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1. Introduction 

1.1 The ‘RNA world’ 

The gene expression process is the basics of life. Deoxyribonucleic acid 

(DNA), as the molecule carrying our genes, was discovered in 1944 and its 

double-helical structure was resolved in 1953 by Francis Crick and James 

Watson. In 1961, Francois Jacob and Jacques Monod presented the gene 

control model, in which they proposed that the gene is transcribed into a 

specific single stranded ribonucleic acid (RNA) species, the messenger RNA 

(mRNA). Afterwards Marshall Nirenberg and Gobind Khorana broke the 

genetic code and assigned the triplets of nucleotides (codons) to the amino 

acids. Subsequently, transfer RNA (tRNA) was identified to function as an 

adapter between mRNA and amino acid and direct the synthesis of proteins. 

(Reviewed in 59) This gene expression process has been summarized in the 

so-called ‘Central Dogma’, which describes that the genetic information is 

transcribed from DNA to RNA and then translated from RNA into protein. 

RNA acts as a messenger between DNA and protein.  

For many years it was believed that the mRNA corresponded to a con-

tinuous nucleotide sequence in the DNA. However, in 1977 Phillip Sharp 

and Richard Roberts made the startling discovery of the split gene nature of 

eukaryotic genes. The mRNA sequences (the exons) are cut out from the 

primary transcript and spliced together, while the intervening sequences (the 

introns) are excised and degraded. This RNA splicing process can generate 

different mRNAs and proteins from the same primary transcript (alternative 

splicing). 

RNA is able to catalyze its own replication and the synthesis of other 

RNA molecules. The ribozyme concept led to the hypothesis that the RNA 

molecules were the first biomolecules to contain both the genetic informa-

tion and play a role as biocatalysts. It was believed that an ‘RNA world’ 

existed before DNA took over the role of being the key genetic material 

(91). 

    Recent results have suggested that RNA may play a more active role in 

gene expression than we expected before. A large number of non-coding 

small RNA molecules have been found in conjunction with proteins in ribo-

nucleoprotein (RNP) complexes and involved in the regulation of transcrip-

tion, translation, replication and chromosome structure.  
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The ‘RNA world’, if it did exist on Earth, was active four billion years 

ago. But RNA interference (RNAi), the focus of this thesis, reflects a live 

and kicking ‘RNA world’ within our cells. 

 

1.2 RNA Interference 

 

RNAi is a diverse, conserved regulatory mechanism in eukaryotic cells, 

which silences the target gene expression in a homology-dependent manner.  

The process of RNAi was first revealed in C. elegans by Andrew Fire and 

Craig Mello in 1998 (82), who received the Nobel Prize in Physiology or 

Medicine for their achievement in 2006. RNAi is an important gene regula-

tory mechanism involved both in the development of an organism and the 

physiological functions of cells. Also, RNAi protects against viral infections 

and secures genome stability by silencing mobile genetic elements. RNAi 

has been used as an experimental tool to explore gene function and even 

shows therapeutic potential. 

1.2.1 The discovery of RNAi 

The RNA silencing phenomenon was firstly observed in plants around 1990. 

The researchers found that a transgene could not only induce gene activity 

but also inhibit the expression of homologous genes, which is named as 

‘homology dependent gene silencing’. This inhibition of gene activity could 

happen at the transcriptional level (transcriptional gene silencing, TGS) 

(181, 202, 286) or at the posttranscriptional level (posttranscriptional gene 

silencing, PTGS) (61, 190, 218, 246, 275). A PTGS-like phenomenon called 

‘quelling’ was found in fungi (228). Although these hints were observed 

already around 1990, the real break-through in understanding what was hap-

pening came in 1998. Andrew Fire and Craig Mello showed that the trigger 

of the homology dependent gene silencing was double-stranded RNA 

(dsRNA). In their work, single-stranded or double-stranded unc-22 RNA 

was injected into the gonad of the worm C. elegans. The unc-22 gene en-

codes a myofilament protein. Reduced expression of unc-22 results in 

twitching movements. By observing the twitching phenotype, it was found 

that the loss of target mRNA was associated with the injection of the com-

bined sense/antisense RNA and not the sense or antisense RNA alone (82). 

Since then, other components of RNAi machinery were identified at a sur-

prising rate and the picture is more and more clear.   
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1.2.2 The mechanism of RNAi1 

When dsRNA is introduced into a cell, it will be processed into small regula-

tory RNAs of 19 to 28 nucleotides (nt) by an RNase III type enzyme called 

Dicer. These small RNAs are loaded into the RNAi effector complexes and 

guide the machinery to the target RNA in a sequence-specific manner. Small 

RNAs mediate gene silencing through different mechanisms: (i) endonu-

cleolytic cleavage of the cognate mRNAs, (ii) translation repression, (iii) 

transcription repression through the modification of DNA and/or histone, 

(iv) DNA elimination through the modification of histone. (Reviewed in 

130) 

When small RNAs target mRNA, the fate of the target mRNA depends on 

the degree of complementarity between the small RNA and its target mRNA. 

If the complementarity is extensive, the RNAi effector complexes will cause 

a single cut between positions 10 and 11 nt of the paired bases relative to the 

5’ end of the guide small RNA that will result in the target mRNA degrada-

tion. If the complementarity is partial, the interaction will induce transla-

tional repression. In either case, base-pairing at position 2−8 nt relative to 

the 5’end of small RNA, termed the ‘seed’ region, appears to be important 

for target recognition (18).  

1.2.3 Key protein components in RNAi 

RNase III type enzymes 
There are two RNase III family members involved in the RNAi pathway: 

Dicer (class III) and Drosha (class II). Both are large proteins containing 

two tandem RNase III like domains and a dsRNA-binding domain (dsRBD) 

at the C-termini (reviewed in 107) (Figure 2). 

Drosha is involved in the biogenesis of one kind of small regulatory 

RNAs, micro-RNAs (miRNAs), by forming the microprocessor complex 

together with its essential cofactor DiGeorge syndrome critical region gene 8 

(DGCR8) protein in humans (also known as Pasha in D. melanogaster and 

C. elegans) (65, 108, 142). Homologues of Drosha and DGCR8/Pasha are 

not found outside the animal kingdom. Only one Drosha homologue is found 

in each animal species. The functions of Drosha will be discussed in section 

1.2.5. 

Dicer has a long N-terminal segment that contains an RNA helicase do-

main, a DUF283 domain and a PAZ domain (216, 307, 308) (Figure 2). 

Whereas the PAZ domain recognizes the 2-nt 3’ overhang produced by 

Drosha, the dsRBD domain binds the long dsRNA (308). After capturing 

pre-miRNAs or long dsRNAs, the two RNase III domains at the C-termini of 

                               
1 Although the term ‘RNAi’ originally means the mRNA cleavage event induced by the ad-
ministration of dsRNA, it is often used to indicate ‘small RNA-mediate silencing phenomena’ 
in general. 
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Dicer dimerizes and form a single processing center, which cuts the stem of 

the pre-miRNA and long dsRNAs approximately 22 nt away from their ter-

mini (308), generating small RNA duplexes with symmetric 2–3 nt 3’ over-

hangs, 5’-phosphate and 3’-hydroxyl groups, which is characteristic of an 

RNase III enzymatic cleavage pattern (24) (Figure 1).  Dicer is found in al-

most all eukaryotic organisms. Some organisms contain multiple Dicer ho-

mologues which are assigned to take different roles.  

 

 
Figure 1. Small interfering (si)RNA. Molecular hallmarks of an siRNA include 5’ 
phosphorylated ends, a 19-nt duplexed region and 2-nt unpaired and unphosphory-
lated 3’ ends which are characteristic of an RNase III cleavage product. 

Argonaute proteins 
All the characterized RNA silencing complexes contain at least one Argo-

naute protein. The Argonaute family is a diverse, evolutionarily conserved 

protein family, which contains two common domains: PAZ and PIWI do-

mains (Figure 2B). According to their similarities to Arabidopsis AGO1 and 

Drosophila Piwi proteins, the Argonaute proteins can be phylogenetically 

divided into two sub-families: Ago and Piwi protein families (46). There 

have been eight Argonaute protein family members identified in human 

(hAgo1/eIf2C1, hAgo2/eIf2C2, hAgo3/eIf2C3, hAgo4/eIf2C4, PIWIL1, 

PIWIL2, PIWIL3, PIWIL4). Ago proteins take center stage in RNAi gene 

silencing by directly interacting with small regulatory RNAs and forming 

effector complexes, such as the RNA-induced silencing complex (RISC), 

miRNP, or RNA-induced initiation of transcriptional silencing complex 

(RITS).  

Ago proteins are ∼ 95 kDa and contain N-terminal and Mid-domains be-

sides the PAZ and PIWI domains. The PAZ domain is located at the center 

of the protein and interacts with the 3’ overhang of the small RNAs proc-

essed by Dicer (156, 168, 250, 295). The C-terminal PIWI domain exhibits 

structural homology to the active center of RNaseH (203, 251, 304). There-

fore the small RNAs mediated cleavage shows the properties of RNaseH 

activity: RISC cleavage leaves a 5’ phosphate and a 3’ hydroxyl group on 

the termini of the 5’ and 3’ cleavage products respectively. Its activity is 

divalent cations dependent (175, 243). The co-crystals of archaeal Ago pro-

teins with siRNAs have shown that PIWI domain contains a conserved struc-

tural element that binds the 5’ phosphate of small RNAs (169, 204). Re-
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cently, the Mid-domain of Ago was revealed to contain motifs similar to the 

cap-binding domain of the eukaryotic initiation factor eIF4E (132). 

The other sub-family of Argonaute proteins, Piwi proteins, bind a newly 

discovered class of small RNAs termed Piwi-interacting RNAs (piRNAs), 

which are discussed in section 1.2.8.  

 

 
Figure 2. Domain organization of key protein components in RNAi. A. RNase III 
proteins. The RIIIDs, RNase III domains (shown as RIIIDa and RIIIDb), are the 
catalytic domains that are responsible for the endonucleolytic reaction. The dsRBD, 
dsRNA binding domain is a well conserved motif in many dsRNA-binding proteins 
of diverse functions. The PAZ domain binds to the 3’ end of small RNAs. The 
DEAD-box RNA helicase domain is typical for enzymes that hydrolyse ATP and 
unwind an RNA duplex. The biological significance of the proline-rich (P-rich) 
region, arginine and serine-rich (RS-rich) region and DUF283 domain are unclear. 
B. Argonaute family proteins contain PAZ domain and PIWI domain. 

1.2.4 Small regulatory RNAs 

The RNAi machinery is guided by a group of small regulatory RNAs which 

induce gene silencing through specific base-pairing with the target mole-

cules. Based on their origin, the small RNAs are classified into two groups: 

small interfering RNAs (siRNAs) which are processed from long dsRNAs, 

and microRNAs (miRNAs) which are generated from the dsRNA region of 

hairpin-shaped precursor RNAs (reviewed in 130). 

