–5.  

133.  Heninger A-K, Buchholz F. Production of Endoribonuclease-Prepared Short 
Interfering RNAs (esiRNAs) for Specific and Effective Gene Silencing in 
Mammalian Cells. CSH Protoc. 2007;2007:pdb.prot4824.  

134.  Yang D, Buchholz F, Huang Z, Goga A, Chen C-Y, Brodsky FM, et al. Short 
RNA duplexes produced by hydrolysis with Escherichia coli RNase III mediate 
effective RNA interference in mammalian cells. Proc Natl Acad Sci U S A. 
2002;99:9942–7.  

135.  Myers JW, Jones JT, Meyer T, Ferrell JE. Recombinant Dicer efficiently 
converts large dsRNAs into siRNAs suitable for gene silencing. Nature 
biotechnology. 2003 p. 324–8.  

136.  Paddison PJ, Caudy AA, Bernstein E, Hannon GJ, Conklin DS. Short hairpin 
RNAs (shRNAs) induce sequence-specific silencing in mammalian cells. Genes 
Dev. 2002;16:948–58.  

137.  Kurreck J. RNA interference: from basic research to therapeutic applications. 
Angew Chem Int Ed Engl. 2009 Jan;48(8):1378–98.  

138.  Yi R, Doehle BP, Qin Y, Macara IG, Cullen BR. Overexpression of exportin 5 
enhances RNA interference mediated by short hairpin RNAs and microRNAs. 
RNA. 2005;11:220–6.  

139.  Brummelkamp TR, Bernards R, Agami R. A system for stable expression of 
short interfering RNAs in mammalian cells. Science. 2002;296:550–3.  

140.  Carmell MA, Zhang L, Conklin DS, Hannon GJ, Rosenquist TA. Germline 
transmission of RNAi in mice. Nat Struct Biol. 2003;10:91–2.  

141.  Tiscornia G, Singer O, Ikawa M, Verma IM. A general method for gene 
knockdown in mice by using lentiviral vectors expressing small interfering 
RNA. Proc Natl Acad Sci U S A. 2003;100:1844–8.  



 

153 153 

142.  Silva JM, Li MZ, Chang K, Ge W, Golding MC, Rickles RJ, et al. Second-
generation shRNA libraries covering the mouse and human genomes. Nat 
Genet. 2005/10/04 ed. 2005;37(11):1281–8.  

143.  Zeng Y, Wagner EJ, Cullen BR. Both Natural and Designed Micro RNAs Can 
Inhibit the Expression of Cognate mRNAs When Expressed in Human Cells. 
Mol Cell. 2002 Jun;9(6):1327–33.  

144.  Bauer M, Kinkl N, Meixner A, Kremmer E, Riemenschneider M, Förstl H, et 
al. Prevention of interferon-stimulated gene expression using microRNA-
designed hairpins. Gene Ther. 2009;16:142–7.  

145.  Ko HY, Hwang DW, Lee DS, Kim S. A reporter gene imaging system for 
monitoring microRNA biogenesis. Nat Protoc. 2009 Jan;4(11):1663–9.  

146.  Chen SC-YY, Stern P, Guo Z, Chen J. Expression of multiple artificial 
microRNAs from a chicken miRNA126-based lentiviral vector. PLoS One. 
2011 Jan;6(7):e22437.  

147.  Stein CA. Antisense that comes naturally. Nat Biotechnol. Nature Publishing 
Group; 2001 Aug;19(8):737–8.  

148.  Reynolds A, Leake D, Boese Q, Scaringe S, Marshall WS, Khvorova A. 
Rational siRNA design for RNA interference. Nat Biotechnol. 2004/02/06 ed. 
2004;22(3):326–30.  

149.  Khvorova A, Reynolds A, Jayasena SD. Functional siRNAs and miRNAs 
Exhibit Strand Bias. Cell. 2003 Oct;115(2):209–16.  

150.  Mittal V. Improving the efficiency of RNA interference in mammals. Nat Rev 
Genet. 2004 May;5(5):355–65.  

151.  Bohula EA, Salisbury AJ, Sohail M, Playford MP, Riedemann J, Southern EM, 
et al. The efficacy of small interfering RNAs targeted to the type 1 insulin-like 
growth factor receptor (IGF1R) is influenced by secondary structure in the 
IGF1R transcript. J Biol Chem. 2003;278:15991–7.  

152.  Holen T, Amarzguioui M, Wiiger MT, Babaie E, Prydz H. Positional effects of 
short interfering RNAs targeting the human coagulation trigger Tissue Factor. 
Nucleic Acids Res. 2002;30:1757–66.  



 

154 154 

153.  Vickers TA, Koo S, Bennett CF, Crooke ST, Dean NM, Baker BF. Efficient 
reduction of target RNAs by small interfering RNA and RNase H-dependent 
antisense agents. A comparative analysis. J Biol Chem. 2003;278:7108–18.  

154.  Overhoff M, Alken M, Far RK-K, Lemaitre M, Lebleu B, Sczakiel G, et al. 
Local RNA target structure influences siRNA efficacy: a systematic global 
analysis. J Mol Biol. 2005 May 13;348(4):871–81.  

155.  Schubert S, Grünweller A, Erdmann VA, Kurreck J. Local RNA target structure 
influences siRNA efficacy: systematic analysis of intentionally designed 
binding regions. J Mol Biol. 2005 May 13;348(4):883–93.  

156.  Shao Y, Chan CY, Maliyekkel A, Lawrence CE, Roninson IB, Ding Y. Effect 
of target secondary structure on RNAi efficiency. RNA. 2007 Oct 
1;13(10):1631–40.  

157.  Ding Y, Chan CY, Lawrence CE. Sfold web server for statistical folding and 
rational design of nucleic acids. Nucleic Acids Res. 2004;32:W135–W141.  

158.  Bitko V, Barik S. Phenotypic silencing of cytoplasmic genes using sequence-
specific double-stranded short interfering RNA and its application in the reverse 
genetics of wild type negative-strand RNA viruses. BMC Microbiol. 2001;1:34.  