The long dsRNA can be endogenously or exogenously expressed (re-

viewed in 116). There are two mechanisms to synthesize dsRNAs in eu-

karyotic cells: i) Read-through transcription from convergent promoters and 

bidirectional transcription from inverted repeats of transgenes and trans-

posons (14); ii) Organisms with RNA-dependent RNA polymerases (RdRP) 

such as fission yeast, fungi, worms and plants can convert primary and aber-

rant transcripts into dsRNA (2, 283). Naturally occuring exogenous dsRNAs 

include virus-encoded dsRNAs. Both DNA and RNA viruses produce 
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dsRNA intermediates during their replication, and some viruses transcribe 

hairpin like structures that yield functional miRNAs (39, 209, 210, 256). 

RNAi can also be triggered by chemically synthesized siRNAs, short-hairpin 

RNAs and long dsRNAs that are delivered into cells using various tech-

niques. 

Endogenous siRNAs 
Endogenous siRNAs have been identified in different organisms: Schizosac-
charomyces pombe (224), Trypanosoma brucei (66), C. elegans (5), D. me-
lanogaster (12-14, 199) and A. thaliana (160, 292). There are several differ-

ent subclasses of endogenous siRNAs: repeat associated siRNAs (ra-
siRNAs), trans-acting siRNAs (tasiRNAs) and small-scan RNAs 

(scnRNAs) (Table 1). 

RasiRNAs exist in plants, Trypanosoma brucei, D. melanogaster and fis-

sion yeast. RasiRNAs genes (repetitive sequence elements) are transcribed in 

both orientations and generate the dsRNAs, which can also be amplified by 

RdRP in some organisms. RasiRNAs are processed from dsRNAs by Dicer-

like proteins and incorporated into RITS complex. RasiRNAs guide RITS 

complex to the cognate DNA and induce modification of DNA and histone 

by recruiting DNA-cytosine methyltransferases and histone-modifying en-

zymes, which results in transcriptional gene silencing (TGS) (reviewed in 

157, 180). In fission yeast, rasiRNAs can function in heterochromatin forma-

tion by suppressing the transcription of repetitive transposable elements that 

surround the central core centrometric region of chromosome (239). In 

plants, rasiRNAs repress mobile genetic elements by mediating histone H3 

(Lys9) methylation and asymmetric DNA methylation (292, 310) and induce 

systemic silencing (105). 

TasiRNAs have been found only in plants and nematode worms. In Ara-
bidopsis, they are produced from an intron of a non-coding gene (279). The 

biogenesis of tasiRNAs requires the proteins from two different pathways: 

AGO1, DCL1, HEN1, HYL1 are involved in miRNA pathways, whereas 

RDR6 and SGS3 are required for virus-induced cis-acting siRNA pathways 

(207, 279, 292). TasiRNA is incorporated into RISC and induces cleavage of 

an endogenous target mRNA in the middle of a single complementary site. 

The target genes bear little resemblance to the genes from where the ta-

siRNAs originate, which is different from other endogenous siRNAs (279). 

This is also why they were named as ‘trans-acting siRNAs’. The biological 

function of tasiRNAs remains unclear. 

ScnRNAs can induce histone methylation that in turn mediates pro-

grammed excision of excess DNA in Tetrahymena thermophila (184). There 

are two different types of nuclei in ciliated protozoans: the diploid micronu-

cleus, which contains the complete genomic information but is not tran-

scribed during vegetative growth; the polyploidy macronucleus that is de-

void of the germline sequences and transcribed. During conjugation, these 
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two nuclei fuse and divide into two new nuclei, which will differentiate into 

the new macronucleus and micronucleus. The development of macronucleus 

requires the removal of the internal eliminated segment (IES) sequences of 

the genome. The micronuclear genome is transcribed in both directions and 

forms dsRNAs, which are cleaved by Dicer to generate scnRNAs. The 

scnRNAs translocate into the old macronucleus and scan for its genome. The 

scnRNAs derived from IES sequences cannot find complimentary sequences 

in the old macronuclear genome and diffuse into the developing macronu-

clei, where they induce histone methylation that result in the elimination of 

IES DNA sequences. 

Table 1. Classification of endogenous small RNAs 
Group Subgroup Length Biogenesis Action mechanism  Function 

rasiRNA 24−27nt Modification of 
histone and/or DNA 
leading to TGS 

Silencing of mo-
bile genetic ele-
ments and viruses 

tasiRNA 

 

21−22nt mRNA cleavage Unknown 

siRNA 

 

 

scnRNA ∼28nt 

Cleavage of 
endogenous 
long dsRNAs 
by Dicer 

 

Histone methylation 
and DNA elimination 

Genome rearrang-
ement 

miRNA  19−25nt Sequential 
cleavage of 
hairpin precur-
sors by Drosha 
and Dicer 

Regulating mRNA 
translation and stabil-
ity 

Diverse 

piRNA  24−30nt Dicer-
independent 
mechanism 

Unknown Germline devel-
opment, silencing 
of DNA elements 
and maintaining 
germline DNA 
integrity 

 

1.2.5 MicroRNA biogenesis 

MicroRNAs are single-stranded RNAs of 19–25 nt in length (average 21–22 

nt), which are generated from endogenous transcripts that contain a local 

hairpin structure (4).   

The biogenesis of miRNA has been mainly studied in animals. Although 

most of the miRNA genes are transcribed by RNA polymerase II to generate 

long primary transcripts (pri-miRNAs) (38, 148), a cluster of human 

miRNAs interspersed within Alu elements in chromosome 19 use RNA po-

lymerase III for their transcription (32) (Figure 3). Many miRNA genes are 

close to each other and transcribed as polycistronic transcripts (147). Ac-

cording to their genomic sites, miRNAs are divided into several groups: 

intronic miRNAs in protein-encoding genes; exonic miRNAs in non-coding 

genes; intronic miRNAs in non-coding genes (226).  
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The typical structure of a monocistronic pri-miRNA includes a double-

stranded stem approximately 33 base pairs, a terminal loop and two flanking 

unstructured single-stranded (ss) RNA regions (109) (Figure 3). The pri-

miRNAs are cleaved by the microprocessor to release the hairpin intermedi-

ates (pre-miRNA) (65, 108, 142, 146). The key components of the micro-

processor are nuclear enzyme Drosha (146) and a dsRNA binding protein 

DGCR8/Pasha (65, 108, 142). DGCR8 can recognize and bind the ssRNA 

and dsRNA junction of pri-miRNA and bring Drosha to its substrate. Drosha 

cleaves the stem part of a pri-miRNA around 11 nt away from the single 

stranded segments (109), which liberates the pre-miRNA with a 5’ mono-

phosphate and a 3’ 2-nt hydroxyl overhang (146) (Figure 3). Besides the 

microprocessor, several other proteins, such as the RNA binding protein 

hnRNP A1 (101), RNA helicases p68 and p72 (87) have been found to func-

tion as accessory proteins for conversion a pri-miRNA to pre-miRNA in 
vivo.  

In addition to this canonical miRNA biogenesis pathway, certain 

debranched introns can also form the hairpin-structure with 5’ monophos-

phate and a 3’ 2-nt hydroxyl overhang, which mimics the pre-miRNA and 

enters the miRNA-processing pathway without Drosha mediated cleavage 

(195, 230) (Figure 3). This group of pre-miRNAs is named ‘mitrons’ (pre-

miRNA/introns) and has been identified in Drosophila, C. elegans and 

mammals (22, 195, 230). (Figure 3) 

 
Figure 3. Biogenesis pathway of miRNAs. 
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Pre-miRNAs are exported to the cytoplasm by RanGTP and Exportin-5, 

which is a member of the Ran-dependent nuclear transport receptor family. 

In the cytoplasm, RanGTP is hydrolyzed by RanGAP to RanGDP and the 

pre-miRNA is released from Expotin-5 (30, 167, 302). The pre-miRNAs are 

cleaved into the short-lived miRNA duplexes by Dicer (24). One strand (de-

picted with a star symbol, miRNA*) is degraded by an unknown mechanism 

while the other strand remains as a mature miRNA and assembles into the 

effector complexes, miRNPs (125) (Figure 3).  

1.2.6 The asymmetry in small RNA loading 

The process in which the siRNA/miRNA duplex is unwound and one strand 

binds to an Argonaute protein in the effector complexes is termed small 

RNA loading or assembly. For siRNA, the strand binding to the Argonaute 

protein is referred to the guide strand, whereas the complementary strand is 

termed passenger strand (268). The asymmetry in small RNA loading is 

determined by the relative thermodynamic characteristics of the two 5’ ter-

mini of siRNA/miRNA duplex.  The strand with the less stable 5’ end is 

favoured or exclusively loaded into the RNAi effector complex and becomes 

the mature miRNA or guide strand of siRNA (125, 242). 

The mechanisms sensing the thermodynamic difference of siRNA duplex 

has been studied in Drosophila melanogaster. There are two Dicer proteins 

in flies: Dcr-1 is required for pre-miRNA cleavage, whereas Dcr-2 is needed 

for siRNA production (149, 196, 211). After cleavage by Dcr-2, the siRNA 

duplex interacts with the RISC loading complex (RLC), which includes Dcr-

2 and R2D2, an RNA binding protein with tandem dsRNA binding motifs 

(159, 267, 268). R2D2 binds to the more thermodynamically stable end of 

the siRNA. This binding blocks incorporation of the non-preferred strand, 

and positions Dcr-2 at the opposite end of the duplex (267). The Dcr/R2D2 

complex can sort small RNA duplexes into different D. melanogaster (dm) 

Ago proteins according to the base-pairing extent of the RNA duplexes. Be-

cause of the imperfect base pairing, the miRNA/miRNA* duplex has low 

affinity to R2D2 and are preferentially assembled into dmAgo1, whereas 

siRNA duplex has high affinity to R2D2 and are loaded into dmAgo2 (85, 

266). During this loading process, the passenger strand of the siRNA is 

cleaved by dmAgo2 and dissociated from the guide strand (179, 221). Since 

the miRNA/miRNA* are not perfectly paired, the release of miRNA* strand 

cannot be explained by this dmAgo2 mediated cleavage. The exact mecha-

nism behind the release of the miRNA* strand is as yet unknown (reviewed 

in 116). 

Human and other mammals only have a single Dicer gene. Do we have 

the similar loading mechanism that can sense the thermodynamic properties 

of small dsRNAs as in flies? Several lines of evidence suggest that the an-

swer is most likely yes. During the miRNA biogenesis process, the thermo-
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dynamically more favorable strand of the stem of pre-miRNA becomes the 

mature miRNA, which follows the ‘asymmetry rule’. The R2D2 ortholog in 

human, TAR RNA binding protein (TRBP), has been shown to be required 

for miRNA processing and siRNA mediated RISC activity (51). The core 

components of the human miRNA RISC loading complex (miRLC) are the 

Ago and the Dicer proteins (95, 172). The miRLC processes miRNAs from 

pre-miRNAs and loads the mature miRNAs to the RNAi effector complex 

(172). However, the mechanistic details of this procedure remain elusive. 

The asymmetry in RISC assembly is not absolute. In vitro data have 

shown that the thermodynamically non-preferred strand can form active 

complexes to some extent and induce RNA cleavage if the target is present. 

Decreasing the 5’ end free energy of the siRNA results in an increase in the 

absolute RISC activity (242). Interestingly, the asymmetric loading of hu-

man miR-22 is changed by tissue specific RNA editing (166). Two terminal 

A nucleotides on the non-preferred 5’ end of the pre-miR-22 are changed to 

I, which reverses the 5’ end thermodynamic characteristics and results in a 

dramatic change in the asymmetry of miRNA/miRNA* loading. It is very 

likely that miRNA* also bear direct regulatory function in gene expression. 

1.2.7 Functions of miRNPs 

After loading, the small RNAs guide the RNAi effector complexes to the 

target RNAs. The fate of the targets depend on the degree of complementar-

ity between the small RNA and its target mRNA and which Ago protein is 

deposited on the target RNAs. If the Ago2 containing effector is guided by 

siRNA/miRNA that is fully complementary to the mRNA target, the mRNA 

will be cleaved and subsequently degraded by cellular exonucleases.  This is 

the major mechanism by which plant miRNAs regulates gene expression 

(68, 161). In animals, miRNA mediated target RNA cleavage is very rare 

(299). Instead, animal miRNAs control gene expression post-

transcriptionally by regulating mRNA translation or stability in the cyto-

plasm (3, reviewed in 80, 81) (Figure 4).  

Principles of miRNA target recognition 
For target mRNA recognition by a miRNA, the most important determinant 

is the perfect and continuous base-pairing between the miRNA ‘seed’ region 

and the miRNA-recognition elements (MREs) in the target mRNA (usually 

in the 3’ untranslated region, 3’UTR) (35, 67, 131, 141, 151, 220). The com-

plementarity of the 3’ part of the miRNA to MRE is not essential but can 

enhance repression (35, 131). If there are several MREs within the same 3’ 

UTR, the cooperative action of miRNAs enhances the repressive effect (67, 

136). Further, the distance between MREs is important for the cooperative 

effect (233). In addition, the sequences adjacent to MREs (280) and the sec-
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ondary structure of the 3’ UTR of the target mRNA could also affect the 

efficiency of miRNA binding (6, 163). 

Mechanisms of translation repression 
Translation of mRNA in eukaryotic cells can be divided into three steps: 

initiation, elongation and termination (225). Initiation starts with the recogni-

tion of the mRNA 5’ terminal cap structure (m7GpppN) by eIF4E, which is 

the cap-binding subunit of eukaryotic translation initiation factor (eIF) 

eIF4F. EIF4G is another subunit of eIF4F and functions as a scaffold for the 

assembly of the initiation complex. EIF4G binds eIF3, which facilitates the 

recruitment of the 40S ribosomal subunit to the mRNA. The simultaneous 

interactions of eIF4G with eIF4E and the polyadenylate-binding protein 1 

(PABP1) result in the circularization of the mRNA. The 40S ribosome then 

scans the mRNA 5’ UTR and associates with the 60S ribosome subunit at 

the initiating AUG codon and protein synthesis begins. The elongation phase 

continues until the ribosome encounters a termination codon. Ribosomal 

subunits dissociate from the mRNA and from each other, which is mediated 

by translation release factors.  The mRNPs actively synthesizing proteins can 

be detected by sucrose-gradient centrifugation. The actively translated 

mRNA associates with multiple ribosomes and forms the dense particles 

known as polyribosomes (17). 

The step at which the miRNA mediated translation regulation occurs re-

mains a matter of debate. Several recent publications have argued that trans-

lation repression occurs at the level of translation initiation (27, 115, 132, 

178, 212, 261, 284). Their data indicate that Ago2 and related proteins com-

petes with eIF4E for cap binding, thus inhibiting the translation initiation of 

capped mRNA. Another alternative model for initiation repression was pro-

posed by Chendrimada et al. (50). Their data suggested that miRNPs could 

repress translation by interacting with eIF6 and preventing the 60S ribo-

somal subunit from joining the 40S initiation complex. 

However, targeting initiation is unlikely to be the only mechanism in-

volved in translation repression. Earlier studies showed that the lin-14 and 

lin-28 mRNAs, which are targets of the lin-4 miRNA in C. elegans, are as-

sociated with polyribosomes, although the protein synthesis was reduced 

(197, 244). Similar phenomena have also been observed in mammalian cells 

(193, 208). Cosedimentation of cellular miRNA or Ago proteins with polyri-

bosomes has been reported in several studies (129, 191). From these results, 

the researchers have proposed that repression could occur at a post-initiation 

step. Recently, a study in Drosophila showed that a group of heavy RNP 

particles, termed ‘pseudo-polysomes’, contain miRNAs and cognate mRNA 

targets, but do not affect translation of the target mRNAs (261). It was sug-

gested that association of miRNPs with polyribosome-like particles is not 

necessarily evidence for a repressive mechanism happening post-initiation. 

Thus, the miRNPs could associate with a variety of mRNPs, both repressed 
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and non-repressed. Evidence has also been presented that proteins are con-

tinually synthesized from the repressed mRNAs but do not accumulate, since 

they are rapidly degraded by proteases recruited by the miRNPs (197). It is 

currently not possible to conclude whether the initiation and post-initiation 

repression mechanisms are mutually exclusive. A possible model could be 

that initiation is inhibited in all cases, but when elongation repression also 

occurs, the polyribosomes associated with the mRNA mask the original ef-

fect of initiation repression (reviewed in 80). 

Destabilization of target mRNAs 
MiRNAs can also destabilize their target mRNAs.  In eukaryotic cells, 

mRNA degradation is initiated by deadenylation followed by a progressive 

3’→ 5’ decay mediated by the exosome or via decapping followed by 5’→ 

3’ degradation, which is catalysed by the exonuclease XRN1 (206). The 

mRNAs destined for degradation are relocated to P-bodies, which are the 

cellular structures containing mRNA-catabolizing enzymes and translation 

repressors (75, 205).  

Studies in D. melanogaster S2 cells have shown that GW182, a P-body 

protein, interacts with the miRNA Ago1 complexes and marks the mRNA 

for degradation (20, 76). Accelerated deadenylation for miRNA repressed 

mRNAs has also been observed in mammalian cells (291). The target desta-

bilization can be tissue or cell specific (183, 238). However, it should be 

emphasized that the mRNAs targeted by miRNAs can be subjected to a 

translational repression without any effects on mRNA stability (for example 

27, 47, 188, 189, 193, 212, 293). The mechanisms determining whether the 

target mRNA will be degraded or only repressed at the translation level are 

not known. It is also not clear whether the target mRNA deadenylation and 

decay are the primary or secondary effects followed the translational repres-

sion (reviewed in 80).  

Reversible miRNA regulation and miRNA-mediated upregulation of 
translation  
Besides the classical ‘silencing’ effects discussed above, recent studies show 

that under specific cellular conditions, miRNA-mediated repression can be 

reversed (27, 240) and miRNPs can even upregulate translation (277, 278). 

One example of reversal of repression is the CAT1 mRNA, which is transla-

tionally repressed by miR-122 and stored in P-bodies in human hepatoma 

cells under normal conditions. However, various stress conditions can induce 

the release of the CAT1 mRNA from P-bodies and return this messenger to 

polyribosomes. This effect requires that the ELAV1 protein (embryonic le-

thal abnormal vision protein 1) binds to the 3’ UTR of the CAT1 mRNA 

(27). Reversible miRNA regulation has also been found in neuronal cells: 

some repressed mRNAs are transported along the dendrites, the translation is 

re-activated at dendritic spines upon synaptic activation (257). Interestingly, 
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Vasudevan et al. have shown that upon cell cycle arrest, miRNA can upregu-

late target mRNA translation, whereas translation is repressed in proliferat-

ing mammalian cells (277, 278). Colletively these results show that miRNAs 

have diverse effects on gene expression. There usually are several cis-acting 

motifs in the 3’ UTR of a single mRNA, which can be bound by different 

RNA binding proteins (RBPs) and miRNPs.  The fate of the mRNA could be 

determined by the interplay between RBPs and miRNPs under different con-

ditions (reviewed in 80). 

 

 
Figure 4. Possible mechanisms of post-transcriptional regulation by miRNPs in 
animal cells 

1.2.8 Piwi-interacting RNAs 

A class of 24−30 nt RNAs which are produced by a Dicer-independent me-

chanism and associate with Piwi-subclade members of the Argonaute protein 

family have been identified recently (11, 34, 92, 100, 103, 112, 144, 234, 

274, 287).  
The biogenesis of piRNAs is not well understood. However, based on 

their genomic origin and the binding of Argonaute proteins in Drosophila, a 

‘ping-pong’ model was proposed by two groups (34, 103). The sense strand 

of piRNA guides Ago3 to cleave antisense strand at an A:U base pair, which 

produces the 5’ end of piRNA antisense strand. This 5’ end cleavage product 

associates with Aub or Piwi and its 3’ overhang is cleaved to generate the 

mature 23−30 nt antisense piRNA. This mature antisense piRNA-Aub com-

plex catalyzes the cleavage of sense transcript and produces the 5’ end of 
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sense piRNA, which is bound by Ago3. Processing of its 3’ overhang results 

in the formation of mature sense-strand piRNA, which completes this cycle. 

Many piRNA-pathway-related proteins have been shown to accumulate in 

nuage2, which suggests the biogenesis of piRNA might happen in the nuage 

(reviewed in 133). A similar model was also proposed for the piRNA pro-

duction in mice (15).  

Although genetic studies in Drosophila, mice and zebrafish have shown 

that piRNAs play important roles in germline development, silencing of 

selfish DNA elements and maintaining germline DNA integrity (45, 49, 53, 

56, 57, 64, 112, 140, 201), their mechanism of action is still not clear. Fur-

thermore, the proteins in the piRNA biogenesis pathway are also involved in 

gene regulation in somatic cells (99, 199, 200) and in learning and memory 

(16), which suggests that piRNAs might have multiple roles in different 

biological processes. 

1.2.9 Applications of RNAi 

Roles of miRNA in physiology and pathology 
A unique miRNA can regulate the expression of hundreds of proteins (136) 

and the expression of a specific protein may be controlled by several 

miRNAs, which form a complex network and are proposed to regulate up to 

30% of all protein-encoding genes in humans (18). Evidence for the roles of 

miRNAs in physiological and pathological processes has emerged during 

recent years. For example, miRNAs have been reported to regulate differen-

tiation and maintenance of cell identity in the hematopoietic system (89, 

185), establishment of muscle phenotypes (188), morphogenesis of epithelial 

tissues (301), organogenesis (164, 309) and metabolic processes (74, 137). 

Since they play important roles in normal physiology, it is no surprise that 

abnormal miRNA expression profiles have been identified in different dis-

eases, which could become valuable diagnostic and/or prognostic markers 

(40, 253, 282, 296). Furthermore, miRNAs have been shown to play con-

tributory roles in cancer, heart diseases, infectious diseases, inflammatory 

diseases and other medical conditions, which suggests that they could be 

potential targets for medical therapy (reviewed in 33, 252). 