159.  Zhang W, Tripp RA. RNA interference inhibits respiratory syncytial virus 
replication and disease pathogenesis without inhibiting priming of the memory 
immune response. J Virol. 2008;82:12221–31.  

160.  Alnylam. Top-line Results of our Phase IIb Study of ALN-RSV01 [Internet]. 
www.alnylam.com. 2012. Available from: 
http://www.alnylam.com/capella/spotlight/rsv-ph2b-topline-may2012/ 

161.  Zhang Y, Li T, Fu L, Yu C, Li Y, Xu X, et al. Silencing SARS-CoV Spike 
protein expression in cultured cells by RNA interference. FEBS Lett. 2004 Feb 
27;560(1-3):141–6.  

162.  Tang Q, Li B, Woodle M, Lu PY. Application of siRNA against SARS in the 
rhesus macaque model. Methods Mol Biol. 2008 Jan;442:139–58.  

163.  Ge Q, McManus MT, Nguyen T, Shen C-HH, Sharp P a, Eisen HN, et al. RNA 
interference of influenza virus production by directly targeting mRNA for 
degradation and indirectly inhibiting all viral RNA transcription. Proc Natl 
Acad Sci U S A. 2003/02/21 ed. 2003 Mar 4;100(5):2718–23.  



 

155 155 

164.  Ge Q, Filip L, Bai A, Nguyen T, Eisen HN, Chen J. Inhibition of influenza 
virus production in virus-infected mice by RNA interference. Proc Natl Acad 
Sci U S A. 2004 Jun 8;101(23):8676–81.  

165.  Tompkins SM, Lo C-Y, Tumpey TM, Epstein SL. Protection against lethal 
influenza virus challenge by RNA interference in vivo. Proc Natl Acad Sci U S 
A. 2004;101:8682–6.  

166.  Sui HY, Zhao GY, Huang JD, Jin DY, Yuen KY, Zheng BJ. Small interfering 
RNA targeting M2 gene induces effective and long term inhibition of influenza 
A virus replication. PLoS One. 2009;4.  

167.  Munir S, Kaur K, Kapur V. Avian metapneumovirus phosphoprotein targeted 
RNA interference silences the expression of viral proteins and inhibits virus 
replication. Antiviral Res. 2006;69:46–51.  

168.  Ferreira HL, Spilki FR, Almeida RS de, Santos MMAB, Arns CW. Inhibition 
of avian metapneumovirus (AMPV) replication by RNA interference targeting 
nucleoprotein gene (N) in cultured cells. Antiviral Res. 2007;74:77–81.  

169.  Ter Brake O, Konstantinova P, Ceylan M, Berkhout B. Silencing of HIV-1 with 
RNA interference: a multiple shRNA approach. Mol Ther. 2006 
Dec;14(6):883–92.  

170.  Liu YP, Gruber J, Haasnoot J, Konstantinova P, Berkhout B. RNAi-mediated 
inhibition of HIV-1 by targeting partially complementary viral sequences. 
Nucleic Acids Res. 2009 Oct;37(18):6194–204.  

171.  Berkhout B, ter Brake O. RNAi Gene Therapy to Control HIV-1 Infection. In: 
Martinez MA, editor. RNA Interference and Viruses: Current Innovations and 
Future Trends. 2009. p. 125–39.  

172.  Deng L, Li G, Xi L, Yin A, Gao Y, You W, et al. Hepatitis B virus inhibition in 
mice by lentiviral vector mediated short hairpin RNA. BMC Gastroenterol. 
2009 Jan;9:73.  

173.  Giladi H. Small interfering RNA Inhibits Hepatitis B virus replication in mice. 
Mol Ther. 2003 Nov;8(5):769–76.  

174.  McCaffrey AP, Nakai H, Pandey K, Huang Z, Salazar FH, Xu H, et al. 
Inhibition of hepatitis B virus in mice by RNA interference. Nat Biotechnol. 
2003 Jun;21(6):639–44.  



 

156 156 

175.  Wilson JA, Jayasena S, Khvorova A, Sabatinos S, Rodrigue-Gervais IG, Arya 
S, et al. RNA interference blocks gene expression and RNA synthesis from 
hepatitis C replicons propagated in human liver cells. Proc Natl Acad Sci U S 
A. 2003 Mar 4;100(5):2783–8.  

176.  Randall G, Grakoui A, Rice CM. Clearance of replicating hepatitis C virus 
replicon RNAs in cell culture by small interfering RNAs. Proc Natl Acad Sci U 
S A. 2003 Jan 7;100(1):235–40.  

177.  Randall G, Panis M, Cooper JD, Tellinghuisen TL, Sukhodolets KE, Pfeffer S, 
et al. Cellular cofactors affecting hepatitis C virus infection and replication. 
Proc Natl Acad Sci U S A. 2007;104:12884–9.  

178.  Ng TI, Mo H, Pilot-Matias T, He Y, Koev G, Krishnan P, et al. Identification of 
host genes involved in hepatitis C virus replication by small interfering RNA 
technology. Hepatology. 2007;45:1413–21.  

179.  Ge Q, McManus MT, Nguyen T, Shen CH, Sharp PA, Eisen HN, et al. RNA 
interference of influenza virus production by directly targeting mRNA for 
degradation and indirectly inhibiting all viral RNA transcription. Proc Natl 
Acad Sci U S A. 2003/02/21 ed. 2003;100(5):2718–23.  

180.  Lee NS, Dohjima T, Bauer G, Li H, Li M-J, Ehsani A, et al. Expression of 
small interfering RNAs targeted against HIV-1 rev transcripts in human cells. 
Nat Biotechnol. 2002;20:500–5.  

181.  Novina CD, Murray MF, Dykxhoorn DM, Beresford PJ, Riess J, Lee S-K, et al. 
siRNA-directed inhibition of HIV-1 infection. Nat Med. 2002;8:681–6.  