RNAi-driven therapeutics 
Theoretically RNAi-based intervention can be used to treat all human dis-

eases caused by the activity of one or a few genes, such as cancer, autoim-

mune diseases, dominant genetic disorders and viral infections (reviewed in 

128).  A variety of RNAi-based strategies have been successfully developed 

to target genes in vivo. For example, in RNA-based approaches, synthetic 

siRNAs are delivered into target cells by different methods; and in DNA-

                               
2 Nuage is a germline-specific perinuclear structure and involved in RNA processing. 
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based approaches, DNA templates are delivered into cells and transcribed 

into short-hairpin RNAs (shRNAs). Effector siRNAs are produced from 

such shRNAs via the miRNA biogenesis pathway. A major drawback with 

the RNA-based methods is that synthetic siRNAs are very unstable in cells 

and the effect therefore transient. More stable gene silencing can be achieved 

by using modified siRNAs or DNA-based strategies.  

The first disease treated by an RNAi-based approach was age-related ma-

cular degeneration (AMD) (79, 264). At present, several RNAi-based thera-

pies are under development for viral infections, such as human immunodefi-

ciency virus (HIV), hepatitis virus type B and C (HBV and HCV), and respi-

ratory syncytial virus (RSV) (150). The treatment of cancers and neurode-

generative disorders are also under study. 

As a developing new approach for disease therapy, RNAi-based method 

also has weak points, including activation of immune responses and compe-

tition with the components in the endogenous RNAi pathway (174). A major 

challenge for the future is the development of new and efficient strategies to 

deliver RNAi-inducing molecules to target cells within an organism. The 

progress in this field is astounding, which is reviewed in (128). 

Small RNA as an experimental tool 
Because of the potency and selectivity, RNAi provides us a powerful tool for 

studies of gene functions. RNAi can be triggered by the long dsRNA ex-

perimentally introduced into cells. However, only a limited number of mam-

malian cell types can tolerate such exogenous long dsRNA (e.g. embryonic 

stem cells), since long dsRNA activates the innate immune response (90, 

139). This problem was solved by transfecting synthetic 21mer siRNA du-

plexes into cells, which are too short to induce non-specific inhibition (44, 

69, 71) or shRNAs expressed from plasmids or viral-based expression vec-

tors. 

Controlling the unintended effects, termed as off-target effects, is impor-

tant for RNAi application (reviewed in 174). Off-target effects can be se-

quence-independent or dependent. The sequence-independent effects result 

from inhibition of endogenous miRNA activity or stimulation of the immune 

response. The sequence-dependent effects include the unintentional silencing 

of non-target genes by partial complementarity and receptor-mediated im-

mune stimulation by recognizing certain nucleotide motifs in RNAi effec-

tors. The off-target effects can be minimized by using lowest possible 

amount of RNAi effectors, including negative control effector molecules, 

using multiple effectors to confirm phenotypes and avoiding the known sti-

mulatory motif in effector design. 

RNAi has been used to create model systems, identify molecular targets 

and study gene function in a genome-wide fashion. Several large-scale 

RNAi-based screening strategies have been developed in mammalian cells. 
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Such efforts will have a great potential to make an impact on molecular tar-

get discovery and drug development (reviewed in 174). 

1.3 Adenovirus  

Adenovirus was discovered as a viral agent in tonsil and adenoidal tissue 

from military recruits with febrile illness in 1953, hence its name ‘adeno’-

virus (111, 229). Adenovirus has been used as a model system to study im-

portant cellular and molecular mechanisms, such as cell cycle control, RNA 

splicing and immune response regulation. Because of their broad host range 

and the ability to carry large DNA inserts, adenovirus has immense potential 

as vector for vaccination and gene therapy (118). 

1.3.1 Taxonomy 

Adenoviruses are widespread in nature and cause respiratory, gastrointestinal 

and eye infections. There are more than 100 different serotypes of adenovi-

rus identified, which are divided into two genera, Aviadenovirus infecting 

birds and Mastadenovirus infecting a wide range of mammalian hosts. The 

human adenoviruses comprise 51 distinct serotypes that are classified into 

six subgroups (A-F), based on their ability to agglutinate red blood cells and 

their oncogenic potential (Table 2).  

The subgroup C virus serotype 2 (Ad2), serotype 5 (Ad5) and the sub-

group A virus serotype 12 (Ad12) are most studied. Ad12 was found to in-

duce malignant tumors in rodents in 1962 (270). Although it has been dem-

onstrated that all subgroup A and B members and two members of subgroup 

D can cause tumors in rodents, the human serotypes have not been associ-

ated with tumor formation in humans. 

Table 2. Classification of human adenovirus subgroups 

Subgroup Oncogenic potential Sites of infection Example  
A high intestine Ad12 

B moderate lung, urinary tract Ad3, Ad7 

C low upper respiratory tract, liver Ad2, Ad5 

D low eye, intestine Ad9 

E low respiratory tract Ad4 

F unknown intestine Ad40, Ad41 
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1.3.2 Structure 

Adenovirus is a non-enveloped virus with a linear double stranded DNA 

genome of 30–38 kb in length. It encodes for 40−50 proteins, of which 

around 12 are components of the virion (232). The adenovirus genome is 

transcribed from both strands. Each end contains an inverted terminal repeat 

(ITR) ranging in size from 36 to over 200 bp, which functions as origins for 

viral DNA replication. The genome is condensed with three histone-like 

proteins (V, VII and μ) and the terminal protein (TP) covalently bound to the 

DNA ends. The virion has a regular icosahedral structure of 70-90 nm in 

diameter and contains 240 hexons and 12 pentons, where each penton con-

sists of penton base and an antenna like molecule, the fiber. 

 

 

 
Figure 5. The genome of adenovirus 2 and 5. The genome organization consists of  
five early transcription units (E1A, E1B, E2, E3 and E4), two delayed early units 
(pIX and IVa2) and one late unit (the major late transcription unit, MLTU). Kindly 
provided by G. Akusjärvi. 

1.3.3 Genome organization 

The genome is organized into several transcription units, which are named 

according to the time of expression during the viral life cycle: five early 

transcription units (E1A, E1B, E2, E3 and E4), two delayed early units (pIX 

and IVa2) and one late unit (the major late transcription unit, MLTU) (Fig-

ure 5). All of the units are transcribed by RNA polymerase II. Except for 
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pIX and IVa2, each unit gives rise to multiple mRNAs by a complex combi-

nation of alternative splicing and poly(A) site usage, thus expanding the viral 

proteome (117). In addition, RNA polymerase III transcribes one or two 

(depending on the serotype) small non-coding RNAs, the virus-associated 

RNAs (VA RNAs), which is the major interest in this thesis and described in 

more details in section 1.3.5. 

1.3.4 The virus life cycle 

Attachment and entry 
Adenovirus attachment is mediated by the fiber knob binding to the primary 

receptor, which in the case of Ad2 and Ad5 is the cellular coxsackie and 

adenovirus receptor (CAR) (23, 269). After binding to the primary receptor, 

the Arginine-Glycine-Aspartic acid (RGD) motif in the penton base interacts 

with the cellular αvβ3 and αvβ5 integrins, which are the secondary receptors 

for subgroup C adenoviruses (192). The interaction with integrin activates an 

intracellular signaling cascade that results in a clathrin-mediated endocytosis 

of the virus particle. The acidic milieu in the endosome triggers a sequential 

disassembly of the virion.  Viral protein VI mediates the endosomal release 

(290). Once in the cytoplasm the viral particle is transported to the nuclear 

pore via the microtubule network, then the viral DNA is imported to the 

nucleus.  

Early phase 
The early genes encode for proteins required for reprogramming of the host 

cell metabolism to favor virus replication.  

The early region 1A (E1A) is the first unit to be transcribed during infec-

tion. The E1A proteins activate the expression of the remaining adenoviral 

early genes. E1A also forces the cell into S phase to allow for viral replica-

tion by binding to the tumour suppressor retinoblastoma protein (RB), which 

releases the transcription factor E2F to activate S phase genes (288). Deregu-

lation of the cell cycle by E1A leads to activation of the tumor suppressor 

protein p53, thus triggering a cellular defense mechanism leading to apop-

tosis (63). Also, E1A can induce apoptosis independently of p53 via repres-

sion of NFκΒ-mediated transcription (54).  

Two proteins encoded by the E1B region, E1B-55K and E1B-19K, coun-

teract the proapoptotic activities of E1A. The E1B-55K protein blocks p53-

mediated transcriptional regulation by binding its transcriptional activation 

domain (300). Further, E1B-55K and E4-ORF6 can form a complex to inac-

tivate p53 by targeting it for proteosomal degradation (217). The p53-

independent apoptosis induced by E1A is inhibited by E1B-19K, which is a 

homolog to the cellular anti-apoptotic Bcl-2 protein (289). Both the cell cy-



 27

cle inducing activities of E1A and the ability of E1B to inhibit apoptosis 

contribute to cell transformation (73).  

The E2 region consists of two units: E2A, encoding for the single-

stranded DNA binding protein (DBP), and E2B, which encodes for the pre-

cursor to the terminal protein (pTP) and the viral DNA polymerase (Ad-Pol.) 

(276). The E2 transcription unit is the last of the early genes to be expressed 

and all E2 proteins are involved in viral DNA replication.  

The E3 transcription unit codes for proteins that counteract the host im-

mune response and therefore is non-essential for virus growth in tissue cul-

ture cells (155). The E3-gp19K protein blocks transport of MHC class I anti-

gens from endoplasmic reticulum (ER) to the cell surface and rescues cells 

from death by cytotoxic T-lymphocytes (223). Virus infections often cause 

tumor necrosis factor (TNF) induced apoptosis which is inhibited by three 

E3 proteins: the RID (receptor of internalisation and degradation) complex, 

consisting of E3-10.4K and E3-14.5K, which degrades the receptors for 

TNFα and Fas, and E3-14.7K, which blocks IKK (IκB Kinase) activation 

and neutralizes the effector phase of the cellular immune response (72). The 

adenovirus death protein (ADP) E3-11.6K mediates virus release by disrupt-

ing the cytoskeleton of the host cells (265). 

The E4 region encodes for seven proteins called open reading frames 

(ORFs), which regulate transcription, splicing, mRNA transport, cellular 

protein degradation, nuclear structure organization, viral concatemerisation 

and transformation (260).  E4-ORF6 together with E1B-55K is responsible 

for the proteosomal degradation of p53 and the selective transport of viral 

mRNA to the cytoplasm at late times of infection. E4-ORF3 and E4-ORF6 

prevent concatemer formation and promote the accumulation of monomeric 

viral DNA genomes by inhibiting cellular double strand break repair system. 

E4-ORF6/7 complement E1A and act as a transcription co-activator by in-

creasing E2F dimerisation on the E2 early promoter (258). E4-ORF4 has 

multiple functions, which can block E1A induced transcription (31, 134), 

induce p53-independent apoptosis (173) and regulate splicing by inducing 

dephosphorylation of the cellular SR family of splicing factors (123). 

DNA replication 
Viral DNA replication starts around eight hours post infection when E2 

products have accumulated and the cell has entered the S phase. Efficient 

viral DNA replication requires three cellular proteins: transcription factor 

NF-I, NF-III and the topoisomerase NFII (reviewed in 62, 158). 

The ori consists of a core region (the terminal 18 bp), which is conserved 

and functions as the pTP-Pol binding site, and downstream auxillary regions 

which bind NFI and NFIII. 

The DNA synthesis is catalyzed by the viral DNA polymerase (Ad-Pol). 

pTP serves as a primer protein for initiation of DNA replication. NFI and 

NFIII recruit the pTP-Pol heterodimer to the core ori. The synthesis proceeds 
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with the help of NFII which prevents supercoiling of the DNA and DBP 

which coats the displaced second strand of the template DNA molecule.  

Only one of the two parental strands is copied at each replication fork, pro-

ducing a daughter duplex and a displaced single stranded DNA molecule. 
The displaced strands can reanneal to form a perfect double strand DNA 

molecule or form a partial duplex (pan handle) by annealing of the comple-

mentary ITR sequences and direct a new cycle of DNA synthesis. The pre-

cursor of the terminal protein (pTP) is proteolytically cleaved to TP by the 

Ad protease late during virion maturation. 

Late phase 
The adenovirus late genes have a common promoter, the major late promoter 

(MLP), whose activity is increased after the onset of viral DNA replication. 

Transcription of the major late transcription unit (MLTU) produces one 

capped pre-mRNA transcript of approximately 29kb which is processed into 

about 20 different mRNAs by alternative splicing and poly(A) site usage. 

The mRNAs are therefore divided into five groups (L1–L5) which have 

common poly(A) sites. All late transcripts receive a common 5’ leader se-

quence, the tripartite leader sequence by alternative splicing. This leader 

functions as a translational enhancer causing a selective translation of late 

viral mRNAs at the late phase of infection (305, 306). Also, the viral E1B-

55K and E4-ORF6 protein complex causes a selective transport of viral 

mRNAs from the nucleus to the cytoplasm (83). Collectively these effects 

result in an almost exclusive synthesis of viral proteins at the late stage of 

the virus infection. Newly synthesized viral proteins are transported to the 

nucleus where virus assembly takes place (84). The whole infection cycle 

takes about 30 hours and 104–105 new viral particles are released from each 

infected cell. 

Adenovirus VA RNAI is necessary for efficient translation of viral 

mRNA at late times after infection (263) and is described in more details 

below. 

1.3.5 The adenovirus VA RNAs 

Less than 1% of the adenovirus genome is transcribed by RNA polymerase 

III and gives rise to one or two species (depending on the virus serotype) of 

short, noncoding RNAs, the so called virus-associated RNAs (VA RNAs) 

(215, 248). Group C adenovirus encodes two VA RNAs, a major species, 

VA RNAI, and a minor species, VA RNAII. Both VA RNAs are about 160 

nucleotides long, GC rich and can adopt stable secondary structures that are 

important for their function (Figure 6). They are transcribed in a rightward 

direction from two closely spaced transcription units located immediately 

upstream of the adenovirus L1 cotermination family (1) (Figure 5).  
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During the early phase of infection both VA RNAs are expressed at com-

parable levels. Late during infection the synthesis of VA RNAI rapidly ac-

celerates and accumulates to very high levels, approximately 108 molecules 

per cell. VA RNAII is also made at a faster rate during the late phase, but it 

is expressed at 20-fold lower levels, 5×106 molecules per cell (248), because 

of a less efficient binding of pol III transcription factors (86).  The location 

of the two internal RNA polymerase III promoter elements (approximately 

nucleotides 10 to 18 for the A box and 54 to 69 for the B box in Ad2 VA 

RNAI) have been mapped by genetic analysis (25, 26, 42, 86, 102, 227, 247) 

and sequence homology studies (1, 176). It has also been suggested that 

other regions upstream of and within the VA RNAI gene are important for 

efficient transcription (219, 262). VA RNAI is heterogeneous at both its 5’ 

and 3’ ends, because of the variation in both transcription initiation and ter-

mination sites (110, 262).  

The roles of VA RNAI in translational control and as a factor counteract-

ing the host antiviral defense mechanisms were demonstrated during the 

early 1980s. The primary function of VA RNAI appears to be to block the 

activity of protein kinase R (PKR), the dsRNA activated inhibitor of transla-

tion. PKR synthesis is induced by interferon, and PKR becomes activated by 

binding to dsRNA longer than 50 bp (113, 177). Activation of PKR is asso-

ciated with an autophosphorylation, which requires interaction of two mole-

cules of PKR with a dsRNA molecule (135). The active PKR can then phos-

phorylate the eukaryotic initiation factor 2 (eIF-2) which is responsible for 

ferrying the charged initiator tRNA to the ribosome. When about 30 to 50% 

eIF-2 is phosphorylated, the initiation of translation is blocked (78). Within 

adenovirus-infected cells, the high levels of VA RNA allow it to compete 

effectively with other dsRNAs produced during virus replication for binding 

to PKR (Figure 6) and thereby block its activation and rescue the transla-

tional capacity of the infected cells (Figure 7).  

The role of VA RNAII is obscure. Since it has a limited capacity to block 

PKR activation (170) and is produced in less amounts in infected cells, VA 

RNAII, although structurally similar to VA RNAI, does not function as an 

effective PKR inhibitor. It has been reported that RNA helicase A and NF90, 

a component of the heterodimeric nuclear factor of activated T cells, interact 

preferentially with VA RNAII, but the biological function of this interaction 

is unclear (154). 
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Figure 6. Ad5 VA RNAs secondary structure model. The three structural elements, 
the apical stem-loop, central domain and terminal stem are marked on the structure 
model adapted from Ma et al. (1996) (171). PKR binds to VA RNAI via interactions 
through the central domain and adjacent part of the apical stem (52). 

1.4 Antiviral RNA silencing 

One of the biological functions established for RNA silencing was as an 

antiviral mechanism in plants. When scientists overexpressed certain plant 

genes from recombinant viral vectors, they observed that the corresponding 

mRNA was degraded rather than overexpressed. This phenomenon was 

termed virus-induced gene silencing (VIGS) (138, 231). If the virus was 

engineered such that it contained the promoter sequences rather than tran-

scribed sequences, it will cause transcriptional gene silencing (TGS) by se-

quence-specific alterations of DNA and chromatin (120, 121). All viruses 

produce dsRNA during their replication cycle. Such dsRNAs are processed 

into siRNA-like small RNAs (viral-derived small RNAs, vsRNAs) in virus-

infected plants (106, 259). The vsRNAs are loaded into RISC complexes and 

trigger post-transcriptional gene silencing (PTGS) targeting the viral RNAs. 

Subsequent work has shown that VIGS is actually a plant antiviral-defense 

response.  



 31

Today, we know that this anti-viral defense mechanism is operational in 

plants and insects, whereas it is still unclear whether RNA silencing natu-

rally limits viral infections in vertebrates. It is possible that in vertebrates the 

interferon system may have replaced the function of RNAi as a responder to 

dsRNA. However, the RNAi trigger, siRNA, is too short to activate the in-

terferon response (reviewed in 186) and more and more mammalian viral 

suppressors of RNA silencing (VSRs) are discovered. Potentially RNAi 

could also serve as an anti-viral defense response in mammals. 

Viruses are masters of using different strategies to subvert cellular de-

fense mechanisms. They can not only use elaborate strategies to suppress the 

effects of defensive RNA silencing, but also redirect or interfere with cellu-

lar functions orchestrated by endogenous small RNAs. The interests in the 

regulatory and defensive roles of RNA silencing converge through the study 

of antiviral RNA silencing. 

1.4.1 Viral suppression of RNA silencing 

Numerous VSRs encoded by genetically diverse viruses infecting plants, 

insects, fish and humans have been reported since the discovery of the first 

potyviral and cucumoviral VSRs in 1998 (8, 36, 124). Several mammalian 

VSRs have been identified (reviewed in 152), including NS1 of influenza A, 

B and C viruses (153), E3L of vaccinia virus (153), B2 of Nodamura virus 

(NoV) (153, 255), NSs of La Cross virus (249), Tas of primate foamy virus 

type 1 (PFV-1) (145), Tat of human immunodeficiency virus (21), VP35 of 

Ebola virus (104) and VA RNA of adenovirus (9, 10, 165, 237). These VSRs 

were previously known to play key roles in infection of their mammalian 

hosts.  

There are diverse mechanisms involved in viral suppression of RNA si-

lencing. Virus can inhibit the key components of RNA silencing pathway, 

which is highlighted by the function of NS1 of influenza viruses. NS1 is a 

dsRNA-binding protein, which binds both dsRNAs and siRNAs to suppress 

the production of siRNAs and sequestrate siRNAs directly (153). Another 

silencing suppression strategy used by viruses is to recruit endogenous nega-

tive regulators of RNA silencing.  For example, the VSR encoded by potyvi-

rus, HcPro, interacts with a calmodulin-related protein, rgsCaM (regulator of 

gene silencing CaM), which may function as an endogenous silencing sup-

pressor through an uncharacterized calcium-dependent pathway (7). Also 

viruses can suppress RNAi by modifying the host transcriptome, which is 

supported by the studies of geminivirus VSR, transcriptional-activator pro-

teins (TrAPs). TrAPs function at the host-DNA level and induce approxi-

mately 30 host mRNAs including Werner exonuclease-like 1 (WEL1) tran-

script. The related proteins, mutator 7 (MUT-7) and Werner syndrome-like 

exonuclease (WEX), are positive effectors of RNAi and transgene induced 

RNAi in C. elegans and A. thaliana, respectively. So the TrAPs induced 
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overexpression of WEL1 could interfere with or compete for factors, which 

are required for normal WEX function and result in the dominant negative 

regulation of RNAi (reviewed in 281). RNA silencing has important func-

tions in regulating host gene expression, and these were also interfered with 

by VSRs, which could contribute to the symptoms of virus infections. 

1.4.2 Viral evasion of RNA silencing 

Some viruses evade rather than suppress RNA silencing. For example, 

Brome mosaic virus replicates in membrane-bound vesicles, keeping viral 

RNAs away from host ribonucleases (241), which probably include silenc-

ing-related ribonucleases. Due to a high mutation rate viruses can evade 

silencing by losing target sequences within their genomes. In lymphocytes, 

the effects of anti-HIV siRNAs were progressively decreased by the emer-

gence of viral quasi-species that carrying mutations within the siRNA target 

sequence (29, 60). Protection of the viral genome might also result from 

their extensive intra-molecular folding or association with proteins, which 

prevent them from being accessed by the RISC machinery (28, 285). Finally, 

viruses that replicate and spread at high rates might out-compete the capacity 

of the silencing machinery. 