182.  Jacque J-M, Triques K, Stevenson M. Modulation of HIV-1 replication by RNA 
interference. Nature. 2002;418:435–8.  

183.  Suzuki K, Hattori S, Marks K, Ahlenstiel C, Maeda Y, Ishida T, et al. Promoter 
Targeting shRNA Suppresses HIV-1 Infection In vivo Through Transcriptional 
Gene Silencing. Mol Ther Nucleic Acids. 2013;2:e137.  

184.  McCaffrey AP. RNA interference inhibitors of hepatitis B virus. Ann N Y Acad 
Sci. 2009 Sep;1175:15–23.  

185.  Supekova L, Supek F, Lee J, Chen S, Gray N, Pezacki JP, et al. Identification of 
human kinases involved in hepatitis C virus replication by small interference 
RNA library screening. J Biol Chem. 2008;283:29–36.  



 

157 157 

186.  Maggon K, Barik S. New drugs and treatment for respiratory syncytial virus. 
Rev Med Virol. 2004;14:149–68.  

187.  Schopman NCT, Braun A, Berkhout B. Directed HIV-1 Evolution of Protease 
Inhibitor Resistance by Second-Generation Short Hairpin RNAs. Antimicrobial 
Agents and Chemotherapy. 2012. p. 479–86.  

188.  Haley B, Zamore PD. Kinetic analysis of the RNAi enzyme complex. Nat 
Struct Mol Biol. 2004;11:599–606.  

189.  Leonard JN, Schaffer D V. Antiviral RNAi therapy: emerging approaches for 
hitting a moving target. Gene Ther. 2005/09/24 ed. 2006;13(6):532–40.  

190.  Anderson J, Akkina R. HIV-1 resistance conferred by siRNA cosuppression of 
CXCR4 and CCR5 coreceptors by a bispecific lentiviral vector. AIDS Res 
Ther. 2005;2:1.  

191.  Anderson J, Banerjea A, Akkina R. Bispecific short hairpin siRNA constructs 
targeted to CD4, CXCR4, and CCR5 confer HIV-1 resistance. 
Oligonucleotides. 2003;13:303–12.  

192.  Martínez MA, Gutiérrez A, Armand-Ugón M, Blanco J, Parera M, Gómez J, et 
al. Suppression of chemokine receptor expression by RNA interference allows 
for inhibition of HIV-1 replication. AIDS. 2002;16:2385–90.  

193.  Komano J, Miyauchi K, Matsuda Z, Yamamoto N. Inhibiting the Arp2/3 
complex limits infection of both intracellular mature vaccinia virus and primate 
lentiviruses. Mol Biol Cell. 2004;15:5197–207.  

194.  Koga H, Ohshima T, Shimotohno K. Enhanced activation of tax-dependent 
transcription of human T-cell leukemia virus type I (HTLV-I) long terminal 
repeat by TORC3. J Biol Chem. 2004;279:52978–83.  

195.  Chiu Y-L, Cao H, Jacque J-M, Stevenson M, Rana TM. Inhibition of human 
immunodeficiency virus type 1 replication by RNA interference directed 
against human transcription elongation factor P-TEFb (CDK9/CyclinT1). J 
Virol. 2004;78:2517–29.  

196.  Nguyen DG, Wolff KC, Yin H, Caldwell JS, Kuhen KL. “UnPAKing” human 
immunodeficiency virus (HIV) replication: using small interfering RNA 
screening to identify novel cofactors and elucidate the role of group I PAKs in 
HIV infection. J Virol. 2006;80:130–7.  



 

158 158 

197.  Stertz S, Shaw ML. Uncovering the global host cell requirements for influenza 
virus replication via RNAi screening. Microbes and Infection. 2011. p. 516–25.  

198.  König R, Stertz S, Zhou Y, Inoue A, Hoffmann H-H, Bhattacharyya S, et al. 
Human host factors required for influenza virus replication. Nature. 
2010;463:813–7.  

199.  Meliopoulos VA, Andersen LE, Birrer KF, Simpson KJ, Lowenthal JW, Bean 
AGD, et al. Host gene targets for novel influenza therapies elucidated by high-
throughput RNA interference screens. The FASEB Journal. 2012. p. 1372–86.  

200.  DiGiusto DL, Stan R, Krishnan A, Li H, Rossi JJ, Zaia J a. Development of 
hematopoietic stem cell based gene therapy for HIV-1 infection: considerations 
for proof of concept studies and translation to standard medical practice. 
Viruses. 2013;5:2898–919.  

201.  Judge AD, Sood V, Shaw JR, Fang D, McClintock K, MacLachlan I. Sequence-
dependent stimulation of the mammalian innate immune response by synthetic 
siRNA. Nat Biotechnol. 2005;23:457–62.  

202.  Jackson AL, Bartz SR, Schelter J, Kobayashi S V, Burchard J, Mao M, et al. 
Expression profiling reveals off-target gene regulation by RNAi. Nat 
Biotechnol. 2003;21:635–7.  

203.  Scacheri PC, Rozenblatt-Rosen O, Caplen NJ, Wolfsberg TG, Umayam L, Lee 
JC, et al. Short interfering RNAs can induce unexpected and divergent changes 
in the levels of untargeted proteins in mammalian cells. Proc Natl Acad Sci U S 
A. 2004;101:1892–7.  

204.  Grimm D, Pandey K, Kay MA. Adeno-associated virus vectors for short hairpin 
RNA expression. Methods in Enzymology. 2005. p. 381–405.  

205.  Grimm D, Streetz K, Pandey K, Storm T, Kay M. Determinants of Toxicity 
Induced by Expression of Short Hairpin RNA from AAV Vectors. Mol Ther. 
2005 Aug 15;11(S1):36–36.  

206.  Strayer DS, Feitelson M, Sun B, Matskevich AA. Paradigms for conditional 
expression of RNA interference molecules for use against viral targets. Methods 
Enzymol. 2005;392:227–41.  

207.  Chung TD, Cianci C, Hagen M, Terry B, Matthews JT, Krystal M, et al. 
Biochemical studies on capped RNA primers identify a class of oligonucleotide 



 

159 159 

inhibitors of the influenza virus RNA polymerase. Proc Natl Acad Sci U S A. 
1994 Mar 15;91(6):2372–6.  

208.  Luo G, Danetz S, Krystal M. Inhibition of influenza viral polymerases by 
minimal viral RNA decoys. J Gen Virol. 1997 Sep;78 ( Pt 9):2329–33.  

209.  Gabriel G, Nordmann A, Stein D a, Iversen PL, Klenk H-D. Morpholino 
oligomers targeting the PB1 and NP genes enhance the survival of mice 
infected with highly pathogenic influenza A H7N7 virus. J Gen Virol. 2008 
Apr;89(Pt 4):939–48.  

210.  Ge Q, Pastey M, Kobasa D, Lupfer C, Bestwick RK, Iversen PL, et al. 
Inhibition of multiple subtypes of influenza A virus in cell cultures with 
morpholino oligomers. Antimicrob Agents Chemother. 2006/09/13 ed. 2006 
Nov;50(11):3724–33.  

211.  Motard J, Rouxel R, Paun A, Messling V Von, Bisaillon M. A Novel 
Ribozyme-Based Prophylaxis Inhibits Influenza A Virus Replication and 
Protects from Severe Disease. 2011;6(11).  

212.  Tompkins SM, Lo CY, Tumpey TM, Epstein SL. Protection against lethal 
influenza virus challenge by RNA interference in vivo. Proc Natl Acad Sci U S 
A. 2004;101(23):8682–6.  

213.  Tado M, Abe T, Hatta T, Ishikawa M, Nakada S, Yokota T, et al. Inhibitory 
effect of modified 5’-capped short RNA fragments on influenza virus RNA 
polymerase gene expression. Antivir Chem Chemother. 2001 Nov;12(6):353–8.  

214.  Ge Q, Pastey M, Kobasa D, Puthavathana P, Lupfer C, Bestwick RK, et al. 
Inhibition of multiple subtypes of influenza A virus in cell cultures with 
morpholino oligomers. Antimicrob Agents Chemother. 2006/09/13 ed. 
2006;50(11):3724–33.  

215.  Lyall J, Irvine RM, Sherman A, McKinley TJ, Núñez A, Purdie A, et al. 
Suppression of avian influenza transmission in genetically modified chickens. 
Science. 2011;331(2011):223–6.  

216.  OIE, Paris F. Manual of Diagnostic Tests and Vaccines for Terrestrial Animals. 
World Organisation for Animal Health. 2010 p. 1–19.  

217.  ATCC. MDCK (NBL-2) (ATCC® CCL-34TM) Culture Method [Internet]. 
atcc.org. 2014. Available from: http://www.atcc.org/Products/All/CCL-
34.aspx#culturemethod 



 

160 160 

218.  ATCC. 293 [HEK-293] (ATCC® Culture Method CRL-1573TM) Culture 
Method [Internet]. atcc.org. 2014. Available from: 
http://www.atcc.org/products/all/CRL-1573.aspx#culturemethod 

219.  REED LJ, MUENCH H. A Simple Method of Estimating Fifty Percent 
Endpoints. Am J Epidemiol. 1938;27(3):493–7.  

220.  Rasband W. ImageJ. U S Natl Institutes Heal Bethesda, Maryland, USA. 
2012;//imagej.nih.gov/ij/.  

221.  Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M, et al. 
Primer3--new capabilities and interfaces. Nucleic Acids Res. 2012;40:e115.  

222.  Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods San 
Diego Calif. Elsevier; 2001;25(4):402–8.  

223.  Wang R, Taubenberger JK. Methods for molecular surveillance of influenza. 
Expert Rev Anti Infect Ther. 2010;8:517–27.  

224.  Allwinn R, Preiser W, Rabenau H, Buxbaum S, Stürmer M, Doerr HW. 
Laboratory diagnosis of influenza--virology or serology? Med Microbiol 
Immunol. 2002;191:157–60.  

225.  Kim HJ, Fodor E, Brownlee GG, Seong BL. Mutational analysis of the RNA-
fork model of the influenza A virus vRNA promoter in vivo. J Gen Virol. 
1997;78 ( Pt 2):353–7.  

226.  Neumann G, Hobom G. Mutational analysis of influenza virus promoter 
elements in vivo. J Gen Virol. 1995 Jul;76 ( Pt 7):1709–17.  

227.  Flick R, Neumann G, Hoffmann E, Neumeier E, Hobom G. Promoter elements 
in the influenza vRNA terminal structure. RNA. 1996;2:1046–57.  

228.  Kittel C, Sereinig S, Ferko B, Stasakova J, Romanova J, Wolkerstorfer A, et al. 
Rescue of influenza virus expressing GFP from the NS1 reading frame. 
Virology. 2004;324:67–73.  

229.  Manicassamy B, Manicassamy S, Belicha-villanueva A, Pisanelli G, Pulendran 
B, García-Sastre A, et al. Analysis of in vivo dynamics of influenza virus 
infection in mice using a GFP reporter virus. Proc Natl Acad Sci U S A. 
2010/06/11 ed. 2010 Jun 22;107(25):11531–6.  



 

161 161 

230.  Shinya K, Fujii Y, Ito H, Ito T, Kawaoka Y. Characterization of a 
neuraminidase-deficient influenza a virus as a potential gene delivery vector 
and a live vaccine. J Virol. 2004;78:3083–8.  

231.  Machado A. Expression of a foreign gene by stable recombinant influenza 
viruses harboring a dicistronic genomic segment with an internal promoter. 
Virology. 2003;313(1):235–49.  

232.  Neumann G, Watanabe T, Ito H, Watanabe S, Goto H, Gao P, et al. Generation 
of influenza A viruses entirely from cloned cDNAs. Proc Natl Acad Sci U S A. 
1999/08/04 ed. 1999;96(16):9345–50.  

233.  Li Y, Larrimer A, Curtiss T, Kim J, Jones A, Baird-Tomlinson H, et al. 
Influenza virus assays based on virus-inducible reporter cell lines. Influenza 
Other Respi Viruses. 2009/09/01 ed. 2009;3(5):241–51.  