1.4.3 Viral exploitation of RNA silencing 

Viruses can exploit this gene regulatory mechanism guided by small RNAs 

for their own benefit. As obligate parasites, they need to preserve the integ-

rity of their hosts. From this point, silencing prevents the detrimental effects 

of viral over-accumulation.  

It has been shown that viral genomes also encode for miRNAs, which 

would be a powerful means of modulating viral and cellular gene expression. 

All the known viral miRNAs have been identified in dsDNA viruses, such as 

herpesvirus family, simian polyoaviruses (43, 256) and human adenovirus 

(9, 10, 237, 294). Herpesviruses express multiple miRNAs. Since Preffer and 

co-workers discovered the first virus-encoded miRNAs in the Epstein-Barr 

virus (EBV, also known as human herpes virus 4, HHV4) in 2004 (210), 

miRNAs have been identified in cells infected with other herpesviruses: the 

γ-herpesvirus Kaposi’s sarcoma-associated virus (KSHV; also known as 

HHV8) (39, 209, 235), the γ-herpesvirus murine herpesvirus 68 (MHV68) 

(209), the β-herpesvirus human cytomegalovirus (HCMV; also known as 

HHV5) (96, 209) and the α-herpesvirus herpes simplex virus type 1 (HSV-1) 

(58, 273). The identified herpesviral miRNAs originate from non-coding 

RNAs, protein-coding mRNAs and intronic regions. More and more data 

suggest that viral miRNAs play important roles in both viral latent and pro-

ductive infections (reviewed in 93). 
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Autoregulation 
Viral miRNAs can target viral transcripts via perfect or imperfect matched 

sequences and regulate viral gene expression in different ways. 

Degradation of viral transcripts 
Simian virus 40 (SV40) has been shown to encode two miRNAs (miR-S1-5p 

and miR-S1-3p) from one stem-loop precursor at late times of infection. 

Both miRNAs are fully complementary to the early mRNAs that are tran-

scribed in the antisense direction to the pre-miRNA precursor and code for 

the large and small T antigens. Therefore the miRNAs guide RISC complex 

to cleave these early transcripts, which results in a reduction in T antigen 

expression, a mechanism that appears to reduce the efficiency of clearance 

of SV40-infected cells by cytotoxic T lymphocytes (256). 

A similar regulatory pattern was also observed in EBV. Binding of miR-

BART2 to the perfectly matched 3’ UTR of the EBV DNA polymerase 

BALF5 mRNA results in degradation, which could be relevant to the main-

tenance of EBV latency (19, 88, 210). 

Besides SV40 and EBV, several other viral transcripts transcribed in the 

antisense direction to viral miRNAs were identified in different herpesvirus 

family members (37, 209, 297, 298), for example the HCMV UL114 tran-

script and its antisense microRNA miR-UL112 (209). However, miR-UL112 

does not appear to induce the degradation of UL114 (98), presumably be-

cause the secondary structure of the mRNA reduces the accessibility to the 

complementary region. This result suggests that the virus may have evolved 

an escape mechanism to avoid the miRNA-mediated degradation of viral 

mRNAs.  

Inhibition of viral mRNA translation 
Viral miRNAs can also regulate their target mRNAs through imperfect 3’ 

UTR matches (97, 162, 187). Two groups identified IE72 transcript, which is 

encoded in the HCMV major immediate early region, as the target for 

HCMV miR-UL112 (97, 187). The biological importance of this regulation 

is still unclear, but it was hypothesized that miR-UL112 may be important 

for the establishment of HCMV latent infection. 

Another example is the EBV BART miRNAs, which decrease the expres-

sion of EBV latent membrane protein 1 (LMP1) by imperfect 3’ UTR 

matches (162).  LMP1 functions as a constitutively active TNF receptor and 

contributes to EBV tumorigenesis (126). The BART miRNAs could buffer 

LMP1 expression levels and balance its transformation activity with poten-

tial toxic effects (93). 

Recently, Umbach et al. (2008) has shown that the latency associated 

transcript (LAT) of HSV-1 can function as pri-miRNA and produce four 

miRNAs (273). Among these, miR-H2 inhibits translation of the ICP0 
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mRNA. This protein is an important viral transcription factor that may facili-

tate reactivation from latency (77). It is surprising that miR-H2 blocks ICP0 

mRNA translation, since this miRNA shows a perfect complementary to the 

ICP0 mRNA and therefore would be expected to induce degradation. In ad-

dition, miR-H6, a fifth miRNA derived from another viral transcript during 

latency, inhibits the expression of ICP4, which is necessary for viral gene 

expression during productive infection (214). Thus, both miRNAs appear to 

contribute to the establishment and maintenance of HSV-1 latency.  

Regulation of host gene expression by viral miRNAs 
Although until now there is no known viral miRNAs perfectly base-pairing 

with cellular transcripts, several miRNAs have been shown to regulate host 

gene expression by imperfect 3’ UTR matches. Samols et al. (2007) identi-

fied one of the cellular targets for KSHV miRNAs, thrombospondin 1 

(THBS1), which is an extracellular matrix glycoprotein with multiple func-

tions (236). The downregulation of THBS1 expression could be important 

for KSHV pathogenesis. Besides autoregulation discussed above, HCMV 

miR-UL112 has also been shown to target two cellular transcripts, the major 

histocompatibility complex class 1- related chain B (MICB) and A (MICA) 

(254). Both proteins are stress-induced ligands of the natural killer (NK) 

cells activating receptor NKG2D. Repression of these two proteins reduces 

the efficiency of NK cells killing HCMV infected cells. 

Viral orthologs of cellular miRNAs 
Interestingly, some viral miRNAs share seed homology with cellular 

miRNAs, which could mimic their cellular orthologs and hijack the pre-

existing cellular gene regulatory networks. It was reported that KSHV miR-

K12-11 has an identical seed region as the cellular miR-155 and downregu-

lates the predicted targets for miR-155 (94, 245). Constitutive expression of 

miR-155 is related to the development of B-cell lymphomas in humans, mice 

and chickens and elevated miR-155 expression was observed in several 

types of human B cell lymphomas (55), which suggests that the viral 

ortholog, miR-K12-11, may contribute to the development of KSHV–related 

lymphomas. 

Viral orthologs of cellular miRNAs were also found in other viruses. For 

example, miR-M4 encoded by α-herpesvirus Marek’s disease virus-1 

(MDV-1) shares the same 5’ end 8 nt with miR-155 in chicken. MHV68 

miR-M1-4 shares the 5’ terminal 9 nt with murine miR-151.  The knowledge 

about cellular miRNAs will be useful for analyzing the function of their viral 

orthologs (reviewed in 93). 
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1.4.4 Impact of host miRNAs on virus replication 

Cellular miRNAs play important roles in virus replication and pathogenesis. 

They can target viral genomic RNAs or mRNAs directly to promote or in-

hibit virus replication. In the latter case, the virus might be under evolution-

ary pressure to avoid such matches to inhibitory host miRNAs. In addition, 

since miRNAs are involved in complex cellular gene regulatory networks, 

which include lots of pathways affecting viral replication or the survival of 

infected cells, cellular miRNAs can also indirectly affect virus growth. 

Inhibition of viral gene expression 
Several studies have suggested that the replication of viruses can be inhibited 

by cellular miRNAs. This is exemplified by the cellular miR-32, which can 

limit the replication of the retrovirus primate foamy virus (PFV) in cell cul-

ture by binding to a poorly conserved region in the 3’ portion of the PFV 

genome. PFV-1 also encodes a VSR, Tas, which can counteract miR-32 

mediated inhibition (145). Similarly, the cellular miR-24 and miR-93 have 

been shown to downregulate the mRNA levels of vesicular stomatitis virus 

(VSV) (198). However, it is still unknown whether these cellular miRNAs 

can inhibit viral replication in their natural hosts.  

Promotion of viral replication 
There is a very special mode of viral genome regulation by a cellular miR-

NA in the positive-strand RNA virus Hepatitis C virus (HCV). A mammal-

ian liver specific microRNA, miR-122, binds to a site in the 5’ UTR of the 

HCV genomic RNA and enhances virus replication without affecting protein 

translation or RNA stability (122, 222). The high concentrations of miR-122 

in adult liver cells might be partly responsible for the tropism of HCV. 

Recently, Huang et al. (2007) reported that cellular miRNAs play an im-

portant role in the maintenance of HIV-1 latency in resting primary CD4+ T 

lymphocytes (114). Thus, the 3’ ends of HIV-1 mRNAs are targeted by sev-

eral cellular miRNAs including miR-28, miR-125b, miR-150, miR-223 and 

miR-382, which are enriched in resting CD4+ T cells compared to their acti-

vated counterparts. These findings could explain the reduced HIV-1 produc-

tion in resting primary CD4+ T cells and suggest that manipulation of the 

expression profile of cellular miRNAs could be a new way to treat HIV in-

fection. 

Indirect effects on viral replication 
Cellular miRNAs can also affect the efficiency of viral replication by indi-

rect mechanisms. For example, cellular miR-17-5p and miR-20a can limit 

HIV-1 replication by inhibiting the expression of p300/CBP-associated fac-

tor (PCAF) (271), which is a cellular histone acetyltransferase promoting 

HIV-1 transcriptional elongation (127). To overcome this inhibition, HIV 
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actively suppresses the expression of the polycistronic miRNA cluster en-

coding for miR-17-5p and miR-20a (271). 

Viruses can upregulate the expression of certain cellular miRNAs for 

their own benefits. For example, EBV infection has been reported to upregu-

late several cellular miRNAs, such as miR-146 and miR-155 (41, 119, 303). 

Mir-155 is related to the development of B cell lymphomas (see above) and 

miR-146 is induced by the EBV LMP1 protein via an activation of the NF-

κB pathway (41). The upregulation of such cellular miRNAs could play an 

important role in EBV latency and tumorigenesis.  
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2. Present investigation 

2.1 Aims 

To study the activity of the RNAi/miRNA pathways in human adenovirus 

type 5 (Ad5) infected cells and how adenovirus counteracts the suppressive 

effects of the RNAi machinery. 

2.2 Suppression of RNAi by adenovirus VA RNA 
(Paper I) 

As discussed above, RNAi could serve as an anti-viral defense response in 

mammals. Viruses are masters of utilizing different strategies to subvert 

cellular defense mechanisms. In this thesis, we first addressed the question 

whether adenovirus infection can suppress the cellular RNAi machinery. For 

this experiment, we cotransfected 293 cells with a bcr/abl-GFP reporter con-

struct and a vector expressing a short hairpin RNA that was directed against 

the bcr/abl-GFP fusion portion. The homologous small hairpin RNA re-

duced the expression of GFP significantly compared to an identical vector 

expressing a nonhomologous hairpin. Ad5 infection of the transfected cells 

completely annulled the RNAi-mediated inhibitory effect, which indicates 

that adenovirus inactivates the cellular RNAi machinery (Paper I, Figure 1). 