234.  Deng T, Vreede FT, Brownlee GG. Different de novo initiation strategies are 
used by influenza virus RNA polymerase on its cRNA and viral RNA 
promoters during viral RNA replication. J Virol. 2006/02/14 ed. 
2006;80(5):2337–48.  

235.  Kawakami E, Watanabe T, Fujii K, Goto H, Watanabe S, Noda T, et al. Strand-
specific real-time RT-PCR for distinguishing influenza vRNA, cRNA, and 
mRNA. J Virol Methods. 2010/12/28 ed. 2011;173(1):1–6.  

236.  González S, Ortín J. Distinct regions of influenza virus PB1 polymerase subunit 
recognize vRNA and cRNA templates. EMBO J. 1999 Jul 1;18(13):3767–75.  

237.  Gagnon-Kugler T, Langlois F, Stefanovsky V, Lessard F, Moss T. Loss of 
human ribosomal gene CpG methylation enhances cryptic RNA polymerase II 
transcription and disrupts ribosomal RNA processing. Mol Cell. 2009/09/01 ed. 
2009;35(4):414–25.  

238.  Grummt I, Skinner JA. Efficient transcription of a protein-coding gene from the 
RNA polymerase I promoter in transfected cells. Proc Natl Acad Sci U S A. 
1985;82:722–6.  

239.  Lo HJ, Huang HK, Donahue TF. RNA polymerase I-promoted HIS4 expression 
yields uncapped, polyadenylated mRNA that is unstable and inefficiently 
translated in Saccharomyces cerevisiae. Mol Cell Biol. 1998;18:665–75.  



 

162 162 

240.  Surmacz E, Rønning O, Kaczmarek L, Baserga R. Regulation of the expression 
of the SV40 T-antigen coding gene under the control of an rDNA promoter. J 
Cell Physiol. 1986;127:357–65.  

241.  Feng L, Li F, Zheng X, Pan W, Zhou K, Liu Y, et al. The mouse Pol I 
terminator is more efficient than the hepatitis delta virus ribozyme in generating 
influenza-virus-like RNAs with precise 3’ ends in a plasmid-only-based virus 
rescue system. Arch Virol. 2009/06/16 ed. 2009;154(7):1151–6.  

242.  Karlas A, Machuy N, Shin Y, Pleissner KP, Artarini A, Heuer D, et al. 
Genome-wide RNAi screen identifies human host factors crucial for influenza 
virus replication. Nature. 2010/01/19 ed. 2010;463(7282):818–22.  

243.  Hoffmann E, Webster RG. Unidirectional RNA polymerase I-polymerase II 
transcription system for the generation of influenza A virus from eight 
plasmids. J Gen Virol. 2000;81:2843–7.  

244.  Sui H, Zhao G, Huang J, Jin D, Yuen K, Zheng B. Small Interfering RNA 
Targeting M2 Gene Induces Effective and Long Term Inhibition of Influenza A 
Virus Replication. 2009;4(5):1–7.  

245.  Zhang W, Wang CY, Yang ST, Qin C, Hu JL, Xia XZ. Inhibition of highly 
pathogenic avian influenza virus H5N1 replication by the small interfering 
RNA targeting polymerase A gene. Biochem Biophys Res Commun. 
2009/09/17 ed. 2009;390(3):421–6.  

246.  Zhang JJ, Liu T, Tong XM, Li G, Yan JH, Ye X. Identification of novel virus 
inhibitors by influenza A virus specific reporter cell based screening. Antiviral 
Res. 2012;93(1):48–54.  

247.  Liu HS, Jan MS, Chou CK, Chen PH, Ke NJ. Is green fluorescent protein toxic 
to the living cells? Biochem Biophys Res Commun. 1999;260(3):712–7.  

248.  Neumann G, Brownlee GG, Fodor E, Kawaoka Y. Orthomyxovirus replication, 
transcription, and polyadenylation. Curr Top Microbiol Immunol. 2004/08/10 
ed. 2004;283:121–43.  

249.  Vreede FT, Brownlee GG. Influenza virion-derived viral ribonucleoproteins 
synthesize both mRNA and cRNA in vitro. J Virol. 2006/12/15 ed. 
2007;81(5):2196–204.  

250.  Zou GM, Wu W, Chen J, Rowley JD. Duplexes of 21-nucleotide RNAs mediate 
RNA interference in differentiated mouse ES cells. Biol Cell. 2003;95:365–71.  



 

163 163 

251.  Pai SI, Lin Y-Y, Macaes B, Meneshian A, Hung C-F, Wu T-C. Prospects of 
RNA interference therapy for cancer. Gene Ther. 2006;13:464–77.  

252.  Xia H, Mao Q, Eliason SL, Harper SQ, Martins IH, Orr HT, et al. RNAi 
suppresses polyglutamine-induced neurodegeneration in a model of 
spinocerebellar ataxia. Nat Med. 2004;10:816–20.  

253.  Abrahamyan A, Nagy E, Golovan SP. Human H1 promoter expressed short 
hairpin RNAs (shRNAs) suppress avian influenza virus replication in chicken 
CH-SAH and canine MDCK cells. Antiviral Res. 2009/09/10 ed. 
2009;84(2):159–67.  

254.  Sui H-Y, Zhao G-Y, Huang J-D, Jin D-Y, Yuen K-Y, Zheng B-J. Small 
interfering RNA targeting m2 gene induces effective and long term inhibition of 
influenza A virus replication. PLoS One. 2009 Jan;4(5):e5671.  

255.  Hui EK, Yap EM, An DS, Chen IS, Nayak DP. Inhibition of influenza virus 
matrix (M1) protein expression and virus replication by U6 promoter-driven 
and lentivirus-mediated delivery of siRNA. J Gen Virol. 2004/06/26 ed. 
2004;85(Pt 7):1877–84.  

256.  McCown M, Diamond MS, Pekosz A. The utility of siRNA transcripts 
produced by RNA polymerase I in down regulating viral gene expression and 
replication of negative- and positive-strand RNA viruses. Virology. 
2003;313:514–24.  

257.  Zhou K, He H, Wu Y, Duan M. RNA interference of avian influenza virus 
H5N1 by inhibiting viral mRNA with siRNA expression plasmids. J 
Biotechnol. 2008;135:140–4.  

258.  Hohjoh H. Enhancement of RNAi activity by improved siRNA duplexes. FEBS 
Lett. 2004;557(1-3):193–8.  

259.  Dua P, Yoo JW, Kim S, Lee D-K. Modified siRNA Structure With a Single 
Nucleotide Bulge Overcomes Conventional siRNA-mediated Off-target 
Silencing. Mol Ther. 2011;19:1676–87.  

260.  Vermeulen A, Behlen L, Reynolds A, Wolfson A, Marshall WS, Karpilow J, et 
al. The contributions of dsRNA structure to Dicer specificity and efficiency. 
RNA. 2005;11:674–82.  

261.  Sano M, Sierant M, Miyagishi M, Nakanishi M, Takagi Y, Sutou S. Effect of 
asymmetric terminal structures of short RNA duplexes on the RNA interference 



 

164 164 

activity and strand selection. Nucleic Acids Res. 2008/09/11 ed. 
2008;36(18):5812–21.  

262.  Bolcato-Bellemin A-L, Bonnet M-E, Creusat G, Erbacher P, Behr J-P. Sticky 
overhangs enhance siRNA-mediated gene silencing. Proc Natl Acad Sci U S A. 
2007;104:16050–5.  

263.  Bramsen JB, Laursen MB, Damgaard CK, Lena SW, Babu BR, Wengel J, et al. 
Improved silencing properties using small internally segmented interfering 
RNAs. Nucleic Acids Res. 2007/08/30 ed. 2007 Jan;35(17):5886–97.  

264.  Abe N, Abe H, Ito Y. Dumbbell-Shaped Nanocircular RNA for RNA 
Interference. J Am Chem Soc. 2007;129 15108–9.  

265.  Chu C-Y, Rana TM. Potent RNAi by short RNA triggers. RNA. 2008;14:1714–
9.  

266.  Sun X, Rogoff HA, Li CJ, Yuan Z, Wu X, Liu C, et al. Asymmetric RNA 
duplexes mediate RNA interference in mammalian cells. Nat Biotechnol. 
2008/11/26 ed. 2008 Dec;26(12):1379–82.  

267.  Chang C Il, Yoo JW, Hong SW, Lee SE, Kang HS, Sun X, et al. Asymmetric 
shorter-duplex siRNA structures trigger efficient gene silencing with reduced 
nonspecific effects. Mol Ther. 2009;17:725–32.  

268.  Bramsen JB, Kjems J. Development of Therapeutic-Grade Small Interfering 
RNAs by Chemical Engineering. Frontiers in Genetics. 2012.  

269.  Bao Y, Bolotov P, Dernovoy D, Kiryutin B, Zaslavsky L, Tatusova T, et al. The 
influenza virus resource at theBao, Y., Bolotov, P., Dernovoy, D., Kiryutin, B., 
Zaslavsky, L., Tatusova, T., … Lipman, D. (2008). The influenza virus resource 
at the National Center for Biotechnology Information. Journal of Virology, 82, 
596–601. doi. J Virol. 2008;82:596–601.  

270.  Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Res. 2004/03/23 ed. 2004;32(5):1792–7.  

271.  Waterhouse. Jalview Version 2": a multiple sequence alignement editor and 
analysis workbench. Bioinformatics. 2009;25:1189–91.  

272.  Luytjes W, Krystal M, Enami M, Parvin JD, Palese P. Amplification, 
Expression, and Packaging of a Foreign Gene by Influenza-Virus. Cell. 
1989;59(6):1107–13.  



 

165 165 

273.  Cianci C, Tiley L, Krystal M. Differential activation of the influenza virus 
polymerase via template RNA binding. J Virol. 1995;69:3995–9.  

274.  Hagen M, Chung TD, Butcher JA, Krystal M. Recombinant influenza virus 
polymerase: requirement of both 5’ and 3' viral ends for endonuclease activity. 
J Virol. 1994;68:1509–15.  

275.  Fodor E, Pritlove DC, Brownlee GG. Characterization of the RNA-fork model 
of virion RNA in the initiation of transcription in influenza A virus. J Virol. 
1995;69:4012–9.  

276.  Jiang H, Zhang S, Wang Q, Wang J, Geng L, Toyoda T. Influenza virus 
genome C4 promoter/origin attenuates its transcription and replication activity 
by the low polymerase recognition activity. Virology. Elsevier Inc.; 2010 Dec 
20;408(2):190–6.  

277.  Lee M-K. A single-nucleotide natural variation (U4 to C4) in an influenza A 
virus promoter exhibits a large structural change: implications for differential 
viral RNA synthesis by RNA-dependent RNA polymerase. Nucleic Acids Res. 
2003 Feb 15;31(4):1216–23.  

278.  Gog JR, Afonso EDS, Dalton RM, Leclercq I, Tiley L, Elton D, et al. Codon 
conservation in the influenza A virus genome defines RNA packaging signals. 
Nucleic Acids Res. 2007;35:1897–907.  

279.  ElHefnawi M, Alaidi O, Mohamed N, Kamar M, El-Azab I, Zada S, et al. 
Identification of novel conserved functional motifs across most Influenza A 
viral strains. Virol J. BioMed Central Ltd; 2011 Jan;8(1):44.  

280.  Xia T, SantaLucia J, Burkard ME, Kierzek R, Schroeder SJ, Jiao X, et al. 
Thermodynamic parameters for an expanded nearest-neighbor model for 
formation of RNA duplexes with Watson-Crick base pairs. Biochemistry. 
1998;37:14719–35.  

281.  Zhou H, Jin M, Yu Z, Xu X, Peng Y, Wu H, et al. Effective small interfering 
RNAs targeting matrix and nucleocapsid protein gene inhibit influenza A virus 
replication in cells and mice. Antiviral Res. 2007 Nov;76(2):186–93.  