To confirm this finding, we measured the activity of Dicer and RISC in the 

cytoplasmic cell extracts from Ad5 infected 293 cells. Dicer activity was 

assayed by processing a 32P-labeled long dsRNA into siRNAs (Paper I, Fig-

ure 3A), and RISC activity was measured by cleavage of a 32P-labeled 

mRNA incubated with a complementary synthetic siRNA (Paper I, Figure 

3B). The activity of both enzymes was reduced in the  cell extracts prepared 

at late times of infection. 

Because of their structural (imperfect stem-loop structures which resem-

ble miRNA precursors) and functional (blocking PKR activation) properties, 

the VA RNAs became the prime candidate as RNAi inhibitors to be tested. 

C33A cells were transfected with a firefly luciferase reporter, a plasmid ex-

pressing a luciferase specific small hairpin RNA (shLuc) and plasmids ex-

pressing VA RNAI or VA RNAII. Cotransfection of the shLuc plasmid re-

sulted in a dramatic reduction in luciferase expression, but both VA RNAI 

and VA RNAII were able to subvert the shRNA-mediated reduction and 
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recover luciferase expression, which suggests that both VA RNAs can func-

tion as suppressors of RNAi (Paper I, Figure 2). Moreover, we showed that 

VA RNAs are required for suppressing the activity of Dicer during lytic 

infection by infecting 293 cells with a collection of mutant viruses deficient 

in VA RNA expression and assaying the activity of Dicer in vitro (Paper I, 

Figure 5). 

Interestingly, in the Dicer activity assay, addition of increasing amounts 

of substrate dsRNAs to infected extracts restored Dicer activity, which sug-

gests that VA RNAs might suppress RNAi by acting as competitive sub-

strates sequestering Dicer. Does Dicer cleave VA RNAs themselves? To 

answer this question, we incubated in vitro transcribed 32P-labeled VA 

RNAs in cytoplasmic extracts from uninfected cells. Both VA RNAs were 

cleaved to small RNAs around 21 nucleotides (Paper I, Figure 6A), which 

were able to suppress the expression of reporter plasmids containing VA 

RNA antisense sequences when transfected into 293 cells (Paper I, Figure 7). 

Further, the VA RNA derived small RNAs were detected in Ad5 infected 

cells by Northern blotting (Paper I, Figure 6B). 

Finally, we tested whether the VA RNA specific siRNAs were incorpo-

rated into functional RISC during an adenovirus infection by analyzing 

RISC activity against substrate RNAs harboring sequences complementary 

to the 5’ and 3’ halves of VA RNAI and VA RNAII. Our results showed that 

both strands of the VA RNAI derived small RNAs were incorporated into 

RISC, whereas only the 3’ strand of the VA RNAII derived small RNAs 

were incorporated into RISC during a lytic infection (Paper I, Figure 8). 

During the review process of our paper, Lu et al. (2004) reported that VA 

RNAI could suppress the nuclear export of shRNA by competing for binding 

to Exportin-5 nuclear transport factor (165). Together with our results, both 

studies suggested that VA RNAs could interfere the cellular RNAi/miRNA 

pathways by repressing Exportin-5-mediated nuclear export of cellular 

miRNA precursors and Dicer processing (Figure 7). Similar results have 

subsequently also been reported by other groups (10, 237).  

As discussed above, VA RNAI can counteract the cellular defense me-

chanism against long dsRNAs by blocking activation of PKR. One molecule 

of PKR binds to the central domain and the apical stem of VA RNAI (Figure 

6) (52). Our studies show that the VA RNAs can also antagonize the RNAi 

machinery, another cellular defense pathway against short dsRNAs, by bind-

ing Dicer with their terminal stems (Figure 7). It appears common that viral 

suppressors of PKR also function as suppressors of RNAi, for example the 

E3L protein of vaccinia virus and the NS1 protein of influenza virus (153). 

It is noteworthy that there are multiple functional overlaps between small 

RNA-mediated regulatory pathways in vertebrates, for example, the Dicer 

processing step. Besides the RNAi pathway, the suppressive effect of VA 

RNA on Dicer probably also interferes with other cellular functions medi-

ated by small RNAs. For example, suppression of Dicer activity also results 
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in blocking miRNA processing, which will change the expression of 

miRNA-regulated genes and may even kill the cells (reviewed in 3). This 

might be a constraint for the evolution of the viruses causing persistent or 

latent infections. It seems that these kinds of viruses need to hide from RNAi 

rather than inhibiting it. 

 

 
Figure 7. Summary of the known functions of VA RNAs. VA RNA can counteract 
the host innate immune response by blocking PKR (section 1.3.5). Also, VA RNA 
can interfere with RNAi/miRNA pathways by competing with other dsRNAs for 
Exportin-5 mediated nuclear export and Dicer processing (section 2.2). Large 
amounts of VA RNA derived small RNAs hijack RISC complexes (section 2.3). 

2.3 Hijacking of RISC by adenovirus VA RNAII (Paper 
II) 

In addition to the effect of the VA RNAs on Dicer we have also noted that 

RISC activity directed toward an exogenous target RNA is drastically sup-

pressed in late adenovirus-infected cells. In this paper we addressed the 

question how adenovirus suppress the activity of RISC and characterized 

these VA RNA derived small RNAs in more details. 

One attractive model to explain ‘the reduced RISC activity in Ad infected 

cells’ would be that the RISC is saturated by large amount of VA RNA spe-

cific small RNAs, which out competes other small RNAs. In such case, the 

RISC complex would still be active, but redirected towards VA RNA spe-

cific target sequences. Since the VA RNAs are encoded by intronic se-

quences, the VA RNA specific RISC would not cleave the cytoplasmic viral 

mRNAs and bring any negative effects for virus multiplication. 
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To test this model, we established a 293-cell line stably expressing a 

FLAG/HA-tagged Ago2 protein (293-Ago2 cells). This cell line was trans-

fected with a synthetic siRNA and then infected with Ad5. 24 hours later, 

Ago2 containing complexes were immuno-purified by capture on an anti-

FLAG M2 agarose resin and their activity assayed by cleavage of a 32P-

labeled capped target mRNA. In virus-infected cells, the mRNA cleavage 

activity of purified RISC was significantly reduced, which was accompanied 

by a similar decrease in the RISC incorporation of an exogenously added 

siRNA (Paper II, Figure 1) and the endogenously expressed miR-16 miRNA 

(Paper II, Figure 2). The RISC activity against reporter RNAs containing 

sequences complementary to the 5’ or 3’ halves of VA RNAI or VA RNAII 

was also tested (Paper II, Figure 3). In agreement with our previous results, 

both VA RNAI and VA RNAII derived small RNAs were shown to stably 

bind to RISC.  All of these data support our model. 

Is RISC indeed saturated with VA RNA specific small RNAs during in-

fection? To answer this question directly, we cloned and sequenced small 

RNAs stably associated with the RISC complex (Paper II, Figure 4 and 5). 

Our results showed that approximately 80% of RISC complexes from Ad-

infected cells were associated with VA RNA-derived small RNAs (mivaR-

NAs). Furthermore, VA RNAII accounts for approximately 60% of all small 

RNAs in RISC. The selective incorporation of mivaRNAs into RISC occurs 

at the expense of cellular miRNAs, which were reduced from 55% to around 

10% in Ad-infected cells. The analysis of cDNA clones showed that all mi-

vaRNAs were derived from the terminal stems of the VA RNAs and also 

that the 3’ strand of the terminal stems was selectively incorporated into 

RISC. The mivaRNAs showed certain heterogeneity both at their 5’ and 3’ 

terminus. The majority of the differences in the 5’ terminus most likely re-

sult from a slight variation in Dicer cleavage, which may produce small 

RNAs with different biological functions. Based on this 5’ heterogeneity, we 

have named them accordingly dependent on the exact 5’ start nucleotide in 

the RNA. For example, the major small RNA from VA RNAII was named as 

mivaRII-138 since it started at nucleotide 138. Similarly, the two major 

small RNA species from VA RNAI were named as mivaRI-137 and mivaRI-

138. 

 The major mivaRNAs originate from VA RNAII, which was unexpected 

since it has been well documented that VA RNAI is the major VA RNA 

expressed during a lytic adenovirus infection. We quantitated VA RNA ex-

pression in Ad-infected 293-Ago2 cell line under our experimental condi-

tions by Northern analysis. The result confirmed the previous conclusions 

that VA RNAII accounts for approximately 5–10% of the total pool of VA 

RNAs (Paper II, Figure 6A). The overrepresentation of VA RNAII in the 

small RNA cDNA library could hypothetically also result from a preferential 

cloning of the mivaRII population. If this was true, the proportion of VA 

RNAI specific RISC should be greater than the observed proportion of VA 



 41

RNAI-derived clones. To test this we compared the amount of RISC activity 

directed toward VA RNAI and VA RNAII in the parallel experiments. The 

results showed that the VA RNAII yielded approximately 7-fold higher 

RISC activity compared to VA RNAI (Paper II, Figure 6B). This result sug-

gested that the cloning of small RNAs from RISC was not biased towards 

VA RNAII.  

We suspected that the asymmetric assembly of the 3’ strand of mivaRII 

into RISC might result from the position of a bulge three nucleotides from 

the 5’ end of mivaRII-138 (Paper II, Figure 5B and 7A). To test this hy-

pothesis, 293-Ago2 cells were transfected with a synthetic mivaRII-138 

dsRNA and RISC activity was assayed. The results showed that both strands 

of the synthetic mivaRII-138 dsRNA were symmetrically incorporated into 

RISC, whereas in Ad-infected cells the 3’ strand was almost exclusively 

assembled into RISC (Paper II, Figure 7B). These results suggested that the 

asymmetrical RISC assembly favoring the 3’ strand of VA RNAII was en-

hanced if mivaRII-138 is derived from the native VA RNAII molecule 

cleaved by Dicer. The guide strand selection of the mivaRNAs is discussed 

in paper III in more details. 

To test whether the mivaRNAs are associated with polysomes as has been 

shown for cellular miRNAs, we fractionated cytoplasmic extracts from in-

fected cells on a sucrose gradient and analyzed the presence of mivaRII-138 

in each fraction by Northern blotting (Paper II, Figure 8). We found that a 

significant proportion of mivaRII-138 sedimented in the polysome region of 

the gradient. To test whether the faster migrating complexes were indeed 

polysomes, we treated the cells with puromycin, which can disrupt translat-

ing ribosomes by acting as an acceptor for the growing peptide chain. Puro-

mycin treatment resulted in a shift of a fraction of the small RNAs towards 

smaller structures in the gradient. However, a large fraction of the small 

RNAs still sedimented as dense puromycin resistant complexes. We also 

treated cells with EDTA, which breaks up not only ribosomes, but also other 

metal stabilized non-covalent complexes. EDTA treatment completely de-

stroyed the rapidly sedimenting mivaRII-138 complexes. Taken together our 

data suggested that part of the rapidly sedimenting mivaRII-138 was associ-

ated with polysomes, but most of mivaRII-138 was associated with other 

dense RNP complexes of currently unknown composition. These results are 

in agreement with the hypothesis that mivaRII-138 could function as a miR-

NA regulating translation of cellular or viral mRNAs. 