282.  Hui EK-W, Yap EM, An DS, Chen ISY, Nayak DP. Inhibition of influenza 
virus matrix (M1) protein expression and virus replication by U6 promoter-
driven and lentivirus-mediated delivery of siRNA. J Gen Virol. 2004;85:1877–
84.  



 

166 166 

283.  Baudin F, Petit I, Weissenhorn W, Ruigrok RW. In vitro dissection of the 
membrane and RNP binding activities of influenza virus M1 protein. Virology. 
2001;281:102–8.  

284.  Bui M, Wills EG, Helenius A, Whittaker GR. Role of the influenza virus M1 
protein in nuclear export of viral ribonucleoproteins. J Virol. 2000;74:1781–6.  

285.  Rey O, Nayak DP. Nuclear retention of M1 protein in a temperature-sensitive 
mutant of influenza (A/WSN/33) virus does not affect nuclear export of viral 
ribonucleoproteins. J Virol. 1992;66:5815–24.  

286.  Avalos RT, Yu Z, Nayak DP. Association of influenza virus NP and M1 
proteins with cellular cytoskeletal elements in influenza virus-infected cells. J 
Virol. 1997;71:2947–58.  

287.  Yuan Z, Wu X, Liu C, Xu G, Wu Z. Asymmetric siRNA: New Strategy to 
Improve Specificity and Reduce Off-Target Gene Expression. Human Gene 
Therapy. 2012. p. 521–32.  

288.  Addepalli H, Meena, Peng CG, Wang G, Fan Y, Charisse K, et al. Modulation 
of thermal stability can enhance the potency of siRNA. Nucleic Acids Res. 
2010;38:7320–31.  

289.  Ui-Tei K, Naito Y, Takahashi F, Haraguchi T, Ohki-Hamazaki H, Juni A, et al. 
Guidelines for the selection of highly effective siRNA sequences for 
mammalian and chick RNA interference. Nucleic Acids Res. 2004;32:936–48.  

290.  Davis AR, Znosko BM. Positional and neighboring base pair effects on the 
thermodynamic stability of RNA single mismatches. Biochemistry. 
2010;49:8669–79.  

291.  Grishok A, Pasquinelli AE, Conte D, Li N, Parrish S, Ha I, et al. Genes and 
mechanisms related to RNA interference regulate expression of the small 
temporal RNAs that control C. elegans developmental timing. Cell. 
2001;106:23–34.  

292.  Couto LB, High KA. Viral vector-mediated RNA interference. Current Opinion 
in Pharmacology. 2010. p. 534–42.  

293.  Paule MR, White RJ. Survey and summary: transcription by RNA polymerases 
I and III. Nucleic Acids Res. 2000;28:1283–98.  



 

167 167 

294.  Myslinski E, Amé JC, Krol A, Carbon P. An unusually compact external 
promoter for RNA polymerase III transcription of the human H1RNA gene. 
Nucleic Acids Res. 2001;29:2502–9.  

295.  Abrahamyan A, Nagy E, Golovan SP, Nagy É. Human H1 promoter expressed 
short hairpin RNAs (shRNAs) suppress avian influenza virus replication in 
chicken CH-SAH and canine MDCK cells. Antiviral Res. 2009/09/10 ed. 2009 
Nov;84(2):159–67.  

296.  Wang Y, Landman B, Wu C, Gelb J, Golovan S. Comparison of vRNA and 
cRNA based reporters for detection of influenza replication. Antiviral Res. 
2013;98:76–84.  

297.  Perez JT, Pham AM, Lorini MH, Chua MA, Steel J, tenOever BR. MicroRNA-
mediated species-specific attenuation of influenza A virus. Nat Biotechnol. 
2009;27:572–6.  

298.  Langlois R a, Albrecht R a, Kimble B, Sutton T, Shapiro JS, Finch C, et al. 
MicroRNA-based strategy to mitigate the risk of gain-of-function influenza 
studies. Nat Biotechnol. 2013;31:844–7.  

299.  Varble A, Benitez AA, Schmid S, Sachs D, Shim J V., Rodriguez-Barrueco R, 
et al. An in vivo RNAi screening approach to identify host determinants of 
virus Replication. Cell Host Microbe. 2013;14:346–56.  

300.  Paddison PJ, Cleary M, Silva JM, Chang K, Sheth N, Sachidanandam R, et al. 
Cloning of short hairpin RNAs for gene knockdown in mammalian cells. Nat 
Methods. 2004;1:163–7.  

301.  Matsuda T, Cepko CL. Controlled expression of transgenes introduced by in 
vivo electroporation. Proc Natl Acad Sci U S A. 2007;104:1027–32.  

302.  Varble A, Chua MA, Perez JT, Manicassamy B, García-sastre A. Engineered 
RNA viral synthesis of microRNAs. 2010;107(25):1–6.  

303.  Portela A, Digard P. The influenza virus nucleoprotein: a multifunctional RNA-
binding protein pivotal to virus replication. J Gen Virol. 2002;83:723–34.  

 



 

168 168 

Appendix 

OLIGOS USED IN THIS PROJECT 

Name Sequence  Descriptions 
RT-PR8 CCGCTCGAGTTTTTTTTTTTTTTTTTT Reverse transcription primer 

for PR/8/34 strain NP gene 
Luc-NP/PN-F CCGCTCGAGAGCAAAAGCAGGGTAGA

TAATCACT 
Forward cloning primer for 
Luc-NP/Luc-PN 

Luc-NP/PN-R CCGCTCGAGTTTTTTTTTTTT  Reverse cloning primer for 
Luc-NP/Luc-PN 

Luc-test-F1 GTGGTGTTGTGTTCGTGGAC Forward primer for colony 
PCR testing sense orientation 
of insertion  

Luc-test-R1 CGCCATGATTTTGATGTCAC Reverse primer for colony 
PCR testing sense orientation 
of insertion 

Luc-test-F2 GTGGTGTTGTGTTCGTGGAC Forward primer for colony 
PCR testing antisense 
orientation of insertion  

Luc-test-R2 GAGCTCTCGGACGAAAAGG Reverse primer for colony 
PCR testing antisense 
orientation of insertion 

vGFP-F ATACGTCTCATATTAGTAGAAACAAGG
GTATTTTTCTTTACTTG 

Forward cloning primer for 
vGFP 

vGFP-R ATACGTCTCGGGGAGTAGAAACAGGG
TAGATAATCACTCACTGAGTGACATCG
GTGCCACCATGGTGA* 

Reverse cloning primers for 
vGFP  

cGFP-F ATACGTCTCATATTAGTAGAAACAGGG
TAGATAATCACTCACTGAGTGACATCG
GTGCCACCATGGTGA* 

Forward cloning primer for 
cGFP 

cGFP-R ATACGTCTCGGGGAGTAGAAACAAGG
GTATTTTTCTTTACTTG* 

Reverse cloning primers for 
vGFP  

vLuc-F ATACGTCTCATATTAGTAGAAACAAGG
GTATTTTTCTTTACACGGCGATCTTGC* 

Forward cloning primers for 
vLuc 

vLuc-R ATACGTCTCGGGGAGTAGAAACAGGG
TAGATAATCACTCACTGAGTGACATCG
GTGCCACCATGGAAGATGCCAAA 

Reverse cloning primers for 
vLuc 
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cLuc-F ATACGTCTCATATTAGTAGAAACAGGG
TAGATAATCACTCACTGAGTGACATCG
GTGCCACCATGGAAGATGCCAAA* 

Forward cloning primers for 
cLuc 

cLuc-R ATACGTCTCGGGGAGTAGAAACAAGG
GTATTTTTCTTTACACGGCGATCTTGC* 

Reverse cloning primers for 
cLuc 

vLuc RT GGTGCCACCATGGAAGAT Reverse transcription primer 
for vRNA quantification from 
vLuc/cLuc 

cLuc RT ATATCGTCTCGTATTAGTAGAAACAAG
GGTATTTTTCTTT 

Reverse transcription primer 
for cRNA quantification from 
vLuc 

mLuc RT Oligo (dT)15 Reverse transcription primer 
for mRNA quantification 
from vLuc/cLuc 

Luc F PCR GTACACCTTCGTGACTTCCCATTT Real-time PCR forward 
primer for quantitation of 
luciferase transcripts. 

Luc R PCR TTTTGTCCCGGTCGAAGCT Real-time PCR reverse 
primers for quantitation of 
luciferase transcripts. 

GAPDH F 
PCR 

ACCCCTTCATTGACCTCAAC Real-time PCR forward 
primers for GAPDH gene 

GAPDH R 
PCR 

CACTCCTGGAAGATGGTGATG Real-time PCR reverse 
primers for GAPDH gene 

miR-30 F CAGAAGGCTCGAGAAGGTATATTGCT
GTTGACAGTGAGCG 

Cloning forward primer for 
construct of artificial NP-
targeting microRNA with 
miR-30 backbone 

miR-30 R CTAAAGTAGCCCCTTGAATTCCGAGGC
AGTAGGCA 

Cloning reverse primer for 
construct of NP-targeting 
artificial with miR-30 
backbone  

miR-30-NP-
1496 

AGTGAGCGCAGGATCTTATTTCTTCGG
AGACAGTGAAGCCACAGATGTGTCTCC
GAAGAAATAAGATCCTTTGCCTACT 

DNA oligo for construct of 
pCAG-mir30-NP-1496 
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�The Italic sequences are multiple cloning site and the underlined sequences 

are the promoter sequence from NP segment of PR/8/34 strain. 

NPc-F ATACGTCTCATATTCAGGGTGGCTAGA
GAAGGAC 

pHH21-NPc forward cloning 
primer  

NPc-R ATACGTCTCGGGGAGAATAAAGTGAG
GGAGTTTCTTAGG 

pHH21-NPc reverse cloning 
primer 

NPi(+)-F ATACGTCTCATATTAGTAGAAACAAGG
GTATTTTTCTCAGGGTGGCTAGAGAAG
GAC 

pHH21-NPi(+) forward 
cloning primer 

NPi(+)-R ATACGTCTCGGGGAGTAGAAACAGGG
TAGATAATCACTCACTGAGTGACATCG
GTGAATAAAGTGAGGGAGTTTCTTAGG 

pHH21-NPi(+) reverse 
cloning primer 

NPi(-)-F ATACGTCTCATATTAGTAGAAACAAGG
GTATTTTTCTGAATAAAGTGAGGGAGT
TTCTTAGG 

pHH21-NPi(-) forward 
cloning primer 

NPi(-)-R ATACGTCTCGGGGAGTAGAAACAGGG
TAGATAATCACTCACTGAGTGACATCG
GTCAGGGTGGCTAGAGAAGGAC 

pHH21-NPi(-) reverse cloning 
primer 

3c-F ATACGTCTCATATTGCTGGTGACGTGT
AGATCTGTT 

pHH21-3c forward cloning 
primer 

3c-R ATACGTCTCGGGGATGCTGACCACAGC
AATTGAG 

pHH21-3c reverse cloning 
primer 

3i(+)-F ATACGTCTCATATTAGTAGAAACAAGG
GTATTTTTCTGCTGGTGACGTGTAGAT
CTGTT 

pHH21-3i(+) forward cloning 
primer 

3i(+)-R ATACGTCTCGGGGAGTAGAAACAGGG
TAGATAATCACTCACTGAGTGACATCG
GTTGCTGACCACAGCAATTGAG 

pHH21-3i(+) reverse cloning 
primer 

3i(-)-F ATACGTCTCATATTAGTAGAAACAAGG
GTATTTTTCTTGCTGACCACAGCAATT
GAG 

pHH21-3i(-) forward cloning 
primer 

3i(-)-R ATACGTCTCGGGGAGTAGAAACAGGG
TAGATAATCACTCACTGAGTGACATCG
GTGCTGGTGACGTGTAGATCTGTT 

pHH21-3i(-) reverse cloning 
primer 