The key challenge for the future is to identify the natural target mRNAs 

for the mivaRNAs. In the adenovirus genome, we found 50 complementary 

hexamer seed sequences to mivaRI-137, mivaRI-138 and mivaRII-138. 

However, the analysis suggests that there has been a selection against having 

such hexamers expressed in mature viral mRNAs, especially in the 3’ UTR 

(Paper II, Figure S1). Also, none of the complementary regions are long 

enough to be expected to induce mRNA degradation. Actually, there is only 
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one hypothetical mivaRNA interaction that could target the 3’ UTR of cyto-

plasmic viral mRNA: mivaRII-138 targeting the L2 family of mRNAs, 

which need to be experimentally verified. By a computational search, we 

also got a list of putative cellular target mRNAs for the mivaRNAs. This list 

includes genes involved in transcription regulation, cell cycle control and 

cell signaling etc. However, so far, we have not experimentally verified any 

target genes. 

The hijacking of RISC by mivaRII might be important for the tropism of 

adenovirus and the establishment of persistent infections. Most human ade-

noviruses encode for two VA RNA genes, but 9 out of 47 sequenced adeno-

viruses have only one VA RNA gene. It has been shown that adenoviruses 

that infect gastroenteric tract encode for one VA RNA gene, whereas the 

ones causing respiratory tract infections and keratoconjunctivitis encode two 

VA RNA genes (171). It is interesting to note that the enteric Ad40 and 

Ad41, which contain only one VA RNA gene, do not appear to be able to 

establish persistent infections. 

2.4 Guide strand selection of VA RNAI derived small 
RNAs (Paper III) 

In our previous work we observed that the strand bias of mivaRI incorpora-

tion into RISC varied when we used different viable Ad5 mutant viruses 

(Paper III, Figure 2B). In paper I, we showed that both strands of mivaRI 

were incorporated into RISC with equal efficiency in dl703 mutant infected 

cells. However, in wt900-infected cells, only the 3’ strand was incorporated 

into RISC (paper II). DNA sequence analysis of the VA RNAI gene demon-

strated that both genes were of the wild type sequence, with one difference 

noted between these two adenoviruses. The wt900 virus lacks two base pairs 

upstream of the transcription initiation site of VA RNAI, which are present 

in the dl703 virus genome. This mutation has previously been reported to 

alter the transcription initiation site of VA RNAI (262). In wild type Ad5, 

VA RNAI has two transcription start sites, which produce two VA RNAI 

species: VA RNAI (G), which accounts for 75% of the total VA RNAI pool, 

and VA RNAI (A), which initiates transcription three nucleotides upstream 

compared to VA RNAI (G) (Paper III, Figure 1). The two base pair deletion, 

as in the wt900 virus genome, results in a complete loss of VA RNAI (A) 

expression. Based on these findings we suspected that the heterogeneity at 

the 5’ end of VA RNAI could contribute to the variation of VA RNAI de-

rived small RNAs incorporation into RISC. 

To test this hypothesis, we transfected 293-Ago2 cells with plasmids only 

expressing VA RNAI (A) or VA RNAI (G) and tested the RISC activities 

against either the 5’ or 3’half of the VA RNAI sequence (Paper III, Figure 
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3). The results supported our hypothesis that both strands of VA RNAI (A) 

derived small RNAs were incorporated into RISC, whereas only the 3’ 

strand of VA RNAI (G) derived small RNAs generated active RISC. 

Besides 293-Ago2 cells, we also quantitated the RISC activity against 

both strands of VA RNAI in Ad5 infected 293 cells (Paper III, Figure 4A). 

The 3’ strand of mivaRI yielded approximately 2 times higher RISC activity 

compared to the 5’ strand in 293 cells, but in 293-Ago2 cells the 3’ strand 

RISC activity was 4 times higher than the 5’ strand. Since the Ago2 protein 

is overexpressed 7-fold in the 293-Ago2 cell line (paper II), the competition 

between the two strands for RISC assembly is much less than in 293 cells. 

Thus, the results indicated that the 5’ strand was in fact preferentially loaded 

into RISC, a result that was confirmed by comparing the RISC loading effi-

ciency of both strands in 293 cells transfected with pVA RNAI (A) (Paper 

III, Fugure 4B).  

Further, we compared the stability of RISC complexes formed with both 

strands of mivaRI (Paper III, Figure 5). Cytoplasmic extracts from Ad5 in-

fected 293 cells were pre-incubated with a constant amount of non-specific 

competitor siRNA for different time points before the RISC activity against 

both strands of VA RNAI was assayed. The results showed that the activity 

of the 3’ strand RISC decreased more rapidly than that of the 5’ srand, which 

indicated that the active RISC complexes formed with the 5’ strand of mi-

vaRI were more stable than complexes formed with the 3’ strand. 

Since the 5’ end mono-phosphate generated by Dicer cleavage has been 

reported to be important for siRNA and miRNA function (70, 143), we also 

characterized the 5’ end phosphorylation status of the mivaRIs from 293-

Ago2 cells transfected with pVA RNAI (A) or pVA RNAI (G). The RNAs 

extracted from purified RISC complexes were treated with different combi-

nations of three enzymes: terminator 5’-phosphate dependent exonuclease, 

alkaline phosphatase and T4 polynucleotide kinase. By using these enzymes 

in combination, RNAs carrying a 5’ mono-phosphate could be identified 

(Paper III, Figure 6). Our results showed that VA RNAI (A) generated active 

5’ strand RISC complexes containing small RNAs with a 5’ mono-

phosphate, whereas VA RNAI (G) generated inactive 5’ strand RISC com-

plex containing small RNA with multiple phosphate groups at its 5’-end at a 

lower frequency. The 3’ strand of the small RNAs from both VA RNAI (A) 

and VA RNAI (G) carried a mono-phosphate at their 5’ end. 

Why does only VA RNAI (A), but not VA RNAI (G) generate active 5’ 

strand RISC complexes? As for the guide strand selection, several studies 

have shown that one of the important determinants is the relative thermody-

namic characteristics of the two 5’ termini of the siRNA/miRNA duplex. 

Usually the strand with the less stable 5’ end is favorably or exclusively 

loaded into RISC (125, 242). The predicted thermodynamic stability of the 

5’ end of VA RNAI (G) is significantly higher than that of VA RNAI (A), 

which could be a reason for the efficient 5’ strand incorporation of VA 
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RNAI (A) (Paper III, Figure 7). In addition, the 5’ end mono-phosphate of a 

siRNA has also been reported to be important for efficient RISC assembly 

(48, 194). The presence of multiple 5’ phosphate groups at the 5’ strand of 

the VA RNAI (G) derived small RNAs could result in an inefficient RISC 

assembly or generate RISC that are functionally inactive in gene silencing. 

In contrast, the processing of VA RNAI (A) produces a 5’ strand of mivaRI 

carrying a 5’ end mono-phosphate. However, the mechanisms of processing 

VA RNAI (A) and VA RNAI (G) are still unknown. 

We observed that the virus mutant defective in VA RNAI (A) production 

grows equally well as wild-type Ad5 in Hela cells, which was also previ-

ously reported by Thimmappaya et al. (262). Although this suggests that the 

5’ strand of mivaRI from VA RNAI (A) is not essential for virus growth in 

tissue culture cells, it may be important for the capacity of the virus to grow 

in its natural host. Our previous studies have suggested that mivaRNAs 

might function as miRNAs. The loading of 5’ strand of mivaRI into RISC 

will expand the list of potential target genes, which might contribute to the 

establishment of persistent infection or relate to viral tropism.  
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3. Concluding remarks 

This thesis focuses on the relationship of human adenovirus infection and the 

RNAi/miRNA pathways. In paper I we show that an adenovirus infection 

can suppress the activity of Dicer and RISC. For Dicer inhibition, VA RNAs 

can compete with other dsRNAs for Dicer processing. VA RNAs bind Dicer 

through their terminal stems and are cleaved by Dicer into functional small 

RNAs that incorporate into active RISC. Furthermore, in paper II we show 

that small RNAs derived from the VA RNAs (mivaRNAs) hijack RISC 

complexes late in infection. To our surprise, VA RNAII specific small RNAs 

preferentially occupy RISC and a fraction also associate with polyribosomes, 

which suggests that mivaRNAs might function as miRNAs regulating trans-

lation of cellular mRNAs. Finally, the problem as to why the strand bias of 

mivaRI incorporation into RISC varied in the different viable Ad5 mutant 

viruses infected cells was solved in paper III, where we show that the het-

erogeneity at the 5’ end of VA RNAI results in a dramatic difference in mi-

vaRI guide strand selection. 

What are the natural targets regulated by the mivaRNAs? This is a key 

question that remains to be answered. Since the seed region is relatively 

short (nucleotide 2−8 in a miRNA), the algorithms for target prediction gen-

erate massive amounts of potential target mRNAs. An alternative strategy 

would be to directly search for mRNAs targets by a massive parallel cloning 

strategy. For this we are setting up the in vivo cross-linking and immuno-

precipitation (CLIP) method (272). CLIP is a method to determine protein-

RNA interaction sites in living cells. Briefly, Ad infected 293-Ago2 cells 

will be UV-irradiated, which results in formation of a covalent bond between 

RNA binding proteins and their target RNAs. After a partial RNA digestion 

and a stringent immuno-purification by using FLAG-antibody conjugated 

beads, the Ago2-RNA complexes can be separated on SDS-PAGE gel and 

the specific RNA tags extracted and subjected to massive parallel sequenc-

ing. By this strategy, we can hopefully identify lots of miRNA target 

mRNAs. Since mivaRNAs hijack RISC during the late phase of an infection, 

their target mRNAs probably also predominate in this RNA pool. Combined 

with a computational search, we can minimize the search scope for the mi-

vaRNA target mRNAs and then check these candidate targets in more de-

tails. 

Since mivaRNAs have been shown to occupy RISC during wild type ade-

novirus infection, it is also interesting to characterize the small RNA com-
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ponents of RISC complexes in mutant virus infections where VA RNAI, VA 

RNAII or both are absent. We also wish to extend our small RNA cloning 

experiments to other adenovirus types to determine whether the strategies to 

suppress RNAi used by Ad5 are common for other adenovirus serotypes.   

Adenovirus is an important viral vector system. The existence of viral 

suppressors of RNAi should have consequences on designing optimal vec-

tors for therapeutic RNAi application. VA RNAs expressed from nonrepli-

cating adenoviral vectors could negatively regulate the function of shRNA 

delivered by adenovirus and might change cellular gene expression, which 

results from the competition between VA RNA and cellular miRNAs. It was 

reported recently that the expression of shRNAs seriously affected the vector 

titer during vector production; however, expression of a heterologous viral 

RNAi suppressor in the producer cell line could solve this problem (213). On 

the other hand, we could also mimic VA RNA structure properties to create 

hairpin RNA that could be processed by RNAi mechanisms more efficiently. 

It could allow us to use a smaller quantity of RNAi reagents, which will be 

helpful to avoid off-target effects (174) and reduce toxicity (182). 
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